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NOTE TO READER
This document combines previous report deliverables for PWCN-15-0014 Work Orders 2
(Rainfall Correlated Tailwaters for the Lynnhaven Watershed – completed December 2015)
and 5A (Design Coastal Tailwater Conditions in Virginia Beach and Norfolk Based on Rainfall
and Tide Joint Probability Analysis – completed December 2016). The reports were merged to
provide the information from the two successive studies in a single document.
Results of the joint probability analysis supersede the correlated tailwaters. As such,
recommendations for use of the correlated tailwaters and data lookup tables for the values
across the Lynnhaven and Elizabeth River watersheds were not included here. Otherwise, the
original text from both documents is presented herein with minimal changes. Exceptions
include revision of the executive summary to encompass both documents, and slight revisions
to references of the correlation study and Work Order tasks.
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EXECUTIVE SUMMARY
This report summarizes analyses to assess the joint occurrence and probabilities of elevated
coastal water levels with stormwater design rainfall. The effort addresses concerns raised by
City of Virginia Beach Public Works who observed that many instances of flooding from many
rainfall events appeared to coincide with elevated coastal water levels. Such observations led to
reservations on existing design guidance. To address these concerns, two sequential studies
were commissioned by the City. These include a correlation analysis, summarized in Chapter 1;
and a joint probability analysis, summarized in Chapter 2.
The correlation analysis was a first step in evaluating the relationship between two
variables. The analysis used observed rainfall depths for durations of up to 3 days for the
period 1948-2015, along with corresponding maximum tide levels and concluded that a general
relationship existed between the tide and inland rainfall. Rainfall data were obtained from
Norfolk airport, and coastal water level data were obtained from stations at Sewell’s Point and
the Chesapeake Bay Bridge Tunnel. Results showed that more than 50 percent of the rainfall
events occurred while the water level was higher than average daily high tide. Given this, it is
very likely that tailwater elevations will be elevated when the City is experiencing a rainfall
event. This result led to a recommendation that the City undertake a more robust statistical
foundation for the adjustment of tailwater design guidance.
Subsequently, Dewberry was tasked to conduct a more robust joint probability analysis to
support design guidelines, summarized in Chapter 2 of this report. The objective of the joint
probability analysis is to develop a set design coastal tailwater elevations, which are tide
elevations representing outlet blockage in conjunction with 24-hour design rainfall of 1-, 2-, 5-,
10-, 25-, 50-, and 100- year return period. The results are summarized in Tables 1, 2, and 3.
These provide tailwater tidal elevations represented by the mean and maximum daily average
tidal conditions in ft, NAVD 88, for each overall design level in conjunction with the use of
selected 24-hour design storms, as well as the joint probability at each design level. Because of
the location of tidal and rainfall stations used, the results from the joint probability study are
primarily applicable to Norfolk coastal area but may also be used as design guidance for
Virginia Beach coastal areas including the Elizabeth River and Lynnhaven watersheds.
A data assessment conducted to assess the viability of repeating this analysis for the
Southern watershed did not reveal any tide/ rain gauges with sufficiently long record to
facilitate study.
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Design Tables
Note: It is general design practice to select the larger rainfalls in conjunction with lower
tide elevations. Please note that the correlation between the 24-hour rainfall depth and the
mean daily tide impacts the tide values in the tables for large storm events that exceeding the
10-year rainfall level. In these such cases, the tidal elevation that is shown in bold or
underlined font (Tables 1 and 2), is likely to be elevated in comparison to the result shown
where an assumption of independence of tide to rainfall is used. All other tide values in the
table were evaluated, assuming the two variables are independent from each other. This table
can be used for engineering design that involves tidal streams in the following manner:
The first step is for the designer to pick an overall design level, for example: 25-year for a
culvert. Accordingly, the designer needs to go to the section of the table that highlights “25year Design” and try the combination of the tide, representing the culvert tailwater elevation or
outlet blockage, and the 24-hour rainfall depth, representing the recurrence interval of inland
flooding, at each of the rows under this section. The combination which produces the most
critical result, normally represented by the highest Water Surface Elevation upstream of the
culvert should be used in conservative design. The design rainfall depths in the table are based
on NOAA Atlas 14 values for Norfolk Airport, and the tide values are based on the mean daily
tide (in NAVD 88 in feet) for NOAA coastal station Sewell’s Point, VA. To use the design table
for nearby locations with slightly different tide or rainfall values, the designer may use Table 3.
Table 3 features the recurrence intervals for both the tide and the rainfall for which the
designer may replace the numbers given in Table 1 using local studies. The results reflected in
Tables 1, 2 and 3 only apply to local tidal streams and waterways where the flood elevations are
impacted by both inland flooding and coastal water elevations.
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Table 1. Design table for rainfall-tide (tailwater elevation representing outlet blockage) based on mean daily tide, applicable to Norfolk and northern Virginia
Beach coastal areas.
Tailwater Elevations for given Design Levels and Rainfall Recurrence Intervals
All Elevations are in NAVD 88 vertical datum and all rainfall values are inches per 24-hours
Values represent joint probabilities of rainfall to mean daily tides
1-yea r Des i gn
Ti de

Ra i nfa l l

2-yea r Des i gn
Ti de

Ra i nfa l l

5-yea r Des i gn
Ti de

Ra i nfa l l

10-yea r Des i gn
Ti de

Ra i nfa l l

25-yea r Des i gn
Ti de

Ra i nfa l l

50-yea r Des i gn
Ti de

Ra i nfa l l

100-yea r Des i gn
Ti de

Ra i nfa l l

2.92 0.00 No Ra i n

3.91 0.00 No Ra i n

4.75 0.00 No Ra i n

5.12 0.00 No Ra i n

5.93 0.00 No Ra i n

6.46 0.00 No Ra i n

7.12 0.00 No Ra i n

1.25 2.93

2.04 2.93

1-Yr P

2.72 2.93

1-Yr P

3.01 2.93

1-Yr P

3.67 2.93

1-Yr P

4.09 2.93

1-Yr P

4.62 2.93

1-Yr P

1.25 3.57

2-yr P

2.30 3.57

2-yr P

2.72 3.57

2-yr P

3.30 3.57

2-yr P

3.67 3.57

2-yr P

4.15 3.57

2-yr P

1.25 4.62

5-yr P

2.04 4.62

5-yr P

2.87 4.62

5-yr P

3.22 4.62

5-yr P

4.00 4.62

5-yr P

1.25 5.50

10-yr P

2.49 5.50

10-yr P

3.08 5.50

10-yr P

3.83 5.50

10-yr P

6.82

25-yr P

2.61 6.82

25-yr P

3.45 6.82

25-yr P

1.96 7.95

50-yr P

3.01 7.95

50-yr P

2.42 9.20

100-yr P

1-Yr P

1.92

Notes :
The ti de va l ue for No Ra i n entri es were s et ba s ed on Hi gh Ti de not Mea n Da i l y Ti de to ca pture the cri ti ca l ta i l wa ter el eva ti ons .
Ti de va l ues i n bol d font (onl y for the 25-yea r des i gn a nd hi gher) a re correl a ted to ra i nfa l l s o the two pa ra meters a re trea ter a s i nterdependent us i ng joi nt
proba bi l i ty of the two va ri a bl es .
Res ul ts for i nter-dependent entri es a re ba s ed Bumbel -Houra a rd Copul a us i ng de-trended mea n da i l y ti de da ta for da ys wi th ma xi mum a nnua l 24-hr
ra i nfa l l .
The underl i ned ti de va l ues a re a djus ted us i ng curve-fi tti ng to va l ues from joi nt proba bi l i ty.
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Table 2. Design table for rainfall-tide (tailwater elevation representing outlet blockage), based on maximum daily tide applicable to Norfolk and northern Virginia
Beach coastal areas. Note: tidal values in this table were scaled using a linear relationship from mean daily to maximum daily tide on request. These values are
not an explicit product of the joint probability analysis.
Tailwater Elevations for given Design Levels and Rainfall Recurrence Intervals
All Elevations are in NAVD 88 vertical datum and all rainfall values are inches per 24-hours
Values scaled from mean daily, to maximum daily tides using established linear relationship
1-yea r Des i gn
Ti de

Ra i nfa l l

2-yea r Des i gn
Ti de

Ra i nfa l l

5-yea r Des i gn
Ti de

Ra i nfa l l

10-yea r Des i gn
Ti de

Ra i nfa l l

25-yea r Des i gn
Ti de

Ra i nfa l l

50-yea r Des i gn
Ti de

Ra i nfa l l

100-yea r Des i gn
Ti de

Ra i nfa l l

2.92 0.00 No Ra i n

3.91 0.00 No Ra i n

4.75 0.00 No Ra i n

5.12 0.00 No Ra i n

5.93 0.00 No Ra i n

6.46 0.00 No Ra i n

7.12 0.00 No Ra i n

2.93 2.93

3.91 2.93

1-Yr P

4.75 2.93

1-Yr P

5.12 2.93

1-Yr P

5.94 2.93

1-Yr P

6.46 2.93

1-Yr P

7.12 2.93

1-Yr P

2.93 3.57

2-yr P

4.23 3.57

2-yr P

4.75 3.57

2-yr P

5.48 3.57

2-yr P

5.94 3.57

2-yr P

6.53 3.57

2-yr P

2.93 4.62

5-yr P

3.91 4.62

5-yr P

4.94 4.62

5-yr P

5.38 4.62

5-yr P

6.35 4.62

5-yr P

2.93 5.50

10-yr P

4.47 5.50

10-yr P

5.20 5.50

10-yr P

6.14 5.50

10-yr P

6.82

25-yr P

4.62 6.82

25-yr P

5.66 6.82

25-yr P

3.81 7.95

50-yr P

5.12 7.95

50-yr P

4.38 9.20

100-yr P

1-Yr P

3.76

Notes :
Va l ues for ma xi mum da i l y ti de deri ved us i ng es ta bl i s hed rel a ti ons hi p between mea n a nd ma xi mum da i l y va l ues (s ee Hi gh Ti de vs . Mea n Da i l y Ti de
Secti on).
Al l notes for Mea n Da i l y Ti de a l s o a ppl y to thes e va l ues .
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Table 3. Design table based on rainfall and tide recurrence intervals.
Tailwater Recurrence Intervals (rounded to zero decimals) for given Design Levels and Rainfall Recurrence Intervals.
1-year Design
2-year Design
5-year Design
10-year Design
25-year Design
50-year Design
Tide
Rain
Tide
Rain
Rain
Tide
Rain
Tide
Rain
Tide
Tide
Rain
1-yr High
2-yr High
5-yr High
10-yr High
25-yr High
50-yr High
No Rain
No Rain
No Rain
No Rain
No Rain
No Rain
Tide
Tide
Tide
Tide
Tide
Tide
1-yr Tide

1-yr P

100-year Design
Tide
Rain
100-yr High
No Rain
Tide

2-yr Tide

1-yr P

5-yr Tide

1-yr P

10-yr Tide

1-yr P

25-yr Tide

1-yr P

50-yr Tide

1-yr P

100-yr Tide

1-yr P

1-yr Tide

2-yr P

2.5-yr Tide

2-yr P

5-yr Tide

2-yr P

12.5-yr Tide

2-yr P

25-yr Tide

2-yr P

56-yr Tide

2-yr P

1-yr Tide

5-yr p

2-yr Tide

5-yr p

6-yr Tide

5-yr p

11-yr Tide

5-yr p

42-yr Tide

5-yr p

1-yr Tide

10-yr P

3-yr Tide

10-yr P

9-yr Tide

10-yr P

31-yr Tide

10-yr P

2-yr Tide

25-yr P

4-yr Tide

25-yr P

16-yr Tide

25-yr P

2-yr Tide

50-yr P

8-yr Tide

50-yr P

3-yr Tide

100-yr P

Notes:
The tide value for No Rain entries were set based on High Tide not Mean Daily Tide to capture the critical tailwater conditions.
Tide values in bold font (only for 25-year design and higher) are correlated to rainfall so the two parameters are treated as inter-dependent using joint probability of the two variables.
Results for inter-dependent entries are based on GH (Gumbel-Hougaard) Copula using de-trended mean daily tide data for days with maximum annual 24-hr rainfall.
The underlined tide values are adjusted using curve-fitting to values from joint probability.
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CHAPTER 1: RAINFALL CORRELATED TAILWATER ANALYSIS
Introduction
Current Virginia Department of Transportation (VDOT) tailwater elevation guidance does
not consider the potential for storm surge to elevate water levels during conditions of peak
runoff. The City of Virginia Beach (CVB) had observed that many rainfall events resulting in
minor flooding corresponded with elevated coastal water levels due to wind and wave-driven
storm surge. Multiple instances of these events have led to reservations about existing tailwater
elevation design guidance. In response to this concern, the CVB undertook a study to assess cooccurrence between storm surge and rainfall events, documented by this report.
Correlation between elevated coastal water levels and precipitation was investigated using
long-term water level records from both the Chesapeake Bay Bridge Tunnel (CBBT) and
Sewell’s Point (SWP) water level stations in conjunction with rainfall records from Norfolk
International Airport. The analysis found a trend of elevated water levels co-occurring with
rainfall events. An empirical relationship developed between the observed rainfall totals and
maximum water levels observed during the duration of the precipitation events formed the
basis to estimate tailwater elevations at SWP water level station. The effort provides rainfallcorrelated tailwater elevations corresponding with 24-hour duration storm events at the 1-, 2-,
5-, 10-, 50-, and 100-yr return periods. Coastal water level stage-frequency relationships were
leveraged from a recent Federal Emergency Management Agency (FEMA) Flood Insurance
Study (FIS) to relate the tailwater elevations from SWP across the CVB Lynnhaven River
watersheds 1, 2, 3, 4, 5, 6, 7, 30, and 31 (Figure 1).

Literature Review
We conducted a literature review to inventory past work that may be relevant to this effort.
Table 4 summarizes specific materials and is discussed further in the following text.
The Norfolk District U.S. Army Corps of Engineers (USACE) for City of Norfolk (USACE
1976) conducted one past water level-rainfall correlation study in the region. The VDOT
Drainage Manual summarizes the final recommendations from this effort. The USACE
analyzed past storm events and corresponding water levels to generate three graphs that relate
rainfall frequencies for three different water levels: 2.5, 4.2, and 5.4 feet. This study
recommended that, assuming tailwater elevations to be at 2.5, 4.2, or 5.4 feet, different design
storm totals should be used. The study does not relate the design rainfall to the national
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standards provided by the National Weather Service’s (NWS) currently effective Atlas 14 or the
superseded TP-40.

Figure 1. Watersheds identified for development of tailwater elevations.

A study by Parsons Brinckerhoff (2010) conducted for the CVB summarized the rainfall and
water level observations during a November 2009 event. The study identified areas
experiencing flooding during this event and concluded that the flooding was the result of
strong sustained northeast winds in combination with heavy rains. The study plotted rainfall
events recorded at Norfolk Airport and Oceana Naval Air Station on November 12, 2009,
against the corresponding water level recorded at the CBBT. This effort illustrated that the
water level remained above 3 feet mean sea level (MSL) during the 24-hour period the City’s
watersheds experienced rainfall.
A 2003 University of Florida study conducted for the Florida Department of Transportation
recommended design storm surge hyetographs associated with 50-, 100-, and 500-year storm
surge events. This study analyzed past coastal events to come up with the hyetographs to be
applied in the design of coastal bridges and roadways. Hyetographs of 40-hour duration were
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developed for selected locations along the Florida coast based on observed water levels in
combination with water levels simulated for hypothetical storms. The hyetographs developed
by this study are purely based on coastal models and records; no attempts were made to
correlate the surge hyetograph with inland storm frequencies. The study methodology was not
found to be applicable to the current effort.
Table 4. Summary of reviewed materials and relevance to this effort.
Title
Virginia Drainage Manual, chapter 6, Appendix 61-2
http://www.virginiadot.org/business/locdes/hydradrainage-manual.asp )

Relevance
Presents 1974 study results on storm-tide
coincidence, conducted by Norfolk District USACE.

Tidal and Rainfall Flooding Evaluation, 9/7/2010, by
Parsons Brinckerhoff for City of Virginia Beach

Summarizes storm rainfall/water levels recorded
for November 2009 northeaster.

Design Storm Surge Hydrographs for the Florida Coast,
submitted to the Florida Department of Transportation by
the University of Florida, September 2003

This study recommends 50-, 100-, and 500-year
storm surge hyetographs for coastal roads and
bridges.

FEMA Flood Insurance Study for the City of Virginia
Beach, 515531V000B, Revised January 16, 2015

This study provides updated 10-, 50-, 100-, and
500-yr storm surge return period elevations across
the CVB. Existing elevations will be used to scale
surge heights from the CBBT water level station
across the study area.

Virginia Beach Streams, Canal Number Two, Virginia
Beach, Virginia, USACE, September 29, 1976

USACE’s storm-tide coincidence analysis
mentioned in Virginia Drainage Manual (reference
1).

Data Retrieval and Processing
Rainfall observations and hourly water level records were collected to evaluate the
correlation between inland rainfall events and coastal water elevations. Hourly rainfall records
were assessed to identify all precipitation events exceeding threshold values. The water level
record was examined to identify the highest level experienced for each identified precipitation
event. Correlation between the datasets was evaluated by plotting the total rainfall volume of
the storm event and corresponding highest water level using Microsoft Excel. We developed an
empirical relationship that relates the storm rainfall total to maximum water level. Atlas 14 1-,
2-, 5-, 10-, 50-, and 100-year 24-hour duration design rainfall were obtained and an empirical
relationship was used to compute the corresponding water level. FEMA coastal return period
elevation relationships were leveraged to transfer the tailwater elevation from water level
station across the Lynnhaven River watersheds.
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Rainfall Data Evaluation

Hourly precipitation data recorded at Norfolk International Airport weather station were
downloaded for the period 1948-2015 from the National Oceanographic and Atmospheric
Administration’s (NOAA) National Climatic Data Center (NCDC,
http://www.ncdc.noaa.gov/cdo-web/search?datasetid=PRECIP_HLY#). The download used
Eastern Standard Time as the reference time zone. The retrieved data were analyzed to identify
storm events that had the potential to create runoff. Event durations of 1-hour (0.25 inches), 3hour (0.50 inches), and 6-hour (0.75 inches) rainfall exceedance criteria to capture both shortand long-duration runoff events. We used a period of 3 hours or more without any measured
rainfall as the criterion to distinguish one storm event from another. We extracted the start
time, end time, and the total observed rainfall (in inches) for each identified storm using the R
statistical software computing package.
Based on the rainfall record between the period of 1948 and 2015, 93 storms had a total
precipitation of 2 inches or more. The duration of the rainfall varied between 1 hour and 60
hours. We only considered one rain gauge record in this study. No attempt was made to
categorize the rainfall events based on their duration since the data is insufficient.
Corresponding Maximum Water Levels

Hourly recorded water levels at CBBT (1975-2015) and SWP (1938-2015) water level gauges
were downloaded from NOAA’s Tides and Currents website
(http://tidesandcurrents.noaa.gov/tide_predictions.html). The data were retrieved relative to
Local Standard Time (with daylight savings adjustment, same as EST/EDT). Locations of the
water level stations at CBBT, SWP, and the precipitation gauge at Norfolk Airport are shown in
Figure 2.
Water level measurements were collected relative to MSL and adjusted to bring water levels
prior to 1992 to the current MSL (relative to the present National Tidal Datum Epoch of 19832001) using the historical rate of sea level rise available from NOAA for each water level
station. The SWP water level station was also evaluated with measurements available starting
in 1938, as the CBBT water level station was established in 1975 and rainfall records are
available since 1948. The start/end times of each storm were used to query the CBBT and SWP
water level records to find the maximum elevation attained during the storm. Appendix A
summarizes the rainfall events and corresponding highest water elevation recorded. Table
5summarizes the named hurricanes that brought more than 2 inches of precipitation at
Norfolk Airport.
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Figure 2. Locations of the SWP and CBBT water level gauges and Norfolk International Airport weather station in relation to
the study area.
Table 5. Named hurricanes with larger than 2 inches of precipitation totals observed between 1948 and 2015.
Hurricane
Name

Duration,
hours

Precipitation Total,
inches

Connie
Flossy
Cleo
Dora
David
Gloria
Bonnie
Floyd
Irene
Sandy

27
21
24
30
26
18
14
27
27
60

4.59
2.58
11.4
4.8
4.57
5.65
3.65
5.65
8.17
5.91

Maximum
Water Level,
MSL
3.71
5.09
2.07
4.57
1.96
3.77
3.97
3.45
5.88
5.08

Time of Maximum
Water Level,
Date-hour
8/13/1955 0:00
9/27/1956 11:00
9/1/1964 12:00
9/14/1964 0:00
9/6/1979 3:00
9/27/1985 7:00
8/27/1998 23:00
9/16/1999 3:00
8/28/2011 3:00
10/30/2012 1:00
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Correlation of Precipitation and Water Elevations
Storm rainfall totals (in inches) and corresponding maximum water levels were analyzed
for correlation using a Microsoft Excel function. Use of Excel facilitates client and any end-user
access to the algorithm for repeatability, update, and review. At the conclusion of this effort, we
extracted tailwater elevations (at CBBT and SWP water level station locations) that
corresponded to 24-hour 1-, 2-, 5-, 10-, 50-, and 100-year design storms.
Atlas 14 24-Hour Duration Design Rainfall Totals

We obtained the design storm depths from the precipitation frequency data server of the
NWS Hydro-Meteorological Center’s Atlas 14 (http://hdsc.nws.noaa.gov/hdsc/pfds). These
values were obtained at the rain gauge at Norfolk International Airport (Station ID-44-6139)
located at latitude 36.9033o and longitude -76.1922o. Table 6 shows the precipitation totals for
1-, 2-, 5-, 10-, 50-, and 100-year storms of 24-hour duration hypothetical storm.
Table 6. Precipitation frequency estimates for Norfolk International Airport.*
Return
Period by
Duration
5-min:

1-yr,
inches

2-yr,
inches

5-yr,
inches

10-yr,
inches

25-yr,
inches

50-yr,
inches

100-yr,
inches

200-yr,
inches

500-yr,
inches

0.41

0.48

0.55

0.63

0.71

0.78

0.84

0.9

0.98

1000yr,
inches
1.05

10-min:

0.65

0.77

0.88

1

1.13

1.24

1.33

1.43

1.55

1.66

15-min:

0.82

0.97

1.12

1.27

1.43

1.57

1.69

1.8

1.95

2.08

30-min:

1.12

1.34

1.59

1.84

2.12

2.36

2.58

2.81

3.1

3.37

60-min:

1.4

1.68

2.04

2.4

2.82

3.19

3.56

3.94

4.46

4.91

2-hr:

1.66

1.99

2.47

2.96

3.55

4.09

4.64

5.22

6.01

6.73

3-hr:

1.78

2.15

2.67

3.21

3.9

4.54

5.2

5.92

6.92

7.84

6-hr:

2.17

2.6

3.24

3.9

4.77

5.57

6.4

7.32

8.61

9.82

12-hr:

2.57

3.08

3.85

4.66

5.74

6.75

7.83

9.02

10.72

12.33

24-hr:

2.93

3.57

4.62

5.5

6.82

7.95

9.2

10.58

12.64

14.4

2-day:

3.39

4.1

5.28

6.29

7.81

9.13

10.6

12.25

14.72

16.86

3-day:

3.58

4.34

5.55

6.58

8.1

9.41

10.84

12.42

14.78

16.9

4-day:

3.77

4.57

5.82

6.86

8.39

9.68

11.07

12.59

14.84

16.95

7-day:

4.39

5.3

6.66

7.79

9.43

10.79

12.27

13.86

16.14

18.04

10-day:

4.97

5.97

7.4

8.58

10.28

11.69

13.19

14.8

17.1

19.01

20-day:

6.71

8

9.71

11.12

13.11

14.73

16.43

18.22

20.73

22.74

30-day:

8.3

9.87

11.84

13.43

15.6

17.34

19.11

20.93

23.42

25.36

45-day:

10.27

12.15

14.48

16.38

19.02

21.15

23.34

25.62

28.76

31.24

60-day:

12.24

14.45

17.01

19.04

21.79

23.94

26.1

28.29

31.21

33.44

*Accessed on date/time (GMT): Wed May 27 14:18:09 2015
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Correlation and Empirical Relationship
Data

The water level records coincident with the identified rainfall events were queried to
determine the maximum elevation of each event at both the CBBT and SWP stations. The SWP
water level data spanned the length of the entire precipitation data record (1948-2015),
whereas the CBBT record had a more limited record, spanning from 1975 to 2015. All water
level data were adjusted to present MSL to correct for historic sea level rise trends. Further
review of the data records at SWP identified a data gap for July 1975, which affected three
rainfall events occurring on the 5th, 12th, and 16th. The 67-year record at the SWP station
provided the best dataset of rainfall and water level events with 90 coincident rainfall-water
level data points. The shorter 40-year record at CBBT provided for 59 events.
Data Analysis

Storm rainfall totals and corresponding maximum water levels recorded at SWP and CBBT
were organized in a Microsoft Excel spreadsheet. Data were plotted for the full length of record
at each station and the concurrent record for both stations (1975-2015). The function
“CORREL” was used to assess correlation between the rainfall and water level records.
Results of the correlation analysis at both stations showed a weak, but positive correlation
trend between the total storm precipitation and the measured water elevations during the
storms. Having established this positive relationship between the two datasets, we used the
trend line as an empirical relationship to make predictions for the tailwater elevations
corresponding to 24-hour storm depths defined in Atlas 14 for the Norfolk Airport rain gauge
location for return periods: 1-, 2-, 5-, 10-, 50-, and 100-year. Data and trends are shown for the
full length of record at SWP in Figure 3, and for the concurrent period of record between the
CBBT and SWP stations in Figure 4 and Figure 5, respectively.
Comparison of predicted tailwater values for both SWP (Table 7, row 1) and CBBT (Table 7,
row 2) indicated that the empirical relationships based on the data distributions at both
stations had negligible differences. Consequently, it can be concluded that despite the
proximity to the CVB, the CBBT location does not provide any benefit over the SWP station.
The SWP data have the advantage over CBBT due to additional 27 years of record and was,
therefore, used to provide the best data source for the final predictions. The Significance of F
value for the SWP data was 1.35E-06, meaning that there is a less than 1% chance that the
regression output was a chance occurrence. Significance of F values less than 0.05 indicate
statistical significance.
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Table 7. SWP and CBBT water level analysis results for the period 1975-2015.
Return Period (yr)
1
2
24-hr rainfall (in)
2.93 3.57
1
SWP 1975-2015
1.6
1.9
Peak Water Level (ft, MSL)
2
CBBT 1975-2015
1.6
1.9
Peak Water Level (ft, MSL)
MHHW [mean higher high water] (ft, MSL) = 1.4
No.

5
4.62

10
5.50

25
6.82

50
7.95

100
9.20

2.4

2.8

3.4

3.9

4.5

2.3

2.7

3.2

3.7

4.2

The empirical correlation relationship established in Figure 3 provides an estimate for
tailwater elevations. These values are based on the full record of SWP water level data from
1948 to 2015 covering all 90 storms previously identified for use in this study. The final
tailwater elevation recommendations for the various return periods are shown in Table 8.
Table 8. Summary of correlation analysis estimates for tailwater elevations.
Return Period (yr)
24-hr rainfall (in)

1

2.93
Recommended Tailwater Elevations (ft,
1.65
MSL)
Recommended Tailwater Elevations (ft,
1.40
NAVD88)
MHHW (ft, MSL) = 1.4, MHHW (ft, NAVD88) = 1.15

2

5

10

25

50

100

3.57

4.62

5.5

6.82

7.95

9.2

1.89

2.27

2.59

3.08

3.49

3.95

1.64

2.02

2.34

2.83

3.24

3.70

Joint Occurrence and Probabilities of Tides and Rainfall | 8

SWP 1948-2015
7
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Figure 3. SWP water level station record totals between 1948 and 2015.
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Figure 4. CBBT water level station record totals between 1975 and 2015.
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Figure 5. SWP water level station records and rainfall event totals between 1975 and 2015.
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Discussion of Results
Current design guidance recommends using mean higher high water (MHHW) as the
tailwater elevation for modeling streams hydraulically connected to coastal waters. Hydraulic
models developed for the City’s storm drainage system would assume a constant tailwater
elevation of MHHW in adherence to this guidance. However, as indicated in Figure 3, recorded
data at the water level and rain gauges indicate more than 50 percent of the rainfall events
occurred while the water level was higher than the MHHW. This trend reflects the City’s
geographic location at the mouth of the Chesapeake Bay, with contribution of wind and wavedriven storm surge that accompany precipitation associated with tropical and extratropical
events. Given this, it is very likely that tailwater elevations will be higher than MHHW when
the City is experiencing a rainfall event.
It is recommended that the City design the storm water infrastructure to higher tailwater
levels. Increasing the design recommendation would help improve confidence that the storm
water system will maintain the ability to evacuate runoff even in the event of increase coastal
water levels from a storm event. The empirical correlation analysis undertaken here provides a
more conservative tailwater as compared to existing design guidance that provides a tailwater
elevation better suited for a coastal area susceptible to combined flooding from rainfall and
coastal storm surge.
Additional analysis should be undertaken to potentially improve correlation or provide a
more robust statistical foundation for the adjustment of tailwater design guidance. The
astronomical tide component highly influences the total water level experienced at the water
level station during the periods of the observed rainfall events. Additional insight and better
correlation could possibly be achieved through evaluation of residual water levels (de-tided
water levels with only surge values) against the corresponding rainfall totals. An extension of
this study to include additional rain/water level gauges in the Virginia Beach/Hampton Roads
area, along with the application of joint probability principles would yield a statistically
relevant result. This type of analysis would categorize the rainfall events by their duration and
develop a set of varying tailwater levels and corresponding design rainfall values. The joint
probability analysis would develop a series of tailwater elevations for frequency rainfall totals
when statistically combined would result in a water surface elevation corresponding to the
return period of the rainfall.

.
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CHAPTER 2: JOINT PROBABILITY ANALYSIS
Background
The correlation study used rainfall depths for durations of up to three days, and drew a
general conclusion regarding the correlation of tide elevation to rainfall depths. This particular
study is more design-oriented and focuses on 24-hour rainfall depths. Consequently, this study
builds on the correlation study result that inland rainfall and tide can and do occur
simultaneously. Consequently, this study confirms the correlation between rainfall and tide.
However, this correlation mainly impacts the results of the joint probability analysis of large
rainfall events. Results from this joint probability analysis will provide statistically-based
coastal water elevations and precipitation values to inform design tailwater elevations (outlet
blockage), and are anticipated to be leveraged by ongoing efforts in the Comprehensive Sea
Level Rise/Recurrent Flooding Analysis and the Stormwater Master Plan.
There are few studies on the tailwater evaluation based on joint probability analysis in
Virginia. The Virginia Department of Transportation’s drainage manual (VDOT 2002) includes
a table for outlet blockage under the 10- and 100-year design. This table is based on a 1974
study by the Norfolk District of US Army Corp of Engineers; this study updates those results
and expands them to more design levels. The recommended results of this study are compared
to the table in the VDOT drainage manual.

Data Sources
Rainfall Data

Because engineering design commonly uses year-based recurrence interval of 24-hour
rainfall, the main data used in this study is the maximum annual 24-hour rainfall at each
station. Rainfall values for days other than the days with largest rainfall of the year were also
considered if they coincided with relatively high tides for additional insight into the nature of
the problem. The use of the 24-hour time period of rainfall requires analysis of tides during the
same day. Thus, the tide (surge) values were also considered in the daily time period
(maximum and average tide of the day).
The daily rainfall used in this study was based on the Norfolk International Airport
location, same as that used for the correlation study (Figure 2). Daily rainfall was extracted
from 1946 to 2015 and then completed back to 1927 using data from station at Diamond
Springs and the NOAA Atlas 14 database for the Norfolk WSO Airport. Data for years prior to
1927 was not considered because simultaneous tidal data is not available for prior years. The
July 31, 2016 rainfall event of 6.99” was assumed to be the largest 2016 event and was added to
.

Joint Occurrence and Probabilities of Tides and Rainfall | 13

the rainfall database. Data from other local rainfall stations at Oceana NAS and Norfolk NAS
were also considered but not used because of shorter data period and lack of correlation with
tidal data.
Collected Data vs. Published Design Rainfalls

A frequency analysis was performed using the data collected for the maximum annual 24hour rainfall at Norfolk International Airport. This analysis showed design rainfall values
would not be exactly the same as the official values that is obtained from NOAA Atlas 14 for the
same station. One reason is the data period of NOAA Atlas 14 was from 1910 to 2000 while the
data in this study is from 1927 to 2016. The second reason is that by default the NOAA Atlas 14
values are based on partial duration series while we used annual data series. Figure 6 shows
the cumulative probability of maximum 24-hour rainfall data in this study and the Gumbel
Distribution fit to it compared with the published values from NOAA Atlas 14 (see Table 6 for
rainfall depths). While the two data sources closely match for large rainfall depth, they also
start deviating from each other as the rainfall depth falls below 4.4” (almost the 5-year
rainfall). To allow consistency with readily available published data, the NOAA rainfall values
were used in the table of results relating tide to rainfall. The variation in the results is limited to
the 1-year and 2-year return period rainfall values.

.
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Figure 6. Cumulative probability of maximum 24-hour rainfall data in this study and Gumbel Distribution fit compared with the
published values from NOAA Atlas 14.

Coastal Water Level Data
The coastal water level data, or “tide data” used in this effort is same as that used for
analysis presented in Chapter 1 and taken from NOAA Station at Sewell’s Point, VA (Figure 7).
Tide data from the station at Money Point, VA was also considered but not used due to shorter
data period and lack of correlation to rainfall data. Data from Chesapeake Bay Bridge Tunnel
(CBBT) station (Figure 2) was used in a limited fashion. CBBT record was used to fill in
missing values for Sewell’s Point; regression analysis between the data from the two stations
was used for this purpose.
Data from tide stations of inland tidal streams, such as Money Point on Southern Branch
Elizabeth River, is beneficial in studying tailwater conditions for hydraulic structures on
streams discharging into such streams. The inner land tidal water body data was not available
for use for the current joint probability study.

.
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High Tide vs. Mean Daily Tide

A wealth of tide data is available for the Sewell’s Point station. Verified Hourly Water Level
is available from 7-22-1927 to 8-25-1942 and again from 9-15-1943 to the current date. Verified
High/Low Water Level, based on 6-minute data, is available starting August 01, 1979. The high
tide (maximum daily tide) values for days corresponding to maximum 24-hour rainfall for each
year were taken from this data. The mean daily tide was calculated for the same days as the
average of hourly data for each day. The same data was also collected for all days when the 24hour rainfall exceeded the 1-year 24-hour rainfall level of 2.93.” Additional data for the largest
recorded tidal events at the station was also collected to be able to examine the top 20 high
tidal events, regardless of the rainfall. All tide data was taken in NAVD 88 ft.
When no storm surge is impacting the WSE at this station, the tide chart normally exhibits
a double diurnal shape. However, during a storm surge, the WSE could be elevated for
durations ranging from several hours to several days. This study focuses on daily time periods
so the tide values were averaged only for each 24-hour period. As an example, Figure 7 shows
the verified WSE fluctuations during the storm surge event on September 1, 2006. While the
verified high for that day was 3.91 (ft., NAVD 88), the mean daily tide was calculated at 2.87
(ft., NAVD 88). To use the highest WSE of the day, which may last only for a few minutes as the
tailwater elevation, would be an overestimation. Therefore, the mean daily tide value was
assumed to better represent the average tailwater condition for a given day. However, the
highest tide of the day is more appropriate to use for data analysis because it actually
represents a measured tide elevation. Therefore, data analysis was performed on both the
mean daily and the high tide data. The results from the analysis of the high tide data was
converted to mean daily tide (to represent tailwater elevations) utilizing a regression equation
developed between the two parameters for 56 daily values collected from 1979 to 2016. Figure
8 shows the relationship between the highest daily tide elevation and mean daily tide at the
Sewell’s Point station.

.
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Figure 7. WSE fluctuation recorded at Sewell’s Point during 9/1/2006 storm surge and the calculated mean daily tide.
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Figure 8. Mean daily tide versus highest daily tide at Sewell’s Point.
High Tide for Days of Maximum 24-hour Rainfall versus Published Design Tides

Similar to the use of published design values for rainfall, tide levels are also taken from
official NOAA website. For the Sewell’s Point station, this information was taken from NOAA’s
website for the station, as reflected under the datum and extreme water level sections. The data
were then converted to feet in NAVD 88, as shown in Table 9. The mean daily tide values were
evaluated from high tides using the relationship depicted in Figure 8. All tide values in Table 9
are updated to the Year 2015.
.
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Table 9. Design high tides from NOAA for Sewell’s Point and corresponding mean daily tides and rainfall depths for the same
recurrence interval (Tr in years).

Tr
1.01
2
5
10
25
50
100

M (MSL)
or
High Tide
(MHHW) ft (NAVD 88)
0.97
2.92
1.27
3.91
1
4.75
1.64
5.12
1.36
5.93
1.52
6.46
2.25
7.12

Mean Tide
Estimated from
High Tide
ft (NAVD)
1.25
2.04
2.72
3.01
3.67
4.09
4.62

24-hour Rainfall
Depth (Inches)
2.93
3.57
4.62
5.50
6.82
7.95
9.20

Recorded Tide Elevations vs. De-trended Data

The recorded Mean Sea Level at NOAA Station Sewell’s Point exhibit an average rise of 4.59
mm/ year for the 1927 to 2015 period (see Figure 9).

Figure 9. Mean sea level rise trend at Sewell’s Point.

The raw tide data that is available for the Sewell’s Point station does not account for the
trend reflected in Figure 9. The tide elevation values were all updated to the 2015 value, same

.
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as design tide values in Table 9, using the mean sea level rise of 4.59 mm/year. The updated
tide values are hereinafter called “de-trended” tides.
The joint probability analysis considered three types of de-trended data to evaluate the joint
probability of rainfall-tide, including:
•

de-trended tide data for days with the highest 24-hour rainfall for each year

•

de-trended maximum high tide of each year with the rainfall depth for the same day

•

partial duration series of high tide data

The first data type consisted of the de-trended tide data for days with the highest 24-hour
rainfall for each year. Both the mean daily tide and the highest daily tide values were tried in
the calculations but only the mean daily tide values are discussed here for brevity. This data set
would not include the large tide values that has occurred during days other than the day of
maximum daily rainfall of each year.
Figure 10 shows the de-trended mean daily tide vs. maximum 24-hour rainfall depth of
each year. This figure shows a general, but not distinctly strong correlation between the two

Figure 10. De-trended mean daily tide versus maximum 24-hour rainfall depth of each year.

factors. The correlation coefficient of 0.336 is significant to 0.001 levels, however, there is
considerable scatter around a trend of increasing tide level with increasing rainfall. Figure 11
compares the cumulative probability distribution of the de-trended mean daily tide with
.
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maximum 24-hour rainfall; it is then compared to the data for mean daily tide for Sewell’s
Point station (Table 9), which considers all tides. As seen in Figure 11, the two curves only
approach each other at the extremely large tide values. Generally, the curve for mean daily
tides for days with maximum rainfall show a larger non-exceedance probability (larger
recurrence interval) for the same tide value than the published values that consider all tide
data. For example, a mean daily tide of 3 (ft., NAVD 88) would represent an 18-year event for
days of maximum rainfall, while for published data, it would only be approximately a 10-year
event. A similar relationship was observed for high daily tide data. When using this data set,
the marginal probability of rainfall would be similar to the published NOAA values (see Figure
6). However, the marginal distribution of the tide value needs to be set by a probability
distribution, such as the Gumbel curve, as shown in Figure 11, or by empirical frequency of
observed data. The marginal distribution for the de-trended mean daily tide used in the joint
probability analysis leading to the final results was based on the empirical frequency analysis of
the de-trended mean daily tide for days with maximum 24-hour rainfall.

Figure 11. Comparison of cumulative probability of mean daily tide of published values and the de-trended values for days
with maximum 24-hour rainfall.

The second data type consisted of the de-trended maximum high tide of each year with the
rainfall depth for the same day. This data set would miss some of the large rainfall values that
have occurred during the other days, but would include several zero rainfall values for days
.

Joint Occurrence and Probabilities of Tides and Rainfall | 20

with significant surge activity but no inland rainfall. The 2016 value for the maximum high tide
was not available at the time of this study. Figure 12, on the following page, shows the detrended maximum annual high tide vs. rainfall depth of the same day. Except for when rainfall
was zero or nearly zero, Figure 12 shows a general, but not distinctly strong correlation
between the two factors. The correlation coefficient of 0.446 is significant to 0.00001 levels,
however, there is considerable scatter around a trend of increasing tide level with increasing
rainfall. Also, very few data pairs are available for days with significant rainfall that is larger
than 1-year value. Figure 13 compares the cumulative probability distribution of the de-trended
maximum annual high tide and the published (theoretical) values for Sewell’s Point Station
from Table 9. The Gumbel distribution fit to the data closely matches the published values for
the station and may be used as the tide marginal distribution in the joint probability analysis.
NOAA has used Generalized Extreme Value (GEV) probability distribution function to estimate
the design tide elevations. We used the same software package as NOAA (The extremes value
analysis software package “in2extRemes”) available from
<http://www.assessment.ucar.edu/toolkit/>) with this data set and estimated the design tide
values. The results were slightly different from tide values in Table 9. Because those values can
be reproduced by any user, they were not updated. Furthermore, the results from fitting GEV
to this data set indicated that the null hypothesis that the data follow a Gumbel distribution
cannot be rejected, thus confirming the choice of the Gumbel distribution for the marginal
distribution of tide data.
The rainfall depths during the days of maximum annual tide would have a probability
distribution, drastically different from the published values, as shown in Figure 14. For
example, the NOAA 10-year rainfall (non-exceedance probability of 90%) is 5.5 inches, but for
this data set, it would only be 4 inches. The marginal distribution of the rainfall, during the
days of maximum annual tide used in the joint probability analysis, was based on the empirical
frequency analysis.

.
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Figure 12. De-trended maximum annual high tide vs. rainfall depth of the same day.

Figure 13. Cumulative probability of de-trended maximum annual high tide and the published (theoretical) data for Sewell’s
Point.

.
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Figure 14. Cumulative probability of rainfall depths for the days with maximum annual tide and the published (NOAA) data.

The third data type consisted of the partial duration series of high tide data. Statistical
analysis of the pairs of rainfall-tide data may be performed based on annual series or partial
duration series, also known as Peaks Over Threshold (POT). The data types 1 and 2 discussed
above are both based on annual time series. The partial duration approach allows
consideration of all tide values that are larger than a given threshold value, thus the name,
POT. This series may include more than one event per year for some years and no events at all
for other years. Similarly, some of the tide values may belong to a day with a large rainfall while
others may belong to a day with little or no rainfall at all.
The POT for the maximum daily tide data was extracted using the threshold value of 2.92’
NAVD 88, which corresponds to the 1-year high tide elevation. This threshold was selected
because it represents the minimum tailwater elevation utilized in practical design. Before
extracting the data, the high tides of each year were de-trended, which means updated to 2015
values, using the process described before. Moreover, the partial duration series requires that
.
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only independent events be included in the time series. Therefore, for each year of the analysis,
the high tides belonging to consecutive days were analyzed and only independent events. This
means that the day of the highest tide or a combination of high tide and large rainfall was
selected for this time series. Figure 15 presents the de-trended and independent POT time
series for the analysis period from 1927 to 2016. There are 379 data points in Figure 15, which
represents an average of more than four events per year. Figure 16 plots the de-trended and
independent POT maximum daily tide against the corresponding rainfall of the same day.

Figure 15. Time series of peaks over threshold independent de-trended maximum daily tides.

Except for when rainfall was zero or nearly zero, Figure 16 shows a general, but not
distinctly strong correlation between the two factors. The correlation coefficient of 0.452 is
significant, however, there is considerable scatter around a trend of increasing tide level with
increasing rainfall. Notice that only a fraction of data points belongs to the region of our
interest; tide elevation and rainfall both larger than 1-year level, thus making the potential use
of this data set in evaluation of joint probabilities very limited.

.
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Figure 16. Independent peaks over threshold maximum daily tide versus rainfall depth of the same day.

Technical Approach
The Concept of Joint Return Period

The concept of Joint Probability and how it applies to coastal tailwater conditions could be
explained through the following example. Suppose a culvert subject to tidal tailwater
conditions needs to be designed for the 25-year recurrence interval. The overall design level of
25-years will be controlled by two marginal probability distributions for rainfall and tide
elevation, as well as the joint probability distribution relating the two variables. The joint
probability is a measure of the interdependence of two variables. Potentially a number of
combinations of rainfall-tide values, larger rainfall with the smaller tide or smaller rainfall with
larger tide, would result in the same overall level of design. The joint recurrence interval will be
defined by the joint non-exceedance probability,
Where the joint non-exceedance probability = F(x) + F(y) - F(x,y)
Where F= Cumulative Probability, “x” would represent rainfall and “y” would represent
tide. Therefore, F(x) and F(y) would represent the marginal distribution of rainfall and tide,
respectively. If the two variables are completely independent, then the probability that both
variables would be exceeded is simply a product of the two marginal exceedance probabilities
or (1-F(x)) multiplied by (1-F(y)). For example, the overall recurrence interval, that a five-year
.
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tide would be exceeded when rainfall is at 10-year level or higher, would simply be 5X10 or a
50-year design level. When the two variables show a considerable interdependence, the joint
return period Tr (x, y) of both rainfall and tide exceeding a certain value could be calculated by:
Tr (x,y)= 1/ ( 1- (F(x) + F(y) - F(x,y) ) )
While the marginal distributions F (x) and F (y), for rainfall and tide could be approximated
as described before for different data sets, the F (x, y) or joint distribution is unknown, which
needs to be evaluated. A good explanation of joint return period and conditional probability
distribution, formulation can be found in Yang and Zhang (2013).
Joint Distribution of Rainfall and Tide

As explained above, the key to determining the proper combination of rainfall-tide values
for a given design level is to find the joint distribution of the two variables. The previous
section summarized the three types of data sets considered in this study in order to evaluate a
reasonable joint probability between the two factors and determine proper design tailwater
elevations. Data sets one and two were used in calculations, both in the uncensored and
censored way. Uncensored data refers to the complete set of data without any omissions, and
censored data refers to truncated data on left, or use of rainfall-tide data pairs for when rainfall
exceeds certain limits. Both approaches, censored and uncensored, have been used in related
coastal studies. Lian et.al. (2013) used the full set of uncensored data, while Pezzoli et. al.
(2013) who studied coupling rainfall and tidal levels in a coastal floodplain, used the censored
data with rainfall groups. In this study, the use of censored data was tried, but led to
unacceptable results due to the small number of tides falling into the data groups with large
rainfall values.
Conditional Probability versus Copulas

The required calculation approach for the joint probability of rainfall-tide range from
simple, which is based on conditional probability, to complex, which involves copulas.
Conditional probability calculations involve finding the proportion of data exceeding
certain limits of both rainfall and tide value at the same time. These calculations were carried
out in this study using the bivariate plotting-position formulation, see Equation 2.64 in Zhang
(2005); this approach is more suited when a large number of data points are available.
Therefore, this method was applied to the de-trended POT data, which consisted of 379 data
pairs. The results did not produce acceptable tailwater elevations, mainly because there were
few data pairs with both the rainfall and the tide value exceeding the one-year level. Similar
calculations using either of the two annual data sets discussed above also failed to lead to
.
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acceptable results because the number of events for which both the rainfall and tide are
relatively high were limited. Therefore, the conditional probability results were not selected as
the final results of this study.
A more statistically rigorous approach than conditional probability was pursued through
the application of various copulas. Copulas provide a convenient way to express joint
distributions of two or more random variables. With a copula, you can separate the joint
distribution into two contributions: 1) the marginal distributions of each variable by itself; 2)
and the copula that combines these into a joint distribution. Application of copulas is
mathematically relatively complex and could involve multi-variate analysis formulations,
evaluation of statistical parameters, such as Kendall Tau Rank Correlation, and other
association parameters for various models, uncommon empirical frequency plotting position
equations, among others. Details of various copulas applied in this study are not included here.
For a description of various copulas and their practical application, see Zhang (2005) and
Venter (2003), Venter (2008), Lian et.al. (2013). In this study, full joint probability analysis
was performed using all three types of data sets previously discussed. Four different copulas
were tried in the calculations: 1) logistic copula; 2) GH (Gumbel-Hougaard) copula; 3) Clayton
copula; 4) and Heavy Right Tail copula. These copulas were also applied to the censored data
for rainfall class larger than 10-year level; larger than 25-year level class included too few data
points. In search of better results, marginal distributions were tried using both distribution
fitting and with empirical probability assumption using Weiball and Gringorton plotting
positions.
Selection of Final Results

No matter what data set was tried, it was difficult to get a good copula fit to the data. The
main reason is that if the data set was selected based on days with maximum 24-hour rainfall,
the marginal distribution of tide values showed a very high cumulative probability at relatively
low tide values. Conversely, for data set based on the maximum annual tide, the marginal
distribution of rainfall exhibited large cumulative probability at relatively small rainfall values.
Both of the above cases made the copula not fit very well to a number of rain-tide combinations
tried. Application of copulas to POT data was even less productive because for many design
level rainfalls, the results showed a smaller tide value than the complimentary tide, which is
the theoretical minimum tide level needed to produce the target overall design level.
The most consistent and reasonable set of results were obtained through application of the
GH copula to the de-trended mean daily tide data for days with maximum 24-hour rainfall.
These results were organized into a design table format, which are presented in the Executive
.
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Summary as Tables 1, 2 and 3. Figure 17 demonstrates a more in-depth look at these results by
plotting the design curves and adding the original data points, as well as various rainfall and
tide design thresholds. The curve for each overall design level starts on the X-axis at zero
rainfall and the maximum daily tide for the same recurrence interval as the overall design on
the Y-axis. The maximum daily tide is selected to make sure the tailwater is not
underestimated when no rainfall is assumed. The curves for the 1- to 10-year overall design
levels are free from any interdependence of the rainfall and tide values. As such, these curves
intersect complimentary rainfall-tide values; the copula application gave a smaller tide value
for these points. For example, the 10-year design curve passes through the point for the 5-year
rainfall and 2-year mean daily tide. However, the main parts of the curves for the 25- to 100year overall design show an inflation of the tide value over the tide value which is
complimentary to the rainfall due to the interdependence of the two factors. For example, the
intersection of the 10-year rainfall and 10-year tide, which would correspond to the 100-year
design level under independence assumption, approximately falls on the 50-year design curve.
This means the combination of the 10-year rain and 10-year tide only produces a 50-year
design level and not a 100-year design level. To get to the 100-year design with a 10-year
rainfall, the tailwater elevation would need to be set to 3.83’ (NAVD 88), which approximately
corresponds to a 30-year tide.

.
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Figure 17. Tailwater design curves showing the data points and rainfall and tide threshold levels.
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Comparison of the Results with VDOT Drainage Manual

As explained previously under the “Background” section, the Virginia Department of
Transportation’s drainage manual (VDOT 2002) includes a table for outlet blockage under the
10- and 100-year design. Figure 18 below is a clipping from Chapter 8 of the VDOT Drainage
Manual showing this table.

Figure 18. Tailwater coincidental occurrence table in VDOT Drainage Manual.

This table is based on a 1974 study by the Norfolk District of US Army Corp of Engineers, and
is limited to the 10- and 100-year design levels with tide elevations in feet above Mean Sea
Level (MSL). However, the MSL has changed from 5.39’ (above station datum for epoch of
1960-1978) to 5.74’ for epoch 1983-2001. Thus, 0.35’ was added to the values in the VDOT
table to update the elevation above MSL, and then 0.259’ was deducted to convert the values to
feet in NAVD 88, same as the results of this study. This study updates the values in VDOT table
and expands them to five additional design levels for four additional rainfall levels. Table 10
compares the results from this study to the tide values in the VDOT table with values adjusted
and converted to feet in NAVD 88. Because the VDOT values were only available for two design
levels and four rainfall levels, only a limited comparison of the new results is possible. As seen
in Table 4, the tide elevation results of this study are generally lower than the adjusted VDOT
values except for two points. The first point is for the 10-year design with 1-year rainfall for
which the adjusted VDOT value of 2.59’ seems too low (less than a 4-year tide instead of a 10year tide). The second point is for the 100-year design with 100-year rainfall. For this point, the
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VDOT value seems to have been set based on MHHW of the station, and our value was set by
curve fitting to the points in the 100-year curve that were evaluated by joint probability.
Table 10. Comparison of the results (in black) to the adjusted values from VDOT Table (in red).
10-year Design
Tide
Rainfall

100-year Design
Tide
Precip

6.39

No Rain

8.49

No Rain

5.12

No Rain

7.12

No Rain

2.59

1-yr P

5.49

1-yr P

3.01

1-yr P

4.62

1-yr P

2.09

5-yr p

4.29

5-yr p

2.04

5-yr p

4.00

5-yr p

1.59

10-yr P

1.59

100-yr P

1.25

10-yr P

2.42

100-yr P

Evaluation of Data Sources for Southern Virginia Beach
A data search was performed, followed by a brief data analysis to identify defendable
options for inferring design conditions from the available and applicable information for
southern Virginia Beach. However, the limited extent of applicable data and lack of correlation
to the longer tidal data used for the aforementioned analysis precluded developing any
defendable results.
The following section briefly describes the data sources considered and explains why the
data was insufficient to allow statistically viable analysis of tailwater conditions applicable to
the southern portion of Virginia Beach.
Data Sources Considered

Because engineering design is commonly based on year-based recurrence interval for 24hour rainfall, the main data used in for the joint probability analysis is the maximum annual
24-hour rainfall at each station, and the tide elevation for the same days when the largest

Joint Occurrence and Probabilities of Tides and Rainfall | 31

rainfall of each year occurred. Thus, the tide (surge) values were also considered in the daily
time period (maximum and mean daily tide). Rainfall-tide values for days other than the days
with largest rainfall of the year could also be considered if they coincided with extremely high
tides for additional insight into the nature of the problem.
In cooperation with local towns and cities including the City of Virginia Beach, USGS is
operating several stations to record rainfall and tidal water surface elevations on Atlantic
Coastal bays. The stations within Virginia Beach include London Bridge Creek at Rt. 58, Little
Neck Creek at Pinewood Rd., and Lake Rudee near Bells Road. Unfortunately, all these stations
operate on inland tidal water bodies and have started recording data only recently in 2016.
Once these stations collect adequate data they could be key to future studies regarding sea level
rise and tidal tailwater conditions in the area.
The closest NOAA tidal station on the south side of Virginia Beach is the station at Duck,
North Carolina. However, this station is simply too far from Virginia Beach to be applicable.
The USGS runs a tidal station at Currituck Sound on East Bank at Corolla, North Carolina.
Although this station is closer than the Duck station to our study area, it is not close enough to
be directly applicable to this study. Lacking any viable station closer to the study area, the use
of the tidal water surface elevation data at this station along with the rainfall data from the
NOAA station at Corolla, NC and rainfall data from the NOAA station at Naval Air Station
Oceana, VA was considered. The problem with Currituck station is that the data period is
relatively short starting on 08/26/2011, which is simply not sufficient for our purpose. We then
attempted to extend the period of data by trying to correlate the data for maximum and mean
daily tide to data from the NOAA station at Sewell’s Point, VA, which has a much longer record.
Figure 19 and Figure 20 show the relationship between the maximum and mean daily tide
between the two stations, respectively. Both show very poor correlation between the data from
the two stations which precludes extending the data at Currituck station. In contrast, Money
Point, VA station, which is much closer to Sewell’s Point, shows a very strong correlation to
data from Sewell’s Point, not shown here. The data from Money Point station is not applicable
to this study because it is not on the south side of the city, but the point is that lack of
correlation of data from Currituck Station to Sewell’s Point, indicates that it is probably too far
from it and that coastal surge activities are not well coordinated between the two stations.
A data analysis using the limited rainfall-tide data available, which is from the Currituck
station in combination with the two rainfall stations mentioned above, showed very poor
correlation between the daily maximum or the mean tide elevations with the rainfall. For
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example, Figure 21 plots the maximum and mean daily tide at Currituck stations for days when
recorded rainfall at Corolla station exceeded one inch. However, due to inadequate data period,
this does not indicate that the tidal surge process is independent from the rainfall process.
We contacted the USGS to check for any other local data sources and they verified there are
none.
In conclusion, adequate data is not available to allow a joint analysis of rainfall-tide with
the purpose of estimating statistically defendable tailwater elevation for areas on the South
side of the City of Virginia Beach.

Currituck Max. Daily Tide (ft, NAVD88)
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Figure 19. Maximum daily tide at Currituck versus Sewell’s Point.
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Currituck High mean daily tide (ft, NAVD 88)
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Figure 20. Mean daily tide at Currituck versus Sewell’s Point.
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Figure 21. Maximum and mean daily tide at Currituck for days with rainfall > 1” at Corolla.
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RECOMMENDED FUTURE STUDIES
Other helpful additional studies the City of Virginia may pursue include:
•

Extending the results of this study to the 500-year design level;

•

Considering a similar tailwater study for local inland tidal streams, such as Southern
Branch Elizabeth River, for design of hydraulic structures on streams discharging into
such water bodies.

•

Revising the results of this study to consider sea level rise. As described in Zomorodi
(2015), the impact of sea level rise could be included using the equivalent rise method
because the tailwater elevations are primarily applicable to engineering design. This
approach allows evaluating the impact of sea level rise in design tidal elevations while
keeping the failure risk at standard levels for a given structure useful life.

•

Modifying design rainfall depths for climate change. Climate change may lead to an
increase in design rainfall and subsequently an increase in design discharge for culverts
in the Virginia Beach area. The adjusted rainfall depths would alter the rainfallfrequency relationship used in this study, and as a result, may be more appropriate to
use with tide elevations adjusted for sea level rise.
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APPENDIX A - RAINFALL EVENTS RECORDED AT NORFOLK
AIRPORT RAIN GAUGE AND CORRESPONDING WATER LEVELS
•

Note: MHHW = 1.4 feet MSL.

•

CBBT – Chesapeake Bay Bridge Tunnel water level station – water level records begin in
1975.

•

SWP – Sewell’s Point water level station – Record begins at 1935; however, water levels
were not recorded for the year 1975.

•

WSE – highest water level recorded in MSL.

Table: Rainfall Events Recorded at Norfolk Airport Rain Gauge and Corresponding High Water Levels
Dates of Storms

Rainfall

MSL

MSL

Rain Start
8/23/1949 21:00

Rain Stop
8/23/1949 21:00

Precipitation (in)
2.63

Duration (hr)
1

SWP_PK (WSE)
1.90

CBBT_PK (WSE)
N/A

7/9/1950 9:00

7/9/1950 9:00

2.2

1

-0.52

N/A

7/15/1950 21:00

7/15/1950 21:00

2.79

1

0.88

N/A

8/22/1950 15:00

8/22/1950 15:00

2.03

1

1.58

N/A

8/13/1953 12:00

8/14/1953 13:00

5.8

26

3.54

N/A

8/29/1954 4:00

8/29/1954 6:00

2.74

3

-0.08

N/A

8/11/1955 22:00

8/13/1955 0:00

4.59

27

3.71

N/A

9/26/1956 15:00

9/27/1956 11:00

2.58

21

5.09

N/A

8/19/1957 3:00

8/19/1957 21:00

2.97

19

3.48

N/A

8/25/1958 11:00

8/27/1958 4:00

4.66

42

1.66

N/A

7/14/1959 10:00

7/15/1959 1:00

2.03

16

1.15

N/A

7/29/1960 5:00

7/30/1960 1:00

2.55

21

2.53

N/A

8/12/1960 5:00

8/12/1960 10:00

2.21

6

0.83

N/A

1/14/1961 14:00

1/15/1961 6:00

2.07

17

1.92

N/A

5/11/1961 0:00

5/11/1961 13:00

2.67

14

1.62

N/A

7/31/1962 10:00

7/31/1962 16:00

2.66

7

1.10

N/A

10/3/1962 17:00

10/4/1962 1:00

3.3

9

1.30

N/A

6/2/1963 1:00

6/3/1963 10:00

7.64

34

2.59

N/A

9/15/1963 10:00

9/16/1963 8:00

5.2

23

3.48

N/A

8/31/1964 13:00

9/1/1964 12:00

11.4

24

2.07

N/A

9/12/1964 19:00

9/14/1964 0:00

4.8

30

4.57

N/A

7/30/1966 6:00

7/31/1966 1:00

3.7

20

2.54

N/A

1/8/1967 0:00

1/8/1967 18:00

3.8

19

0.93

N/A

7/21/1967 13:00

7/21/1967 19:00

2.64

7

0.72

N/A

8/10/1967 17:00

8/11/1967 17:00

2.83

25

1.83

N/A

6/15/1969 18:00

6/16/1969 4:00

2.14

11

0.89

N/A

7/27/1969 9:00

7/27/1969 17:00

4.72

9

1.00

N/A
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Dates of Storms

Rainfall

MSL

MSL

Rain Start
10/2/1969 14:00

Rain Stop
10/3/1969 2:00

Precipitation (in)
2.2

Duration (hr)
13

SWP_PK (WSE)
1.19

CBBT_PK (WSE)
N/A

6/25/1970 16:00

6/26/1970 13:00

3.26

22

1.18

N/A

8/27/1971 3:00

8/28/1971 0:00

3.08

22

2.56

N/A

9/30/1971 6:00

10/1/1971 19:00

6.48

38

3.36

N/A

7/10/1973 15:00

7/10/1973 18:00

2.21

4

0.99

N/A

8/3/1973 16:00

8/3/1973 22:00

2.06

7

0.09

N/A

9/6/1974 3:00

9/7/1974 2:00

2.15

24

2.46

N/A

7/5/1975 4:00

7/5/1975 8:00

2.45

5

#N/A

1.40

7/12/1975 4:00

7/12/1975 14:00

2.17

11

#N/A

1.93

7/16/1975 10:00

7/16/1975 18:00

3.63

9

#N/A

1.53

8/17/1977 17:00

8/18/1977 11:00

2.9

19

1.27

1.46

6/8/1978 16:00

6/9/1978 12:00

3.1

21

0.98

1.10

4/13/1979 7:00

4/13/1979 23:00

2.68

17

2.77

2.72

7/29/1979 20:00

7/29/1979 21:00

2.16

2

-0.28

0.20

9/5/1979 2:00

9/6/1979 3:00

4.57

26

1.96

2.11

5/24/1980 15:00

5/24/1980 21:00

3.4

7

1.12

1.18

8/15/1980 17:00

8/16/1980 1:00

4.13

9

0.26

0.35

9/8/1981 16:00

9/8/1981 22:00

2.43

7

1.63

1.68

10/25/1981 3:00

10/25/1981 17:00

2.11

15

1.51

1.62

8/11/1982 8:00

8/12/1982 1:00

2.24

18

1.12

1.15

10/24/1982 17:00

10/25/1982 15:00

2.42

23

4.68

4.40

4/15/1984 12:00

4/15/1984 14:00

2.23

3

0.94

0.02

9/26/1985 14:00

9/27/1985 7:00

5.65

18

3.77

4.09

1/18/1987 21:00

1/19/1987 16:00

2.49

20

1.72

1.84

8/12/1989 2:00

8/12/1989 18:00

2.6

17

1.15

1.23

8/24/1990 8:00

8/24/1990 15:00

4.32

8

2.29

2.37

3/29/1991 3:00

3/30/1991 5:00

2.01

27

1.92

2.05

10/16/1991 19:00

10/17/1991 12:00

3.17

18

1.91

1.93

8/16/1992 7:00

8/16/1992 15:00

2.37

9

1.76

1.81

9/4/1993 20:00

9/5/1993 3:00

2.1

8

0.50

0.85

3/1/1994 16:00

3/2/1994 21:00

4.31

30

2.02

2.08

7/2/1994 15:00

7/2/1994 17:00

2.84

3

0.59

0.86

7/25/1994 18:00

7/25/1994 20:00

3.46

3

-0.53

0.31

7/12/1996 17:00

7/13/1996 8:00

2.12

16

1.99

1.90

10/7/1996 19:00

10/8/1996 18:00

3.19

24

3.48

3.63

2/4/1998 0:00

2/4/1998 23:00

4.92

24

4.67

4.31

6/28/1998 6:00

6/28/1998 8:00

2.37

3

0.20

0.29

8/27/1998 10:00

8/27/1998 23:00

3.65

14

3.97

3.93

9/15/1999 1:00

9/16/1999 3:00

5.65

27

3.45

2.88
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Dates of Storms

Rainfall

MSL

MSL

Rain Start
10/17/1999 9:00

Rain Stop
10/18/1999 5:00

Precipitation (in)
7.34

Duration (hr)
21

SWP_PK (WSE)
2.20

CBBT_PK (WSE)
2.11

7/29/2001 7:00

7/29/2001 21:00

2.62

15

1.50

1.55

9/16/2002 12:00

9/16/2002 20:00

3.72

9

1.32

1.31

10/11/2002 13:00

10/12/2002 0:00

3.44

12

2.18

2.20

7/14/2003 4:00

7/14/2003 13:00

3.34

10

0.98

0.95

10/28/2003 16:00

10/29/2003 8:00

2.58

17

1.68

1.67

7/24/2004 17:00

7/24/2004 20:00

2.21

4

0.70

0.08

10/7/2005 16:00

10/8/2005 16:00

3.04

25

1.62

1.51

6/14/2006 3:00

6/14/2006 21:00

4.06

19

1.36

1.99

8/31/2006 12:00

9/1/2006 14:00

10.11

27

3.93

3.82

11/12/2006 11:00

11/13/2006 3:00

6.76

17

2.57

2.33

10/24/2007 14:00

10/24/2007 21:00

2.78

8

1.17

1.14

9/11/2008 2:00

9/11/2008 6:00

3.16

5

1.17

1.09

9/25/2008 6:00

9/26/2008 3:00

2.68

22

4.19

4.06

8/5/2009 21:00

8/6/2009 4:00

2.76

8

1.06

0.79

8/22/2009 15:00

8/22/2009 20:00

3.4

6

0.45

1.05

9/7/2009 22:00

9/8/2009 12:00

4.32

15

2.59

2.52

11/11/2009 0:00

11/13/2009 9:00

7.45

58

6.04

5.62

7/29/2010 18:00

7/29/2010 22:00

4.64

5

0.29

0.50

9/30/2010 1:00

10/1/2010 5:00

8.22

29

1.82

1.55

1/17/2011 17:00

1/18/2011 5:00

2.11

13

1.11

1.68

7/24/2011 22:00

7/25/2011 1:00

2.37

4

-0.25

0.14

7/25/2011 20:00

7/26/2011 0:00

2.35

5

0.86

0.38

8/27/2011 1:00

8/28/2011 3:00

8.17

27

5.88

5.38

6/22/2012 17:00

6/23/2012 0:00

2.19

8

1.48

1.49

10/27/2012 14:00

10/30/2012 1:00

5.91

60

5.08

5.17

7/22/2013 17:00

7/22/2013 21:00

3.22

5

1.94

2.10
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EXECUTIVE SUMMARY
This report summarizes changes in heavy rainfall frequency and intensity using historical
observations and bias-corrected future projections. In addition, a comprehensive evaluation of
three heavy rainfall events that were responsible for flooding in the City of Virginia Beach
during 2016, and comparison to regional Probable Maximum Precipitation estimates is
provided. Finally, we provide a review of rainfall design guidance in the context of nonstationarity and future conditions. Based on the analyses and findings within the report,
subsequent discussions with City engineers, as well as our own subject matter expertise, we
recommend that the City increase design rainfall intensities by 20% to account for already
occurring and/or future increases in heavy rainfall. Below we present the findings that support
this recommendation.
Historical trends show increases in 24-hour Annual Maximum Series. Chapter 1
of the report calculates trends in Annual Maximum Series (AMS) in the Virginia Beach region.
AMS is the key variable used to develop design rainfall guidance such as NOAA Atlas 14, hence
it carries significant weight for design purposes. Over the 70-year period of the Norfolk Airport
rain gage, there has been a 0.2 inch per decade trend, or about 7% per decade, showing
increases in the Annual Maximum Series of 24-hour rainfall. Extending the rainfall record
further back to the early 1900s suggests a smaller increase of about 3% per decade, though this
is statistically significant. Given that land development planning considers time scales of
several decades or more, it is very likely that the already observed changes have resulted in an
increase in runoff to current levels that exceed the original design specifications. An analogous
argument applies for current planning for future land development.
Moreover, Chapter 1 showed the increases are not just limited to Virginia Beach but are
observed along the entire coastline of the northeast United States, strongly suggesting the
changes are not simply localized statistical artifacts.
Future Projections Generally Show Increases In Heavy Precipitation. Chapter 2
of the report used bias-corrected future projections of heavy rainfall derived from downscaled
global climate models to estimate changes in the Precipitation-Frequency Curve. Two future
scenarios were considered: the intermediate emission Representative Concentration Pathway
(RCP) 4.5, and the high emission RCP8.5. Furthermore, for RCP8.5, two different sets of
simulations were analyzed: one using high resolution models and one using medium resolution
models. The high resolution model simulations were unavailable for the RCP4.5 scenario at the
time of the analysis.
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Across the entire PF curve, the RCP4.5 scenario showed an increase of 4% by 2045 and 6%
by 2075. However, the increases were most drastic for the more frequent events; for example,
the 1 in 2 year event was projected to increase by 16%. Assuming an estimated planning
time frame of 40 years into the future (~2060), averaging the 2045 and 2075
projections for the RCP4.5 scenario suggests a ~5% increase in the PF curve.
Meanwhile, the analogous RCP8.5 scenario projected an overall increase of 16% by 2045
and 32% by 2075. The higher resolution models projected similar or even greater overall
increases of 22% by 2045 and 31% by 2075. Once again, assuming an estimated planning
time frame of 40 years into the future (~2060), the RCP8.5 scenarios suggest
increases in the PF curve of about 24% to 27%, depending on model resolution.
Historical gage-based Precipitation-Frequency curve estimates are on the
higher end of NOAA Atlas 14. NOAA Atlas 14 Precipitation-Frequency (PF) guidance for
Virginia Beach was developed by fitting several statistical distributions to local gage estimates,
followed by selecting the one with the best fit. However, it is essential to note that the
distribution is statistical, and not physical based. In turn, there are frequently situations where
parts of the Atlas 14 PF curve may differ from the empirical PF curve of gages contributing to
Atlas 14. To illustrate, the plot below shows the Atlas 14 PF estimates for 24-hour rainfall at
Virginia Beach, compared to two long-record gages for the area: Norfolk Airport (ORF) and the
Oceana Naval Air Station (NAS). Note that overall, the Atlas 14 fit does a reasonable job of
capturing the gage estimates. On the other hand, a closer inspection shows potentially
noteworthy differences. For example, the Atlas 14 estimate for the 10 year event is 5.6
inches, with a range of 5.2 to 6.2 inches when incorporating uncertainty.
However, the analogous empirical estimates from ORF and NAS are 6.2 and 6.0
inches, which is 7-10% higher than Atlas 14 guidance. The 10-year rainfall for is of
particular importance because it is currently used for runoff modeling especially
in the context of land development. It is possible that without any changes in
future conditions, the Atlas 14 guidance is currently underestimating the local 10year rainfall amount.
The differences between empirical gage estimates and Atlas 14 are not readily apparent but
may be due to the fact that different processes are responsible for relatively more frequent
events (e.g. 2-8 year) versus less frequent events (e.g. 10-100 year). For example, Nor’easters
can be responsible for a given year’s Annual Maximum 24-hour rainfall, but generally do not
produce precipitation exceeding the 1 in 10 year value. Meanwhile, tropical events, while less
frequent, produce the majority of the more extreme rainfall events.
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Atlas 14 Precipitation-Frequency estimates compared to Norfolk Airport and Oceana Naval Air Station (most likely value is the
black line; the green band is the 90% confidence level). Both gages show precipitation values above the Atlas 14 guidance
above the approximate 7-yr recurrence interval.

In summary,


Historically, precipitation Annual Maximum Series have trended upward between 3-7%
per decade. Using an average of 5% would suggest a 20% increase given a 40-year
horizon.



Future projections support increases of 5% for the intermediate scenario to 24-27% in
the high scenario by 2060. A blend of the two to account for uncertainty in the actual
outcome warrants a 15-16% increase.
Current Atlas 14 guidance for the 10 year rainfall event may be 7-10% below the actual
localized value based on analysis of two long-record rain gages in the area. If such is the
case, then even using the intermediate RCP4.5 projections of 5% would already warrant
a 12-15% increase in the Precipitation Frequency curve.



Given these observations, an increase of the City’s design guideline for rainfall intensity is
justified. We recommend an increase of 20% over existing guidance for projects that have a
typical lifecycle of 40 years.
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INTRODUCTION
Analysis of historical trends in observed rainfall have indicated increases in heavy rainfall
occurrence across the entire contiguous United States. Figure 1, from the 3rd National Climate
Assessment (NCA; Melillo et al. 2014) report, shows the percent change in the occurrence of 1%
daily rainfall, using the 1958-1988 period as the baseline. Although increases in heavy rainfall
frequency have been observed across the entire US, particularly strong changes have been
documented in the Northeast, Southeast and Upper Mississippi River valley regions. The
implications of Figure 1 are especially noteworthy for the Northeast and Mid-Atlantic regions,
but it is difficult to use such regionally aggregated results for local-scale decision support.

Figure 1: Observed change in very heavy precipitation events (i.e. downpours, the heaviest 1% of annual rainfall
events). Source is 3rd National Climate Assessment, http://nca2014.globalchange.gov/report/our-changing-climate/heavydownpours-increasing.
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In this document, we perform a comprehensive investigation of heavy rainfall trends and
probable maximum precipitation within the Virginia Beach (hereafter, “VB”) area. In Chapter
1, we consider only historical data and perform gage-level, local-level and regional-level
analyses. Frequency and intensity changes are considered separately to increase confidence in
the analysis.
In Chapter 2, we investigate future projections of heavy rainfall using relatively highresolution simulations based on the Intergovernmental Panel on Climate Change (IPCC)
Coupled Model Intercomparison Project, Phase 5 (CMIP5). CMIP5 was used to inform the
IPCC’s 5th Assessment Report on expected climate change impacts across the world. Significant
peer-reviewed literature has suggested that increases in heavy rainfall are likely for the VB area
(Wehner, 2013; Prein et al. 2016). However, these studies were regionally-aggregated. Our goal
in this study is to corroborate or provide dissenting evidence for the immediate VB area.
Chapter 3 performs a comprehensive evaluation of three heavy rainfall events that were
responsible for flooding in the City of Virginia Beach during 2016. The main objective was to
determine how observed rainfall amounts compared to the area’s precipitation-frequency curve
for a variety of durations. A secondary objective was to compare the rainfall temporal
distribution with that of the currently used design storm, the NOAA Type C storm. The final
objective was to evaluate how each event compared to the region’s Probable Maximum
Precipitation (PMP) estimates.
Finally, Chapter 4 provides a review of rainfall design guidance, as related to nonstationarity and future conditions. A succinct summary of existing Federal and state guidance
documents is provided reviewed along with a summary of limited telephone interviews.
Our intent is to make findings as relevant as possible for engineering applications. Thus, we
frequently use methods involving rainfall Annual Maximum Series (AMS), which is the root of
design-rainfall analyses such as NOAA Atlas 14. Our analysis is focused almost exclusively on
the 24-hour duration event, which accurately captures the extent of most flood-prone rainfall
events in the area.
Conclusions from each of the Chapters are summarized at the end of the document.
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CHAPTER 1: HISTORICAL ANALYSIS
Climatology
The City of Virginia Beach is located in extreme southeast Virginia, where the climate can
be described as humid subtropical. Because snow represents less than 2% of VB’s yearly
precipitation, “precipitation” and “rainfall” will hereafter be used interchangeably. Average
annual precipitation is about 46 inches and is relatively well distributed throughout the year.
Each month of the year averages at least 3 inches of rainfall, though the wettest months of the
year are from June through September due to the influence of diurnal thunderstorm activity
and tropical disturbances with Atlantic Ocean origin.
Analysis of heavy rainfall in the VB area reveals significant seasonality that is not reflected
when considering only average statistics. The 24-hour precipitation-frequency curve for VB is
shown in Figure 2, as reproduced from NOAA Atlas 14 Volume 2, Version 3 (Bonnin et al.,
2006). This curve, using data through 2013, shows that five-year 24-hour rainfall is 4.7 inches
(range of 4.3 to 5.2 when incorporating uncertainty), 25-year 24-hour rainfall is 7.0 inches
(range of 6.3 to 7.7), and 100-year rainfall is 9.4 inches (range of 8.4 to 10.3). However, as
shown in Figure 3, the chance of experiencing heavy rainfall is significantly skewed towards the
June—October period. For example, the chance of experiencing a two-year 24-hour event is
about 13 times higher in September as compared to April.

Figure 2: NOAA Atlas 14 precipitation-frequency curves for 24-hour rainfall for a location near VB. The black curve is the
“most likely” estimate, while the green and red curves denote the high and low bounds using the 90% confidence level.

Analysis of Historical and Future Heavy Precipitation | 3

Figure 3: Seasonality analysis for 24-hour precipitation for a location near VB. The percent chance of observing an event
exceeding the indicated threshold is shown for the 2-, 5-, 10-, 25- 50- and 100-year recurrence interval. Note that the late
summer and fall months show the highest probabilities of occurrence.

To gain a deeper understanding of VB’s heavy rainfall climatology, we performed a
meteorological analysis of each event over the past 70 years that produced at least 3.7 inches of
rainfall over a 24-hour period at either the Norfolk or VB long-record rain gages. This value
corresponds to roughly the one in two-year (50% chance) event. For each of the 53 identified
events, we noted the 24-hour and 72-hour rainfall at both gages and performed two additional
classifications. First, we noted whether the event was Tropical (or Extra-tropical) or Nontropical in origin (e.g. Nor’easter or stationary front). Note that an Extra-tropical classification
indicates the event had some direct connection to the Tropics, but was not officially classified
as a tropical storm or hurricane at the time of influence. Second, we subjectively assessed
whether the immediate VB area was under the maximum event accumulation, or “Bullseye”, of
the regional rainfall field produced by the event. The Bullseye classification was meant to
inform whether or not VB experienced a worst-case scenario outcome from the event. Note that
each event’s worst-case scenario is dependent on the atmospheric processes available for its
formation, and there is large event-to-event variability in worst-case scenarios. Results are
shown in Table 1.
Of the 53 events, 17 were classified as Tropical, 5 as Extra-tropical and 31 as Non-tropical. It
is worth noting that 12 of the 17 Tropical events have occurred since 1998, which equates to an
average of about two events every three years. In comparison, there was a total of five Tropical
events over the 1946-1997 period, which equates to an average of one event every ten years.
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This is important because Tropical events cause higher rainfall amounts: at the Norfolk gage,
the mean 24-hour amount across all Tropical events was 4.99 inches, the Extra-tropical mean
was 4.31 inches and the Non-tropical mean was 3.65 inches. Furthermore, Tropical events have
accounted for the five highest 24-hour accumulations at the Norfolk gage. Thus, the results in
Table 1 show that one reason for apparent increase in heavy rainfall in the VB area has been
due to a recent active stretch of Tropical-related events. An unanswered question raised by this
analysis is whether this is due to climate change or chance. This was not investigated by the
current study.
Table 1 shows another noteworthy result regarding the occurrence of “Bullseye” events: of the
53 events, 24 were identified as Bullseye hits and 29 were classified as non-Bullseye. This
implies that over the period of record (1946-present) every other event was a Bullseye.
However, since 2003, 11 of 13 events were classified as Bullseye hits. The significance of this is
similar to the Tropical versus Non-tropical classification: at the Norfolk gage, the mean 24hour rainfall for Bullseye events is 4.98 inches while non-Bullseye events average 3.44 inches.
Thus, Table 1 implies that VB has seen an abnormally high number of Bullseye events over
approximately the past 15 years, resulting in an anomalously high rate of “worst-case scenario”
type outcomes that were less frequent earlier in the gage record. This has also contributed to
the apparent increase in heavy rainfall intensity. There is no basis for attributing this to climate
change, and a coincidence, or simple “bad-luck” explanation is alternatively proposed. Thus,
overall, the meteorological analysis shown in Table 1 suggests that the increased occurrence of
both Tropical and Bullseye events has unquestionably contributed to higher rainfall intensity in
the past two decades, while discounting climate change as the major factor, though it is likely a
secondary contributor to an increase in rainfall for any given event.

Gage-Level Stationarity Assessment
Design rainfall, such as NOAA Atlas 14, is typically developed using rain gage data. Such
data is often referred to as “point” data because it measures the rainfall at a single, localized
point in space (for example, a typical rain gage has a surface area of less than 1 ft2). The benefit
of conducting a gage-level stationarity analysis is that data is consistent and, given a long
record length such as that seen in the VB area, the gage provides many observation points from
which statistical significance can be inferred.
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Table 1: Summary of meteorological analysis of all 24-hour rainfall events exceeding the one in two-year recurrence interval
(3.7 inches) between 1946 and 2016 using the Norfolk Airport (“Norfolk”) OR Oceana Naval Station (“Virginia Beach”) rain
gage data. A double-line border is used to separate events into decades.
Event

Date

Norfolk

Virginia Beach

1-day

3-day

1-day

3-day

Origin

Bullseye

1
2
3
4
5
6
7
8
9
10

11/21/1952
8/13 - 8/14, 1953
8/17/1953
9/27/1953
8/12/1955
8/19/1957
9/17/1957
6/2/1959
9/28/1959
10/24/1959

3.31
3.46
2.00
2.67
4.47
2.97
1.63
1.47
6.48
3.71

4.09
6.28
2.00
2.75
4.62
3.22
1.99
1.59
6.80
4.19

4.18
6.05
4.14
3.93
3.85
5.09
5.01
4.80
2.34
1.75

5.31
10.78
4.14
4.02
4.01
5.29
5.17
4.83
2.58
2.03

Non-tropical
Tropical
Non-tropical
Extra-tropical
Tropical
Non-tropical
Non-tropical
Non-tropical
Non-tropical
Non-tropical

No
Yes
No
No
Yes
No
No
No
No
No

11
12
13
14
15
16
17
18
19
20
21

8/5/1961
10/3/1962
6/2/1963
9/15/1963
8/31 - 9/1, 1964
9/13/1964
7/30/1966
1/8/1967
8/24/1967
3/17/1968
7/27/1969

4.45
3.30
5.76
4.98
7.41
4.73
3.70
3.74
3.81
2.94
4.72

4.87
4.12
7.64
5.30
11.71
4.80
3.70
3.80
4.76
3.15
7.07

0.36
5.97
3.96
2.83
9.84
3.41
3.01
1.55
0.05
4.09
1.95

0.56
7.27
5.33
3.26
14.14
3.49
3.05
1.56
1.25
4.30
3.29

Non-tropical
Non-tropical
Non-tropical
Non-tropical
Tropical
Extra-tropical
Non-tropical
Non-tropical
Non-tropical
Non-tropical
Non-tropical

No
No
Yes
Yes
Yes
No
No
Yes
No
No
No

22
23
24
25
26

9/30/1971
9/2/1972
7/26/1974
7/9/1976
9/5/1979

3.49
1.16
3.81
0.56
4.31

6.48
1.21
3.90
0.56
4.60

3.75
4.09
3.18
4.09
3.85

6.68
4.12
4.21
4.12
3.85

Tropical
Extra-tropical
Non-tropical
Non-tropical
Tropical

No
No
Yes
Yes
Yes

27
28

8/15/1980
8/12/1986

4.13
0.73

4.13
1.69

4.28
5.29

4.30
8.34

Non-tropical
Non-tropical

Yes
No

29
30
31
32
33
34
35
36
37

7/11/1990
8/24/1990
4/20/1991
6/22/1991
3/2/1994
2/4/1998
8/27/1998
9/15/1999
10/17/1999

1.07
4.32
5.86
1.66
3.78
4.75
3.77
5.03
6.23

1.62
5.01
5.92
1.86
4.38
5.18
6.88
6.81
7.29

5.88
1.47
3.06
4.55
2.78
6.05
2.93
NA
NA

6.63
2.49
3.07
4.67
3.49
6.35
3.39
NA
NA

Non-tropical
Non-tropical
Non-tropical
Non-tropical
Non-tropical
Non-tropical
Tropical
Tropical
Tropical

No
No
Yes
No
No
No
No
Yes
Yes
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Table 1, continued: Summary of meteorological analysis of all 24-hour rainfall events exceeding the one in two-year
recurrence interval (3.7 inches) between 1946 and 2016 using the Norfolk Airport (“Norfolk”) OR Oceana Naval Station
(“Virginia Beach”) rain gage data. A double-line border is used to separate events into decades.
Event

Date

Norfolk

Virginia Beach

1-day

3-day

1-day

3-day

Origin

Bullseye

38
39
40
41
42
43
44
45

6/16/2001
9/16/2002
10/11/2002
9/18/2003
8/14/2004
6/14/2006
9/1/2006
11/12/2009

4.39
3.79
3.45
4.02
3.72
4.06
8.93
4.90

4.51
3.96
3.61
4.02
5.75
4.06
10.22
7.71

4.48
1.45
5.33
2.12
2.66
NA
NA
6.96

4.55
1.45
5.40
2.15
3.73
NA
NA
10.56

Tropical
Non-tropical
Tropical
Tropical
Tropical
Extra-tropical
Extra-tropical
Non-tropical

No
No
No
Yes
Yes
Yes
Yes
Yes

46
47
48
49
50
51
52
53

7/29/2010
9/30/2010
8/27/2011
10/28 - 10/29, 2012
9/8/2014
7/31/2016
9/20 - 9/21, 2016
10/8/2016

4.64
7.85
7.92
3.87
3.05
6.98
3.93
7.44

4.64
8.90
8.19
6.25
4.78
7.55
9.35
9.24

3.58
3.57
NA
4.78
5.13
1.41
3.92
7.70

3.58
4.25
NA
9.54
6.66
1.85
6.97
7.70

Non-tropical
Tropical
Tropical
Tropical
Non-tropical
Non-tropical
Tropical
Tropical

No
Yes
Yes
Yes
Yes
No
Yes
Yes

For this analysis, we selected the Norfolk Airport rain gage (GHCN USW00013737), which
contains no more than nine missing days in any given year since 1946. A secondary gage, the
Diamond Springs gage (GHCN USC00442368), is located less than one mile from the Norfolk
Airport gage and was used to extend the data through 1911.
Figure 4 shows the time series of the Annual Maximum Series (AMS) of daily rainfall data
for the Norfolk gage, alone. The mean value is 3.6 inches, though the data is heavily skewed
with a strong right tail. The 10th and 90th percentile of the AMS is 2.2 and 5.9 inches,
respectively, reiterating the significant skew due to rare, but high amounts. A linear trend fit to
the time series shows a statistically significant positive trend with a magnitude of about 1.98
inches per century. Visual inspection of Figure 4 also clearly indicates the presence of lowfrequency variations with a period of approximately 50 years. For example, note the occurrence
of multiple high peaks in the late 1950s and 1960s, followed by a relative lull in the 1980s,
during which no events above five inches were observed, followed by a resurgence in the late
1990s through the present.
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As the flooding threat is not restricted to the highest-intensity AMS events, we also
investigate changes in rainfall frequency using the Peaks-Over-Threshold (POT) approach.
Figure 5 shows the resulting time series of annual POTs using a threshold of 1.25 inches per
day. This value was selected because it results in an adequate number of events per year from
which statistical significance can be assessed. Later in the analysis, a POT method using
accumulated event occurrence is explored for the one in two-year and one in five-year event
intensity. The mean value in Figure 5 is 7.7 days per year, though a positive trend is apparent.
A linear trend fit to the time series again shows a statistically significant positive trend with a
magnitude of 4.3 days per century, implying a strong increase given that this is more than 50%
of the mean value. This slope is significant at the 95% confidence level. Thus, the results of
Figures 4 and 5 show robust increases in both the intensity and frequency of heavy rainfall at
the Norfolk Airport gage since 1946.

Figure 4: Annual Maximum Series of daily rainfall at the Norfolk Airport rain gage.
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Figure 5. Same as Figure 4 except for annual daily rainfall events exceeding 1.25 inches.

Since heavy rainfall statistics can be extremely sensitive to the length of the data record, a
longer record provides more confidence if a trend is detected. To extend the Norfolk Airport
record length, we used the nearby Diamond Springs gage. This gage was in service from 1911
through 1980 and thus overlapped with the Norfolk Airport gage for 34 years. However, a
scatter plot of AMS between the two gages (Figure 6, left panel) shows a surprising amount of
spread. This was determined to be caused by a difference in the observation time at the two
gages. To correct this issue, hourly data is needed, but this is not available at the Diamond
Springs gage. Another method of correcting the timing issue is to use longer durations such as
the 48-hour rainfall totals. As shown in the right panel of Figure 6, using the 48-hour AMS
shows a near one to one relationship between the two gages and thus was used to extend the
record length.
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Figure 6: Scatter plot and R-squared value correlating AMS at the Diamond Springs (y-axis) and Norfolk Airport (x-axis) gages
using the 24-hour (left) and 48-hour (right) durations.

Figure 7 shows the 48-hour AMS when combining the Norfolk Airport and Diamond
Springs gages (hereafter, “blended” Norfolk gage). The blended record was created by first
finding Diamond Springs’ AMS values, and then superseding them with the Norfolk Airport
value (though the order of this operation could be switched with no effect on the final result).
Although the Diamond Springs gage data is available through 1911, there were many years with
insufficient record coverage (defined as ten or more missing days per year) as seen by the gaps
in Figure 7. Nonetheless, the blended Norfolk record continues to show a positive trend in AMS
intensity. However, the slope is now lower at 1.3 inches per century (though still statistically
significant at the 95% confidence level), compared to nearly 2 inches per century in Figure 4.
Thus, a comparison of Figures 4 and 7 suggests that there has been a recent acceleration in the
AMS trend, a portion of which may be due to climate change. Appendix A shows that climate
modeling of the historical record indicates that, at least for temperature data, an
anthropogenic-forced climate began to differ from a natural climate in the mid-1980s, or about
30 years prior to the current study. Thus, of the 71 qualifying years of the Norfolk Airport AMS
(Figure 4), almost 50% of the record can be expected to be influenced by climate change.
Meanwhile, the Norfolk blended record, at 106 years in length, is only expected to be
influenced by climate change for 30% of its observations. This would explain the weaker trend
in Figure 7 compared to Figure 4, though it is essential to stress that the trend in Figure 7 is
still statistically significant.
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Figure 7: Trend in the 48-hour AMS at the blended Norfolk gage (combining Norfolk Airport and Diamond Springs rain gage
data).

Figure 8 shows the annual POT series and trend at the blended Norfolk gage when using a
48-hour duration and a threshold of two inches. Similarly, to Figure 5, this value was used to
provide an adequate number of events per year even though not all events will cause a flood
risk. Additionally, as in Figure 5, a visual inspection suggests a clear upward trend, which is
confirmed using a linear regression. However, the linear trend, with a magnitude of 1.9 days
per century, is only significant at the 88% confidence level. Thus, when interpreting only data
from the Norfolk Airport gage (Figures 4, 5), the trends in AMS and POT would appear
overstated compared to a longer-term record at this location. This does not diminish the fact,
however, that AMS and POT are still found to increase, though the overall significance was
more robust for AMS than for POT.
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Figure 8: Same as Figure 7 except for annual 48-hour Peaks-Over-Threshold, with a threshold of two inches.

Local-Level Stationarity Assessment
The benefit of conducting gage-level stationarity analysis, as was shown in the previous
section, is its simplicity in assessing results. However, a notable limitation is that a gage-level
analysis does not directly inform the flood threat since flooding is more closely tied to rainfall
volume versus a point amount. We have leveraged the availability of an increasing number of
quality-controlled rain gage observations to briefly investigate this topic by conducting a “locallevel” rainfall analysis.
Figure 9 shows the method used for the local-level analysis. First, a radius of interest
centered on VB was selected. A radius of 60 miles was used in order to capture all storms that
either hit VB or were in very close proximity. Next, we accessed all available quality-controlled
rain gages within the radius of interest. This included data from Cooperative Observer Program
(COOP), Remote Automatic Weather Systems (RAWS), Weather-Bureau-Army-Navy (WBAN)
and Community Collaborative Rain, Hail and Snow Network (CoCoRaHS) observational
networks. Finally, we calculated the AMS value of daily rainfall across all gages regardless of
missing data. In addition to tracking the AMS, we also noted the number of contributing gages
for each year’s AMS, as well as the aggregate area covered by gages, which we termed “coverage
area”. To calculate the latter statistic, we subjectively gave each gage a five-mile radius of
influence and then tracked the union of all contributing gages’ coverage areas. This measure
was meant mainly for informational purposes. Figure 9 shows the overlapping coverage area
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for all available gages during 2015, when the gage count was highest. Figure 10 shows the
results of the analysis.

Figure 9: Method used for conducting a “local-level” rainfall analysis. This shows the qualifying gages during 2015, along with
their “coverage” area.

In Figure 10a, we see that by including all gages within the 60-mile VB radius of interest, we
can now extend the 24-hour AMS record back through 1869 (though as Figure 10b shows, only
1 gage is available from 1869 through 1892 for this analysis). The most notable result from
Figure 10a is that there has been a tremendous increase in 24-hour AMS at the local level. A
trend line fit to this analysis shows a positive slope exceeding 3.0 inches per century, and is
statistically significant at the 99% confidence level. However, a major complication in fitting a
simple trend line is that there has also been a large build-up of quality controlled stations. In
other words, heavy rainfall events have become better sampled, which alone could cause an
increase in values regardless of whether or not other factors such as climate change are
present.
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Figure 10b shows three main time periods at which the gage network sharply increased.
First, in 1893, four rain gages were added to the original gage providing a total of five gages.
Next, starting around 1940, the gage count again increased from about six to more than 20 by
1950. A notable increase in the AMS intensity was associated with this, simply from better
monitoring of the area. The final, and most dramatic increase in gage count started around
2000 when contributing gages increased from about 15 to over 100 in 2015 [see Figure 9 for
2015 gage “coverage area”]. This was due to the expansion of the CoCoRaHS network. Another
notable increase in AMS in the area has been associated with this increase. For example, of
eight AMS values exceeding ten inches since 1869, seven have occurred since the “CoCoRaHSera” started in the late 1990s.
As Figure 10c shows, there has been an associated increase in the collective gage “coverage
area. Figure 9 shows that in 2015, the coverage area, which is the union of each gage’s assigned
five-mile radius, now covers over 70% of the land area with the 60-mile radius of interest. As
more gages are added, the coverage area will eventually approach 100%, slowing the rate of
AMS increases due to gage inflation. However, it is very difficult to speculate when this may
happen or what portion of the three-inch per century trend in Figure 10a arises due to gage
inflation. This would require the partitioning of each gage’s contribution, which is difficult to
ascertain due to various gage data lengths.
While the 60-mile radius used in Figure 10a may be too wide to be of direct influence for
VB, repeated analyses with radiuses of 25 miles and 15 miles (by the time we limit the radius of
interest to 15 miles, we are now at scale of the Lynnhaven watershed, which is of direct interest
to VB), displayed similar results: that inclusion of all gages shows higher trends than
assessments that only consider the Norfolk Airport and Diamond Springs gages. Thus, the
salient take-away from Figure 10 is that when expanding the AMS analysis outside of the
standard protocol of using one rain gage, rainfall recurrence statistics rapidly change. Stated
differently, what is termed a 100-year at the Norfolk Airport gage becomes a 1 in 50-year event
for a 15-mile radius of interest, and 1 in 35-year event for a 60-mile radius of interest. It is very
likely that the factors driving the increasing trend in Figure 10a include both gage inflation and
climate change. Although we cannot separate the two, both inform the flood risk in the VB
region, and are thus important for understanding how design rainfall standards may need to be
adjusted.
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Figure 10: Results of local-level rainfall analysis.
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Regional-Level Stationarity Assessment
The chief limitation of the local-scale analysis is that many of the gages can be
simultaneously impacted by the same storm, thus causing correlation among gages to become
an obstacle when assessing the significance of heavy rainfall trends. To overcome this issue, we
further expanded the analysis to a “Regional-Level.” We subjectively defined such a region,
hereafter, the “VB Climate Region,” as an area in which heavy rainfall statistics are broadly
consistent with those of VB. One way to infer the spatial extent of such an area is to look at the
regional variations in extreme precipitation intensities. Figure 11 shows the variation in the
100-year 24-hour (100Y-24H) event, a commonly used event for design and planning
purposes. For VB, this value is 9.4 inches, with a range of 8.4 to 10.3 inches when accounting
for uncertainty at the 90% confidence level (Bonnin et al. 2006). On a regional-level, it is seen
that amounts of eight- inches or greater parallel the entire eastern Atlantic seaboard from
central Florida through Massachusetts. This is likely due to the fact that the entire region is
prone to land falling Atlantic tropical cyclones that recurve along the US Atlantic coast and
follow various routes north and northeastward. This was already confirmed when looking at

Figure 11: Estimates of 100-year 24-hour precipitation across the eastern United States.
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the seasonality of heavy rainfall events in VB (Figure 3). Note that the distinct maximum
during the late summer and fall months (Figure 3) is consistent with the climatology of Atlantic
tropical cyclone activity. A simple way to capture these areas with a common climate is to
include all rain gages within about 250 km (156 miles) of the Atlantic coast line. Other pockets
of eight-inch or greater 100Y-24H magnitudes are seen farther inland, but this is likely due to
enhancement from topographic features such as the Blue Ridge Mountains. Such processes are
not relevant for VB heavy rainfall events and thus, these regions are not included in the
analysis. Note that the Regional-Level analysis differs from the Local-Level analysis by using
only long-record gages, which can better inform climate change-related impacts.
We accessed daily rainfall records from gages belonging to the GHCN. Gages were selected
based on the following criteria:


Located within VB “climate region” – roughly 250 km (156 miles) from Atlantic Ocean
coastline;



Years with more than nine days of missing data were excluded;



The last qualifying year was 2007 or later (see Appendix A); and



At least 60 qualifying years of data.

The criteria above yielded 175 qualifying gages as shown in Figure 12.

Figure 12: A total of 175 qualifying, long-record GHCN gages were used for the historical analysis.

Analysis of Historical and Future Heavy Precipitation | 17

In a similar approach to the gage-level analysis, we investigated heavy rainfall trends using
three tests:
1. Trends in Annual Maximum Series to investigate changes in intensity – similar to the
gage-level analysis presented earlier, but instead of showing the time series at each gage,
we simply noted whether the trend was statistically significant (positive and negative
trends were characterized separately) at the 95% confidence level. Statistical
significance is based on calculating the Spearman correlation between the year and the
AMS. The Spearman method was preferred over the Pearson method because the
former is less sensitive to very rare but extreme events that can strongly affect the
Pearson correlation. Trends are considered significant if they exceed the 95% confidence
level.
2. Trends in Peaks-Over-Threshold using the same 24-hour duration and threshold of 1.25
inches per day. Similar to (1), we were only interested in whether the trend is significant
at the 95% confidence level. A similar Spearman correlation test as in (1) is used to
calculate significance.
3. Changes in the 99th percentile of the rainy-day distribution. This was assessed by finding
the 99th percentile over the 1985-2015 period and finding the percent change from the
99th percentile over the 1954-1984 time period. For additional perspective, we also
tabulated this percent change for the 70th percentile (corresponding to a light/moderate
rainfall event), which allowed us to determine whether the entire rainfall distribution is
changing, or just a portion of it. For example, peer-reviewed literature has suggested
that heavy precipitation events are projected to be more sensitive to climate change that
light and moderate events (e.g. Prein et al., 2016).
AMS values are increasing across the region, indicating non-stationarity well beyond a level
allowed simply by chance, as illustrated by Figure 13. Figure 13b shows the trend in the daily
AMS using qualifying gages and data through 2016. The AMS measures the highest daily
rainfall observed during the calendar year. Of 175 qualifying stations, 33 stations (19%) show
significant trends. Using the 95% significance level, we would only expect 18 stations to show
significant trends, simply by chance. More importantly, of the 33 stations with a significant
trend, 29 show positive trends. Again, by chance, we would only expect nine stations to show
positive trends. Interestingly, the Figure 13a shows the analogous AMS trend, but restricted to
data through 2004. In that case, only 13 of 140 qualifying gages show trends (all 13 being
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Figure 13: Trends in Annual Maximum Series (a and b) and Peaks Over Threshold (c and d). Panels (a) and (c) restrict data to
2004, while panels (b) and (d) use values through 2016. Peaks-Over-Threshold time series are calculated using number of
annual days exceeding 1.25 inches at each gage. The legend shows the number of statistically significant trends at the 95%
confidence level.
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positive). Although this is still a statistically significant result, the non-stationarity signal is
much weaker through 2004 compared to 2016. This may be due to the increasing effect of
climate change given that 2016 contains a longer portion of the record that is affected by global
warming (see Appendix A). This result supports the need for routine updates to rainfall design
guidance in order to account for such changes.
To infer about non-stationarity regarding heavy rainfall frequency, Figure 13 panels (c) and
(d) show the analogous result of the Peaks-Over-Threshold trend test. Results are similar to the
AMS trends, though with an even stronger signal indicating the presence of non-stationarity.
Of 175 qualifying gages, 44 (25%) show a statistically significant trend with 43 showing a
positive trend, which is higher than can be expected by chance alone. Figure 13c shows the
result of limiting the data record to 2004 for the POT analysis, in which case 27 of 140 (19%)
qualifying gages show statistically significant positive trends. Although the impact of a shorter
record is not quite as stark for the POT as it is for the AMS, there is nevertheless a significant
increase in the number of gages experiencing positive trends.
Collectively, Figures 13 shows that heavy rainfall frequency and intensity are increasing
broadly across the Mid-Atlantic and Northeast states, which is a more robust conclusion than if
only one of these measures were true. Furthermore, this regional analysis corroborates the
gage-level and local-level analyses presented earlier, implying that the changes are not strictly
limited to the VB region. Climate change is expected to affect heavy precipitation across the
eastern United States in the future, and the results presented thus far suggest that this is likely
already the case.
Figure 14 shows the change in the distribution of rainy day rainfall on a regional level. The
99th and 70th percentiles were used to capture heavy rainfall and light/moderate rainfall,
respectively. At Norfolk, these percentiles correspond to a 24-hour accumulation of about 2.7
and 0.3 inches, respectively. Figure 14a shows the percent change in the 99th percentile. This
analysis continues to show strong non-stationarity, with many more gages experiencing an
increase in the 99th percentile. Of the 175 qualifying gages, 73 (42%) show an increase in the
99th percentile intensity with 52 showing substantial increases of 15% of greater. This is much
greater than the 27 (15%) gages that show decreases the in 99th percentile. A particularly
interesting result is found in Figure 14b, which assesses the percent change in the 70th
percentile of daily rainfall (measuring days with light rainfall intensity). In this case, there are
about as many gages seeing increases as decreases. Similar results are found when using the
50th, 60th and 80th percentiles. Collectively, Figure 14 implies that while the higher end rainfall
events are getting wetter, this does not apply for the rest of the distribution. This result has also
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been hypothesized in literature as an impact of climate change on precipitation (e.g. Prein et al.
2016).

Figure 14: Regional analysis of changes in the (a) 99th and (b) 70th percentile of rainy day (i.e. dry days are excluded) rainfall.
At Norfolk, the 99th percentile is about 2.7 inches per day and is representative of heavy rainfall events, while the 70th
percentile is about 0.3 inches per day and is representative of light rainfall events. The legend provides a summary of the
number of gages that fall in each category.

Regarding Figures 13 and 14, it is important to note that even though not all gages show a
statistically significant increase, this does not negate the argument for non-stationarity. Heavy
rainfall events are rare, implying that their statistics can be volatile, particularly for shorter
periods of time. The regional approach used here is essential to combating the low sample size
issue by including more non-correlated events across similar climate regions. However, if
climate change is indeed playing a major role in driving an increase in heavy rainfall frequency,
we would expect to see a continued increase in the number of gages with statistically significant
findings.
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CHAPTER 2: FUTURE PROJECTION
Overview
To investigate future projections of heavy rainfall events in the VB region, we used data
from the IPCC’s CMIP5 modeling experiments. However, using raw Global Climate Model
(GCM) data would be insufficient for informing regional and local-scale rainfall due to the
coarse resolution of the data (Hayhoe, 2010). Thus, we used output from the North American
Coordinated Regional Modeling Experiment (NA-CORDEX; Castro et al. 2015). NA-CORDEX
is a set of medium- to high-resolution regional climate model (RCM) simulations that use
boundary conditions from the CMIP5 GCMs. NA-CORDEX simulations were accessed for both
RCP4.5 (medium emission) and RCP8.5 (high emission) scenarios. Two analyses were
completed. An initial analysis used only simulations based on the RCP8.5 scenario. The
rationale for this was that if a strong signal was found for RCP8.5, it may warrant consideration
of other scenarios. On the contrary, assuming a linear sensitivity of precipitation to climate
change, if no significant changes were found for RCP8.5, then it is unlikely that other scenarios
would show significant changes either.
A strong increase in heavy precipitation was indeed found for the RCP8.5 scenario. Thus, a
secondary analysis was completed to incorporate the RCP4.5 scenario. Figure 15 shows that the
RCP4.5 scenario implies about half the amount of radiative forcing (and roughly speaking,
temperature increase) as RCP8.5, though this ratio decreases slightly towards the end of the
21st century. One notable complication between the initial and secondary analysis is that the
former was done using higher resolution (11 km; 7 mi) model output whereas the latter used
medium resolution (44 km; 28 km) output because no higher resolutions simulations were
available. The important implication is that the secondary analysis had to re-create the RCP8.5
analysis to test for consistency between the different model resolutions. Below, each analysis is
described separately, followed by a discussion comparing results from both analyses.
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Figure 15: Historical and projected total anthropogenic RF (W m-2) relative to preindustrial (about 1765) between 1950 and
2100. Source: Reproduced from Cubasch et al. (2013), their Figure 1.15.

RCP8.5 Analysis (11 km model resolution)
Table 2 shows the four RCMs accessed for this analysis. Each simulation had a horizontal
resolution of about 11 km, which is roughly an order of magnitude higher than the Global
Climate Models (GCMs) contributing to the CMIP experiment. This allows for a substantially
more realistic representation of heavy precipitation processes across the VB region.
Table 2: NA-CORDEX experiments used for this analysis. All simulations were conducted using 11km resolution modeling and
RCP8.5 scenario boundary conditions.
Modeling Agency Responsible
for Global Climate Model

Global Climate Model
(Boundary)

Regional Climate Model

Canadian Centre for Climate
Modeling and Analysis (Canada)

CanESM2

CanRCM4

Geophysical Fluid Dynamics Lab
(United States)

GFDL-ESM2M

RegCM4

Geophysical Fluid Dynamics Lab
(United States)

GFDL-ESM2M

WRF

Met Office Hadley Centre
(United Kingdom)

HadGEM2-ESM

RegCM4
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Figure 16: Quantile-quantile maps comparing observed daily precipitation of historical 11-km model simulations.

We accessed daily model output of precipitation over the 1950-2100 period. The 1950-2005
period was termed a “historical hindcast” where observed greenhouse gas forcing was used,
whereas the 2006-2100 period was forced by RCP8.5 emissions. The first step to assessing
future rainfall was to compare model climatology with the Norfolk gage over the historical
period. Figure 16 shows that three of the four models contained either wet or dry biases
compared to observations, while the HadGEM2-ESM-RegCM4 model was nearly unbiased
throughout the period of record. We used Figure 16 to perform a bias correction through
quantile mapping (Themeßl et al. 2011). For this procedure, the model daily rainfall amount is
first converted into a quantile (quantile increment was 0.005) and the mapped to its analogous
quantile using the observed Norfolk rain gage data. Note that this both corrects the
precipitation amount and adjusts the wet and dry days to match the Norfolk climatology.
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In order to determine future rainfall amounts, the raw model data for the 2006-2100
period was corrected using the same quantile mapping transfer function. Thus, the key
assumption is that the future quantile-quantile relationship is identical to the
past (Themeßl et al. 2011). However, in situations where future modeled rainfall exceeded the
highest value over the historical modeled period, the quantile-quantile ratio of the highest
historical modeled value was applied. In practice, this was only noted to happen on, at most,
ten different future days for any given model simulation.
After bias-correcting the model data, we investigated two properties of model simulated
heavy rainfall: its frequency using the Peaks-Over-Threshold approach, and its intensity using
the Annual Maximum Series. A notable end-result from the latter analysis was the creation of
Precipitation-Frequency (P-F) curves for the VB region. The bias correction procedure allowed
our projected P-F curves to be directly comparable to current (NOAA Atlas 14) guidance for an
easy interpretation of the impact of climate change on design rainfall. Bias corrected Annual
Maximum Series from each model can be found in Appendix D.

Peaks-Over-Threshold (POTs)
Figures 17 and 18 show the results of the POT analysis of future model projections for the
24-hour duration, using thresholds of a one in two-year (3.7 inches) and one in five-year (4.7
inches) event, respectively, as inferred from the NOAA Atlas 14 guidance for Norfolk (see
Figure 2). This presentation is slightly different from the earlier presented results because it
does not show annual totals, but instead a running total of all events. Note that, in an effort to
focus on only flood-prone events, the thresholds considered here are higher than the 1.25
inches shown in Figure 5. However, similar results were seen for a variety of thresholds
including 1.25 inches. We refer to the slope of the lines in Figures 17 and 18 as the POT “hit
rate” because it signifies how many events occur over a given period of time. Roughly speaking,
we expect a hit rate of about 0.5 per year for a one in two-year event and 0.2 per year for a one
in five-year event. However, due to the significant variability in occurrence, there can be long
stretches where the hit rate appears to vary significantly from its expected value. In practice,
this can be particularly striking for less frequent events. For example, note that in Figure 18,
the Norfolk Airport gage from the mid-1960s to the early 1990s does not indicate a single
precipitation event that exceeded the 24-hour one in five-year threshold.

Analysis of Historical and Future Heavy Precipitation | 25

Figure 17: Accumulation of POT exceeding the 24-hour two-year rainfall (3.7 inches).

There are several important findings in Figure 17 and 18. First, note that the historical
modeled POT accumulations are consistent with those observed at the Norfolk gage. This
shows that the bias correction technique was effective and that the model-simulated heavy
rainfall frequency matches the observed climatology. Note in Figure 17 that through 2005,
there were about 29 total one in two-year events, which is close to the expected value for that
55-year period of record. Similar results are seen in Figure 18 through 2005, the observed tally
at Norfolk was similar to modeled historical results, despite the prolonged stretch of nonoccurrence during the 1965-1990 period.
Another important result in Figures 17 and 18 is that the observed slope, or hit rate, of POT
occurrence has increased when comparing the 1950-2004 period with the 1950-2016 period.
This is similar to what was observed regionally in Figure 13 (c and d), except with a specific
focus on the Norfolk Airport gage. Thus, it appears that climate change is already increasing
heavy rainfall occurrence in the VB area.
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Figure 18: Same as Figure 17 except for 24-hour, five-year rainfall.

The main goal in Figures 17 and 18 is to ascertain how future POT hit rates will behave.
Both figures show robust increases in the number of one in two- and one in five-year intensity
events, suggesting a continuation or acceleration of recently observed increases in POT.
Although significant variability is found across the four models, all show hit rates above the
1950-2016 level.
Table 3 presents a summary of Figures 17 and 18. The two-year event hit rate is expected to
increase from a present-day model average value of about 4.6 days per decade (1950-2005
observed value is 4.3) to 8.8 by 2045 and 9.0 by 2075. Some uncertainty is seen with these
estimates, as several models show robust increases by 2045 with slower increases, or even
steady rates, thereafter. However, this is attributed to the variability in heavy rainfall statistics,
and it is argued that the four-model average, which shows an increase from 2045 to 2075, is
more meaningful. Regarding the five-year rainfall hit rate, strong increases are projected from
a present-day model average value of about 1.6 (1950-2005 observed value is 1.2) to 4.3 in
2045 and 4.7 in 2075. Again, there is some uncertainty around these numbers, but all models
point to increased POT hit rates in the future.
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Table 3: Peaks-Over-Threshold accumulation, or “hit”, rate of days exceeding two-year (3.7 inches) and five-year (4.7 inches)
using the Norfolk Airport gage compared to the bias corrected model data, and four model average. Units are number of days
per decade.
Data type
Norfolk gage
Can-ESM2-CanRCM4
GFDL-ESM2M-RegCM4
GFDL-ESM2M-WRF
HadGEM2-ESMRegCM4
Model Average

2-year rainfall hit rate
Historical
2045
2075
4.3
-----

5-year rainfall hit rate
Historical
2045
2075
1.2
-----

3.4
5.0
4.5
5.7

10.8
9.1
7.5
7.9

9.7
12.1
7.5
6.8

1.4
0.7
2.3
2.2

2.8
5.6
4.6
4.1

2.5
7.7
4.6
3.9

4.6

8.8

9.0

1.6

4.3

4.7

Precipitation-Frequency Curve
NOAA Atlas 14 uses a Generalized Extreme Value (GEV) distribution for fitting the
Precipitation-Frequency (hereafter, P-F) curve for the VB region (see Table 4.5.1 in Bonnin et
al. 2006). Figure 19 compares the fit of historical modeled AMS (with the 90% uncertainty
band) to the Norfolk Annual Maximum Series (AMS) of the daily precipitation data. The GEV
captures the essence of the empirical AMS, though a deviation is seen for events in the 8 to 25year return period range. We also tested the Pearson Type 3, Generalized Logistic and
Generalized Normal distributions and found that the GEV provides as good of a fit as any of the
other three; thus, we found no reason to deviate from the GEV, especially given its use in
NOAA Atlas 14. The main point from Figure 19 is that historical modeled data can be used
interchangeably with the observed P-F curve, and thus lends confidence to preparing a
projected P-F curve using modeled future conditions.
Projected P-F curves were developed for the mid-term (centered on 2045) and long-term
(centered on 2075) periods. Each P-F curve was calculated using a 40-year window of data
around the centered data. In other words, the 2045 curve was calculated using 2026-2065
data, and the 2075 curve was calculated using 2056-2095 data. Due to the bias correction
method, each model’s precipitation distribution was statistically indistinguishable from the
other models (this was confirmed using the Kolmogorov-Smirnov test). Thus, all four model
time series were concatenated into one long (160 year) time series before creating the P-F
curve, which allows for a reduction in the P-F curve uncertainty band, especially for higher
return periods. The P-F curve was calculated by fitting a GEV distribution to the AMS time
series of this concatenated record. In addition to fitting the GEV, a Monte Carlo sensitivity
study was developed by randomly sampling the 160-year record 1,000 times (allowing for

Analysis of Historical and Future Heavy Precipitation | 28

replacement). The uncertainty bands in Figures 20 and 21 show the 5th to 95th percentile range,
equivalent to a 90% confidence level.

Figure 19: Historical modeled GEV (black line), with a 90% uncertainty band, compared to empirical estimates using 24-hour
AMS from the Norfolk Airport.

Figures 20 and 21 show the projected P-F curves for the mid-term [2045] and long-term
[2075] periods, respectively. Projected P-F curves are higher than the historical curve across all
return periods for both the 2045 and 2075 periods. However, due to increasing uncertainty for
less frequent events, a statistically significant separation is limited through up to the ten-year
event in the 2045 projection and up to the 20-year event in the 2075 projection. Nonetheless,
the main conclusion is that future heavy rainfall is expected to have higher intensity than
current heavy rainfall.
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Figure 20: Precipitation-Frequency curve centered on 2045 (orange) compared to the historical curve (black and gray).

Figure 21: Same as Figure 20 except for the long-term period centered on 2075.
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Table 4 summarizes Figures 20 and 21, and provides a comparison to historical P-F curve
values for key return periods. For the mid-term projection, despite a slight and statistically
insignificant decrease in the one-year event rainfall, increases of 17-24% are expected across all
return periods. Once again, note that, due to increasing uncertainty (fewer samples) at lower
frequency events, return periods higher than the 20-year cannot be distinguished as
statistically different at the 90% confidence level. Nonetheless, the “most likely” outcome still
suggests sizeable increases that may be meaningful for design standards. For the long-term
projection, much more significant changes in the range of 21-41% are expected. Events up to
the 20-year are statistically significantly higher than the historical period. Thereafter,
uncertainty rapidly increases, though “most likely” changes still show significant increases.
It is important to stress that this investigation of future precipitation projections is
preliminary. For example, one important omission is a characterization of model heavy rainfall
according to its process (such as the historical analysis in Table 1). Figure 22 shows the
seasonality of Annual Maximum Series of 24-hour rainfall in the models (right 4 columns)
compared to the Norfolk Airport gage. Note that in observations, a distinct late summer and
early fall peak is observed (also see Figure 3) due to the influence of tropical-related rainfall.
Table 4: Summary of P-F curve changes between the modeled historical climate (after bias correction), and mid-term and
long-term model projections. For the projections, bold values indicate when the uncertainty bands are statistically
distinguishable from the historical period at the 90% confidence level. Note that the Historical Modeled Value is NOT based on
NOAA Atlas 14.
Mid-term [2045]
Return Period
(yr)
1
2
5
10
20
50
100

Modeled Historical
Value (in)
1.4
3.2
4.4
5.4
6.5
8.0
9.4

Long-term [2075]

Value (in)

% change

Value (in)

% change

1.3
3.7
5.4
6.6
8.0
10.0
11.7

-8%
+17%
+21%
+22%
+23%
+24%
+24%

1.7
3.9
5.6
7.0
8.5
11.0
13.3

+21%
+22%
+25%
+28%
+32%
+37%
+41%

Also, note that in general all models with the possible exception of the CanESM2-CanRSM4,
lack this kind of seasonality and instead place too much emphasis on heavy rainfall during
other months. In particular, the GFDL-ESM2M-WRF has a near minimum during the summer
with a peak during the winter months presumably associated with Nor’easter type storms.
Figure 22 does not imply that modeled precipitation is inaccurate, but it does suggest that
models are not fully reproducing Atlantic tropical cyclone activity, and in turn may be placing a
larger emphasis on Non-tropical events as the source of AMS precipitation. A deeper analysis
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of this issue would require full model fields such as three-dimensional geopotential height and
moisture. At the time of this report, only the temperature and precipitation fields were
available.

Figure 22: Seasonality of AMS occurrence, by month, for the Norfolk gage (left column) and the four RCMs contributing to the
future projections (right four columns).

RCP4.5 and RCP8.5 Analysis (44km model resolution)
In the previous section, it was found that significant increases in heavy precipitation are
expected for the RCP8.5 scenario. In this section, a complementary analysis is done using the
intermediate RCP4.5 scenario. Table 5 shows the models that were used in this analysis, which
used model simulations conducted at 44-km resolution (recall the 11-km simulations were not
available for RCP4.5). Note that not all of the models used in the 11-km analysis were available
for the 44-km analysis.
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Table 5: NA-CORDEX experiments used for this analysis. All simulations were conducted using 44km resolution modeling and
both RCP4.5 and RCP8.5 scenario boundary conditions.
Modeling Agency Responsible for
Global Climate Model

Global Climate Model
(Boundary)

Regional Climate Model

Canadian Centre for Climate
Modeling and Analysis (Canada)

CanESM2

CanRCM4

Canadian Centre for Climate
Modeling and Analysis (Canada)

CanESM2

CRCM5

Canadian Centre for Climate
Modeling and Analysis (Canada)

CanESM2

RCA4

European Centre for Medium-Range
Weather Forecasts (United
Kingdom)
Max Planck Institute (Germany)

EC-Earth

HIRHAM5

MPI-ESM-MR

CRCM5

The methodology for this analysis followed closely that presented for the RCP8.5 (11-km)
analysis in the previous section. As the main objective of the study was design guidance only
the P-F curves were investigated; however, all conclusions are expected to apply to projections
in Peaks Over Thresholds. First, historical simulations of daily precipitation were biascorrected using the Norfolk Airport rain gage. The quantile-quantile relationships are shown in
Figure 23.
Note that unlike for the 11-km simulations, which did not have a systematic bias, the 44-km
model simulations all underestimate heavy precipitation. Nonetheless, after bias-correction,
simulations of the historical period match the Norfolk distribution closely (not shown). Fitting
a GEV distribution to bias-corrected Annual Maximum Series closely reproduces the Atlas 14
estimate (not shown, but see Figure 19). Future projections are bias corrected using the
relationships established in Figure 23, similar to the 11-km RCP8.5 analysis. All model time
series are then concatenated into a single long time series before fitting a GEV to the future
projections using a 40-year window centered on 2045 and 2075, as in the 11 km RCP8.5
analysis. Four resulting curves are shown in Figures 24 through 27, showing the 2045 and
2075 estimates for the RCP4.5 and RCP8.5 scenario. Bias corrected Annual Maximum Series
from each model can be found in Appendix D.
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Figure 23: Quantile-quantile maps comparing observed daily precipitation of historical 44-km model simulations.

As shown in Figures 24 for the mid-term (2045) RCP4.5 scenario, there is a notable
increase the rainfall up through the 1- in 2-year event. However, the remaining portion of the
curve is nearly indistinguishable from the historical analog. A nearly identical result is seen in
Figure 25 for the long-term (2075) RCP4.5 scenario. The fact that there is little dependence on
timeframe in the RCP4.5 scenario is likely due to the radiative forcing profile seen in Figure 15.
Note that after about 2050, the radiative forcing is nearly constant, which can be taken to
imply that if there was no sensitivity through 2050, there may not be any sensitivity thereafter.
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Figure 24: Precipitation-Frequency curve centered on 2045 (red) compared to the historical curve (black and gray) using the
44-km model simulations for the RCP4.5 scenario.

Figure 25: Same as Figure 24 except centered on 2075.
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Figure 26: Precipitation-Frequency curve centered on 2045 (red) compared to the historical curve (black and gray) using the
44-km model simulations for the RCP8.5 scenario.

Figure 27: Same as Figure 26 except centered on 2075.
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In consistency with the findings using the 11-km models (RCP8.5 scenario), Figure 26 and
27 show increases across the entire P-F curve for the RCP8.5 scenario of the 44 km models;
however, a few differences are noted. First, the increase by 2045 (Figure 26) is not as large as
that of the 11-km models (compare Figure 26 with Figure 20). Second, the most pronounced
increases, especially by 2075 occur in the more frequent events, whereas the less frequent
events such as the 50 and 100-year events show smaller changes using the 44-km results
compared to the 11-km
Tables 6 and 7 provide summaries of the changes in the Precipitation-Frequency curve
based on the 44-km model simulations. The RCP4.5 scenario (Table 6) shows increases of
about 15-20% in the 1-year and 2-year events, with little to no change for less frequent events,
regardless of the timeframe. Meanwhile, the RCP8.5 scenario (Table 7) shows similar changes
as RCP4.5 in the shorter-term projection, but increases up to 36% in the 2-, 5-, 10-, and 20year event amount.
One complication that has not been investigated is the significance of the differences in the
bias correction relationships in Figures 16 and 23. It was shown in Figure 22 that the 11-km
simulations show notable errors in the seasonality of the Annual Maximum Series occurrence,
presumably due to the underrepresentation of tropical cyclones. It is hypothesized that this
may be further aggravated with the coarser resolution 44-km models. One recommendation for
future research is to compare the dynamical forcing responsible for heavy rainfall events,
which would help explain (i) the need for bias correction and (ii) differences in bias correction
between the 11-km and 44-km models.
Table 6: Same as Table 4 except using for the RCP4.5 scenario using 44-km models. For the projections, bold values indicate
when the uncertainty bands are statistically distinguishable from the historical period at the 90% confidence level. Note that
the Historical Modeled Value is NOT based on NOAA Atlas 14.
Mid-term [2045]
Return Period, yr
1
2
5
10
20
50
100

Modeled Historical
Value (in).
1.4
3.2
4.4
5.4
6.5
8.0
9.4

Long-term [2075]

Value, in.

% change

Value, in.

% change

1.6
3.7
4.9
5.8
6.7
7.9
8.9

+14%
+16%
+11%
+7%
+3%
-1%
-5%

1.7
3.7
4.9
5.8
6.7
8.0
9.2

+21%
+16%
+11%
+7%
+3%
0%
-2%
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Table 7: Same as Table 4 except adding the results from the 44-km model projections using the RCP8.5 scenario. Bold values
indicate when the uncertainty bands are statistically distinguishable from the historical period at the 90% confidence level.
Note that the Historical Modeled Value is NOT based on NOAA Atlas 14.
Mid-term [2045]
Return
Period, yr
1
2
5
10
20
50
100

Modeled
Historical
Value, in.
1.4
3.2
4.4
5.4
6.5
8.0
9.4

Long-term [2075]

Value,
in.

%
change

Value,
in.

%
change

Value, in.

%
change

Value, in.

%
change

1.6
3.7
5.2
6.3
7.5
9.3
10.8

+14%
+16%
+18%
+17%
+15%
+16%
+15%

1.3
3.7
5.4
6.6
8.0
10.0
11.7

-8%
+17%
+21%
+22%
+23%
+24%
+24%

1.2
4.2
6.0
7.3
8.6
10.4
11.8

-16%
+31%
+36%
+35%
+32%
+30%
+26%

1.7
3.9
5.6
7.0
8.5
11.0
13.3

+21%
+22%
+25%
+28%
+32%
+37%
+41%

44 km

11km

44km

11km

Comparing RCP scenarios
A comparison of Figures 24-25 with 26-27 (and Tables 6 and 7) disclaims the assumption
that precipitation in the Virginia Beach area responds linearly in a warming climate. Although
there is a statistically significant 14-21% increase in the 1-year and 2-year rainfall amounts
under the RCP4.5 scenario, there is little change for less frequent events such as the 10-year
event. Thus, from the standpoint of design guidance, the RCP4.5 scenario does not suggest a
need to update engineering practices.
On the other hand, the RCP8.5 scenario, regardless of both model resolution and what
model is being considered (see Appendix D), shows strong increases across the entire P-F
curve. However, there is some disagreement between which part of the curve will change the
most. The higher resolution simulations suggest a stronger increase for the less frequent events
like the 100-year, which is projected to increase by 41% using the 11 km simulations but only
26% in the 44 km simulations. Meanwhile, the medium resolution simulations suggest a
stronger increase in the mid-range events such as the 5- and 10-year event, where increases
above 30% are projected by 2075.

Limitation of Using Annual Maximum Series
The historical PF values in the previous analyses (Tables 4, 6, 7; Figures 20, 21, 24, 25,
26, 27), which were derived from a distribution fit to model simulations, compared very
favorably with NOAA Atlas 14 for the 10, 25, 50 and 100 year return periods. However,
underestimates are noted for the 1 and 2 year return periods, particularly severe for the former.
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In a discussion with the City on October 5, 2017, it was hypothesized that the underestimates
for the 1 and 2 year return periods are due to the use of Annual Maximum Series (AMS) to
develop the precipitation-frequency estimates. Briefly, the reasoning is that AMS only uses one
value per year, necessarily implying that it will dismiss potentially high rainfall amounts that
did not exceed the annual maximum but may have qualified as an AMS during many other
years. It was further hypothesized that the underestimate issue could be improved or resolved
using Partial Duration Series (PDS), which uses the rainfall amount regardless of when it
occurred (note that NOAA Atlas 14 actually uses PDS data for PF curve estimation). This is
confirmed in Figure 28, below, which shows a comparison of PDS and AMS values at the
Norfolk Airport gage. Note that the two are nearly identical for return periods of 10 years and
greater. Meanwhile, deviations arise for more frequent return periods.

Figure 28: Comparisons of the AMS and PDS estimates at the Norfolk Airport rainfall gage.

As expected, using the PDS approach to recreate the PF curves results in a significant
improvement for the 1 and 2 year return periods. Figure 29 shows the updated “Mid-term”
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projection based on the 11-km model simulations. When compared to Figure 20, the most
notable change is at the 1 and 2 year return periods (there are changes at the 200 year return
period, but these are insignificant given the large uncertainty range at that frequency).

Figure 29: Precipitation-Frequency curve centered on 2045 (orange) compared to the historical curve (black and gray) using
the PDS method. This should be compared to Figure 20, which was based on the AMS method.

Table 8 shows a re-creation of Table 4 (i.e. using the RCP8.5 11-km resolution
simulations), except using Partial Duration Series. There are two notable changes. The
historical estimate of the 1 year return period event has increased markedly from 1.4 to 2.7
inches. Although this is still 10% lower than the Atlas 14 value used by the City, given the rest
of the curve, this can be accepted as a reasonable measure of baseline, historical conditions.
Likewise, the 2 year return period estimate has increased from 3.2 to 3.7 inches, and is now
almost identical to Atlas 14. Secondly, with the exception of the 1 year return period, the
percent change between the historical and projected values is now insensitive to the return
period. Although the projected increase for the 1 year return period event value are lower than
the rest of their respective curves, we cannot find peer reviewed study results that would
support a separate recommendation for the more frequent events. Thus, based on the
results herein and previous discussions with the City, we recommend a constant
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20% increase in design rainfall guidance across the entire precipitationfrequency curve.
Table 8: Summary of P-F curve changes between the historical, mid-term and long-term periods using the PDS method
(compare to Table 4, which is based on AMS). For the projections, bold values indicate when the uncertainty bands are
statistically distinguishable from the historical period at the 90% confidence level. NOAA Atlas 14 estimates are added for
reference. Note that the Historical Modeled Value is NOT based on NOAA Atlas 14.
Mid-term [2045]
Return Period (yr)
1
2
5
10
20
50
100

NOAA Atlas 14
(in)
3.00
3.65
4.72
5.64
6.53
8.26
9.45

Historical Modeled
Value (in)
2.7
3.7
4.6
5.4
6.4
8.0
9.7

Long-term [2075]

Value (in)

% change

Value (in)

% change

3.0
4.4
5.5
6.5
7.8
9.9
11.9

+11%
+19%
+20%
+20%
+22%
+24%
+23%

3.2
4.6
5.9
7.1
8.5
10.9
13.2

+19%
+24%
+28%
+31%
+33%
+36%
+36%
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CHAPTER 3: CHECK STORM ANALYSIS AND COMPARISON WITH
PROBABLE MAXIMUM PRECIPITATION
Background
At least three 100-year rainfall events affected the City of Virginia Beach during 2016 (see
Figure 30 for a spatial view of event rainfall totals). The first occurred during the evening of
July 31, when the city had over 6 inches of rainfall in a period of less than three hours, with the
heaviest precipitation occurring across the northern part of the city. The second event took
place over a 72-hour stretch starting on September 19, during which Tropical Storm Julia and
its moisture feed generated numerous rounds of moderate-to-heavy rainfall. The final, and
most severe event occurred during a 24-hour period starting on October 8 when Hurricane
Matthew’s rainfall bands moved across the region.
Flooding was observed in the city during each event, and some parts experienced flooding
during all three. The intensity and frequency of these events calls into question the presumed
rarity of such occurrences. This was covered by Tasks 1 and 2 of this project, which also
investigated future rainfall projections to quantify how these levels of rainfall are predicted to
change.
This task has three main objectives: First, through a comprehensive analysis of each event’s
rainfall intensity and temporal distribution, we seek to determine duration-frequency
estimates to gain an understanding of the timescale(s) over which the heavy rainfall occurred.
Our second objective builds on this, and we assess how the intensity and distribution of the
observed rainfall compares with local design rainfall, which is used for engineering purposes.
Next, we evaluate how the observed events compared to Probable Maximum Precipitation
(PMP) estimates for the region.
The chapter is organized as follows: First, we introduce the design rainfall currently being
employed by the City of Virginia Beach. We then provide an in-depth summary of each of the
three aforementioned heavy rain events, especially in the context of a design storm. The final
section provides a discussion of the region’s PMP estimates and approximate each event’s
magnitude as a PMP fraction.
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Figure 30: Estimated rainfall totals (color fill) from the NOAA Stage IV gridded precipitation product for (a) July 31, 2016, (b)
Tropical Storm Julia and (c) Hurricane Matthew. Individual rain gage totals are overlaid in (b) and (c). Note that gage totals
may not exactly match the gridded data due to averaging effects in the latter.
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Design Storm
The concept of a “design storm” (used here interchangeably with “design rainfall”) was
developed during the 1950s and 1960s to more easily inform runoff volume, especially for
municipal engineering applications. The United States Department of Agriculture’s Natural
Resources Conservation Service (NRCS; formerly Soil Conservation Service) has been a key
agency involved in the development of design rainfall. Of particular importance is their
Technical Paper 149 (USDA-SCS, 1973), which described and validated the “Type I” and “Type
II” rainfall distributions for use in the United States. The Type II distribution was designated
for use in the Virginia Beach region. Design rainfall distributions have been updated since
then, mainly to incorporate the significant increase in quality-controlled precipitation data
since the 1973 report. Today, the City of Virginia Beach uses the NOAA Type C design rainfall
distribution based on the NOAA Atlas 14 Rainfall Atlas (Bonnin et al. 2006; Merkel et al. 2015;
M. Bumbaco, personal correspondence). See Appendix B for the NOAA Atlas 14-point
precipitation-frequency curve used in this analysis.
Figure 31 shows the rainfall accumulation profile for a variety of 24-hour design storm
intensities using the NOAA Type C rainfall distribution. Note that the maximum rainfall
intensity of a 24-hour design storm, regardless of the duration, is centered on hour 12. Stated
differently, the rainfall accumulation is unsteady over the course of the “event” – over 50% of
the total accumulation occurs during a two-hour period from hour 11 through hour 13.

Figure 31: Design storm rainfall accumulation for a 24-hour event for 6 return periods, using the NOAA Type C distribution.
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Precipitation data
Two types of data were used for this analysis: rain gage observations, and base-elevation
radar reflectivity data from the Wakefield, Virginia Next Generation Doppler Radar
(NEXRAD). The goal of this study was not to perform a comprehensive spatial reconstruction
of each event; thus, radar data was only used in a supporting role to ensure that there were not
areas between gages that received substantially more rainfall than gaged locations, as well as to
estimate the area of high rainfall intensity coverage as the event evolved.
Table 9 shows the 28 rainfall gages used for this analysis, all of which were obtained from
three sources: the Hampton Roads Sanitation District (HRSD); obtained through the City of
Virginia Beach), United States Geological Survey (USGS), and the CoCoRaHS network. The
HRSD and USGS gages have a 15-minute temporal resolution, while daily CoCoRaHS reports
are typically received every morning. Data from CoCoRaHS gages was manually inspected for
quality assurance since they are not officially quality controlled, and all data was deemed
physically reasonable. However, given that CoCoRaHS gages only report 24-hour precipitation
totals, their data was only used to determine if there were areas not covered by the HRSD and
USGS gages that may have received much higher rainfall. We did not find any such instance as,
fortuitously, each of the three events considered here was well sampled by at least one gage
with high temporal resolution. Figure 30 (b, c) shows the distribution of gages across the
Virginia Beach area.
The radar data is used here to approximate the reflectivity-rainfall (Z-R) relationship
during Hurricane Matthew as shown in the scatter plot in Figure 32. The blue line shows a
qualitatively estimated fit based on consideration of a variety of documented Z-R relationships
(Liguori and Rico-Ramirez 2014). Due to the tropical nature of both the Matthew and Julia
events, even normally insignificant reflectivities as low as 40 dBZ produced heavy rainfall. For
the Matthew and Julia events, we use 40 dBZ (translating to about 0.6 inches in 30 minutes)
and 45 dBZ (approximately 1.2 inches in 30 minutes) as the thresholds for areas experiencing
“heavy” and “very heavy” rain. It should be reiterated that the radar information was used for
qualitative assessment only.

Analysis of Historical and Future Heavy Precipitation | 45

Table 9: Summary of rain gages used in the analysis. Total event rainfall is shown for Hurricane Matthew and Tropical Storm
Julia in units of inches.

City of VB

Latitude
(oN)
36.898

Longitude
(oW)
-76.063

Matthew
(in)
11.89

Julia
(in)
8.06

HRSD MMPS-093 Ches-Liz Main Flow

City of VB

36.907

-76.164

8.86

8.88

HRSD MMPS-140 Independence

City of VB

36.840

-76.138

12.85

12.06

HRSD MMPS-144 Kempsville

City of VB

36.795

-76.140

12.49

14.55

HRSD MMPS-146 Laskin Rd

City of VB

36.853

-76.005

12.83

11.05

HRSD MMPS-160 Pine Tree

City of VB

36.844

-76.073

11.97

10.13

HRSD MMPS-163 Providence

City of VB

36.814

-76.193

12.77

14.00

HRSD MMPS-171 Shipps Corner

City of VB

36.788

-76.068

11.00

11.79

HRSD MMPS-185 Lagomar IFM

City of VB

36.769

-75.973

8.43

11.51

HRSD MMPS-255 Virginia Beach PS 606

City of VB

36.772

-76.020

9.39

10.71

HRSD MMPS-256 Virginia Beach PS 472

City of VB

36.779

-76.196

8.77

10.17

HRSD MMPS-281 Mill Landing Rd

City of VB

36.648

-76.016

N/A

13.05

HRSD MMPS-281 Virginia Beach PS 472

City of VB

36.648

-76.016

8.15

N/A

USGS0204288721

USGS

36.827

-76.166

13.01

13.34

USGS0204291317

USGS

36.843

-76.124

13.06

12.02

USGS0204293125

USGS

36.841

-76.057

13.14

10.29

USGS0204295505

USGS

36.859

-75.984

7.55

9.83

USGS0204297575

USGS

36.825

-75.985

4.08

9.03

USGS0204300267

USGS

36.680

-75.984

10.61

11.48

USGS02043269

USGS

36.618

-76.046

11.86

13.26

VA-VBC-13 (Virginia Beach 2.4 N)

CoCoRaHS

36.775

-76.042

13.55

13.38

VA-VBC-21 (Virginia Beach 3.1 ENE)

CoCoRaHS

36.754

-75.991

11.90

14.40

VA-VBC-30 (Virginia Beach 6.0 WNW)

CoCoRaHS

36.785

-76.136

12.47

15.80

VA-VBC-23 (Virginia Beach 10.6 N)

CoCoRaHS

36.892

-76.035

10.06

9.55

VA-VBC-34 (Virginia Beach 9.5 N)

CoCoRaHS

36.877

-76.033

7.55

8.89

VA-VBC-5 (Virginia Beach 5.9 SSW)

CoCoRaHS

36.667

-76.101

N/A

13.96

VA-VBC-22 (Virginia Beach 11.9 NNW)

CoCoRaHS

36.902

-76.112

N/A

9.41

VA-VBC-2 (Virginia Beach 11.2 NNW)

CoCoRaHS

36.892

-76.115

11.26

10.50

Gage ID

Source

HRSD MMPS-004 John B. Dey
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Figure 32: Relationship between 30-minute average radar reflectivity (dBZ) and 30-minute accumulated rainfall across all
available rain gages (see Table 9) for Hurricane Matthew.

Event Summaries
July 31, 2016 Heavy Rainfall

The atmospheric dynamics for the July 31 event were not particularly noteworthy. A
stationary front was draped across the northern Mid-Atlantic States, with a weak trough seen
at the upper levels. Typical summertime thunderstorms were forecasted for the afternoon and
evening hours across the region. However, near-surface moisture levels were high: dew point
temperatures on the morning of July 31 were in the 72-74oF range, and rose to as high as 77oF
in the time immediately before storms moved into the area. An 8PM sounding from Wallops
Island shows that a large amount of instability (Convective Available Potential Energy
exceeding 1,500 J/kg) was available for thunderstorm formation (Figure 33). Furthermore,
directional wind shear was relatively weak in the low- and mid-levels, suggesting storm motion
would be less than about 25 mph – this is supportive of heavy rainfall over a given location
assuming that a storm can stay intact.
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Figure 33: Atmospheric sounding from the Wallops Island (VA) radiosonde balloon launched at 8PM local time on July 31,
2016. A parcel instability analysis was performed by assuming an inflow air temperature of 82oF and dew point of 75F,
yielding the instability shown by the red dashed lines. The stable layer is shown by the green dashed lines.

Thunderstorms moved into the Virginia Beach area shortly after 5PM ET as captured by
Figure 34, which shows base-elevation radar reflectivity at 5:24PM and 5:58PM local time.
Two separate rainfall waves were identified. In the first, a well-defined and isolated storm
complex developed along the coastline between Virginia Beach and Norfolk, producing very
heavy rainfall for these areas (see the left panel of Figure 34). It is possible that this feature was
caused by a localized land-ocean circulation that is physically constrained within some distance
of the coastline (the region under this storm received over 5 inches of rainfall, whereas areas
further south that received the main storm complex only recorded 4 inches or less). During the
second rainfall wave, the main storm complex moved in from the southwest, causing 60-90
minutes of very heavy rainfall across the entire Norfolk-Virginia Beach area.
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Figure 34: Base-elevation radar reflectivity scans from the Wakefield (VA) NEXRAD radar taken at 5:24PM and 5:58PM local
time.

The hyetograph from the HRSD Ches-Liz Main Flow rain gage likely captured the most
intense rainfall accumulation for the duration of the storm, shown in Figure 35. Despite the
complexity of the radar reflectivity patterns, this gage showed a surprisingly steady
accumulation over a period of about two hours (the resolution of this gage is 15 minutes, so it is
possible that some variation in intensity would be noted if higher temporal resolution data
were available). Nearby CoCoRaHS gages, as well as the Norfolk International Airport gage all
confirmed that rainfall approached or exceeded 7 inches in the immediate area of northwest
Virginia Beach.

Figure 35: Accumulated rainfall at the HRSD Ches-Liz Main Flow gage, which was representative of the highest rainfall
intensity produced during the July 31 event.
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Table 10 summarizes the maximum rainfall intensity that occurred during the July 31
event. While the event did produce short-term heavy rainfall rates (for example, 1.18 inches in
15 minutes classifies as a 1 in 5 to 10-year event), it was the longer duration of this rate that
made it particularly striking. For example, at the two-hour duration, 6.66 inches of rainfall was
observed, which classifies as a 1 in 500 to 1000-year event. Notably, even though almost all of
the rainfall fell within a two-hour period, this event still exceeds a 1 in 100-year event at the
six-hour duration.
Table 10: Summary of precipitation intensity and return period estimates for the July 31, 2016 event.
Duration
15 min
30 min
1 hour
2 hour
3 hour
6 hour

Maximum Rainfall
Amount (in)
1.18
1.97
3.38
6.66
7.19
7.19

Estimated Return
Period (yr)
5-10
10-25
50-100
500-1000
500-1000
100-200

Tropical Storm Julia

Tropical Storm Julia (hereafter, “Julia”) affected the Virginia Beach area over a 72-hour
period beginning on September 19. Although the storm itself was not particularly strong (with
maximum winds topping out at 50 mph), it spent a considerable amount of time slowly drifting
off the coastline of the southeast United States. In turn, this allowed for a prolonged fetch of
subtropical moisture to be advected into southeastern Virginia. Numerous rounds of tropicallike showers and thunderstorms trekked across Virginia Beach, providing moderate to heavy
rainfall. Figure 36 shows a summary of all gage hyetographs across the area (refer to Figure
30b for areal totals across the region). Interestingly, the heaviest shorter-term (six hours or
less) rainfall intensity was observed on September 19, well before the main tropical-storm
related rain bands moved into the region.
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Figure 36: (Lines) Hyetographs of rainfall accumulation (left axis) during Tropical Storm Julia. The blue lines show the
maximum 6-hour (red circles) and 24-hour (red squares) accumulations across all gages. The orange and brown bars denote
areal coverage (right axis; units: km2) of “heavy” and “very heavy” rain, measured using the 40 dBZ and 45 dBZ radar
reflectivity thresholds, respectively.

Table 11 shows a summary of the maximum rainfall amounts across a range of durations. As
is typical with storms of tropical origin, it was not the short-term rainfall intensities that
caused the highest impacts, but the long duration of the event. For example, the maximum
one-hour rainfall rate was about 2.3 inches, which classifies as a 1 in 5 to 10-year event.
However, once the duration is increased to 24 hours, parts of the area received over 10 inches,
which amounts to a 1 in 100 to 200-year event.
Table 11: Summary of precipitation intensity and return period estimates for Tropical Storm Julia.
Duration
30 min
1 hour
3 hour
6 hour
24 hour
48 hour

Maximum Rainfall
Amount (in)
1.64
2.33
3.62
4.82
10.20
12.32

Estimated Return
Period (yr)
5-10
5-10
10-25
25-50
100-200
100-200
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Figure 37 shows the maximum 24-hour hyetograph from each of the gages compared to
several different design storms (10-, 25-, 100- and 500-year event). As previously described,
none of the hyetographs mimic the design storm’s distribution due to the relatively
disorganized nature of the storm’s precipitation field. A typical tropical storm impacts the
region through organized rain bands, which increase in rainfall intensity as one gets closer to
the storm circulation. In this case, however, the rainfall processes were driven by single and
multi-cell thunderstorms that intermittently produced heavy rainfall. Nonetheless, Figure 37
shows that two gages ultimately tallied rainfall totals that exceeded 1 in 100-year values. Two of
the 24-hour maximum hyetographs, labeled as “High” and “Low” in Figure 37, were selected
for use as “Check Storms” to compare with design storm distributions. Microsoft Excel
spreadsheets that break down each Check Storm’s rainfall accumulation into six-minute
periods are also provided. These can be used for direct comparison with a design storm for
Hydrologic and Hydraulic (H&H) modeling applications.

Figure 37: Maximum 24-hour hyetographs (red lines) during Tropical Storm Julia, as compared to the 10-, 25-, 100- and 500year design storms. The thick red lines denote the two hyetographs (noted as “High” and “Low”) that were used as a “Check
Storm” for which data was aggregated into six-minute totals for direct comparison to the design storm.

Figure 38 displays similar analysis to Figure 37, except for rainfall intensity at the threehour duration. Intensities of the 10-year and 100-year storm are shown for comparison. Note
that for the 24-hour design storm, the maximum three-hour intensity for any given return
period matches the associated value derived by NOAA Atlas 14 (i.e. the dashed gray line in
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Figure 38 compared with the peak of the 10-year event; the slight discrepancy may be
attributed to selecting a slightly different point estimate than that used for the design storm
calculation).

Figure 38: Three-hour rainfall intensity during Tropical Storm Julia, compared to the 10-year and 100-year design storm. For
reference, the three-hour 10-year intensity from NOAA Atlas 14 is shown by the dotted gray line.

Collectively, Figure 36, Figure 37, and Figure 38 show that Julia was an exceptionally longduration event that amounted to rainfall exceeding 1 in 100-year levels at the 24-hour duration
and longer. However, shorter-term rainfall intensities were substantially lower than their
design storm analogs. It is recommended that the Check Storm hyetographs be compared with
design rainfall distributions within local H&H models to determine the durations at which the
rainfall threat transitioned into a runoff and flooding threat.
Hurricane Matthew

In contrast to Tropical Storm Julia, Hurricane Matthew (hereafter, “Matthew”) provided
one, sustained 12-15 hour period of very heavy rainfall across the Virginia Beach region as it
moved northeastward along the coastline of the southeastern United States. Figure 39 shows
the hyetograph summary of all rainfall gages. Note that, compared to Julia, there is
significantly less spread in both rainfall distribution and intensity. This occurred because
Matthew’s rain bands were more organized, as it maintained its structure throughout its effect
on Virginia Beach.
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Table 12 shows that, as with Julia, Matthew’s short-term rainfall rates were not particularly
noteworthy. For example, the maximum 30-minute rainfall was 1.21 inches, and the maximum
60-minute rainfall was 2.11 inches, classifying as 1 in 1 to 2-year, and 1 in 5 to 10-year event,
respectively. This was because atmospheric instability was limited across the region, which is
common in the vicinity of tropical cyclones. Instead, it is the long duration of the rainfall that
caused the vast majority of its impacts. For all durations longer than three hours, Matthew
produced rainfall exceeding 1 in 100-year values across large sections of Virginia Beach.
Another important distinction between Matthew and Julia is the heavy rainfall coverage.
Note that during Julia, the maximum coverage of the 40dBZ reflectivity (i.e. “heavy” rainfall)
was about 280 km2 (109 mi2), though this was only briefly observed. Throughout most of the
event, that coverage was generally in the 40-120 km2 (16-47 mi2) range. During Matthew,
however, the maximum “heavy” rainfall coverage approached 420 km2 (164 mi2) and stayed
above 180 km2 (70 mi2) for a period of six or more hours. As shown in Table 12, Matthew’s
rainfall exceeded 12 inches at the 12-hour duration, classifying as a 1 in 500 to 1000-year event.
This value was even exceeded by over half of the 28 gages used in the analysis. It is also
noteworthy that most of the rainfall was coming to an end when the strongest winds began
during the early morning hours of October 9 (see Appendix C). Thus, analyzed from the
standpoint of joint rainfall-surge effects, Matthew is unlikely to have served as a worst-case
scenario; however, it does serve as a reasonable event to test design against for extreme
rainfall. Probable coastal water levels could be input as a tailwater boundary conditions in
conjunction with the rainfall to address this limitation.
Table 12: Summary of precipitation intensity and return period estimates for Hurricane Matthew.
Duration
30 min
1 hour
3 hour
6 hour
12 hour
24 hour

Maximum Rainfall
Amount (in)
1.21
2.11
5.54
8.81
12.47
13.14

Estimated Return
Period (yr)
1-2
5-10
100-200
500-1000
>1000
500-1000
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Figure 39: (Lines) Hyetographs of rainfall accumulation (left axis) during Hurricane Matthew. The blue lines show the
maximum 6-hour (red circles) and 24-hour (red squares) accumulations across all the gages. The orange and brown bars
denote areal coverage (right axis; units: km2) of “heavy” and “very heavy” rain as measured using the 40 dBZ and 45 dBZ
radar reflectivity thresholds, respectively.

Figure 40 compares maximum 24-hour hyetographs with a range of design storm
hyetographs. Note that the 24-hour duration captured nearly all of the rainfall that occurred
during Matthew. One striking conclusion is that Matthew’s rainfall distribution bore little to no
resemblance to a design storm due to its steady but long-lasting nature. This can be seen more
clearly in Figure 41, which shows rainfall intensity over a three-hour period. Although Matthew
will be noted as a 1 in 500-year event at the 24-hour level, its peak three-hour rainfall intensity
was significantly longer-lasting than a design storm. Three hyetograph traces were selected as
“Check Storms,” corresponding to “High,” “Mid,” and “Low” event-relative rainfall amounts.
These are noted on the right y-axis in Figure 40 and have been aggregated into six-minute
totals for comparison with a design storm.
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Figure 40: Maximum 24-hour hyetographs (red lines) during Tropical Storm Matthew, as compared with the 25-, 100- and 500and 1000-year design storms. The thick red lines denote the three hyetographs (noted as “High,” “Mid,” and “Low”) that were
used as a “Check Storm” for which data was aggregated into six-minute totals for direct comparison to the design storm.

Figure 41: Three-hour rainfall intensity during Hurricane Matthew, compared to the 10-year and 100-year design storm. For
reference, the three-hour 10-year intensity from NOAA Atlas 14 is shown by the dotted gray line.
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Comparison to Probable Maximum Precipitation
Two main sources of Probable Maximum Precipitation (PMP) estimates have been
identified for the Virginia Beach region. The first source is HMR 51 (Schreiner and Riedel,
1978), prepared by the United States Weather Bureau in 1978. Figure 42 shows the 24-hour
PMP isopleths for a 10 mi2 event, the smallest area considered in that report. For Virginia
Beach, the 24-hour PMP value is between 40 and 42 inches, which is at least twice as high as
anything observed during Julia or Matthew.

Figure 42: All-season PMP (in.) for 24-hour 10 mi2. Adapted from Schreiner and Riedel (1978; their Figure 20).

In 2015, a comprehensive PMP study was completed by Applied Weather Associates (2015)
for the Virginia Department of Conservation and Recreation (DCR). While the study found
significant reductions in PMP estimates (compared to HMR51) across western parts of
Virginia, the estimates for the Virginia Beach area were within approximately 10% of the values
developed in HMR51. Figure 43 shows the percent difference between the Virginia DCR study
and HMR51.
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Figure 43: Percent difference of HMR 51 values compared to largest PMP values from all three storm types; 24-hour 10
square miles. Note that the scale in the legend is specific to the image. Taken from AWA (2015), their Figure 10.12.

Having conducted the rainfall analysis for each of the three 2016 events, we can use HMR51
and the Virginia DCR study to estimate how each event compares to PMP as shown in Table 13.
Without having performed a comprehensive rainfall depth-area analysis, we use the 10 mi2
PMP estimate to the gage-level analysis that was conducted in the current study (10 mi2 is the
smallest spatial area for which PMP is estimated in HMR51). For Hurricane Matthew, however,
there is reasonable confidence (see 40 dBZ coverage area [orange bars] in Figure 40) that areas
covering 200 mi2 received over 12 inches of rainfall. Therefore, we also present an estimate for
the 200 mi2 area for Matthew. For the 10 mi2 area, fractional PMP ranges from 0.21 for the
July 31 event to 0.36 for Matthew. However, for the 200 mi2 area, Matthew had a fractional
PMP of 0.50, which is higher than many design standards for small- to mid-sized water control
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structures (e.g. FEMA, 2016). Thus, this analysis confirms that of the three events, Matthew
was the most severe in terms of heavy rainfall production.
Table 13: Fractional PMP estimates for each of the three events considered in this study.
Event
July 31, 2016
Tropical Storm Julia
Hurricane Matthew

Max Rainfall
Duration
<6 hour
24 hour
12 hour

Amount
6.19 inches
10.20 inches
12.47 inches

10 mi2
0.21
0.26
0.36

Fractional PMP
200 mi2
----0.50

Hyetograph Deliverables
Five Microsoft Excel-compatible, comma-separated value format files have been provided
showing 6-minute normalized rainfall accumulation fraction (column “norm_sum”),
incremental rainfall amounts (column “amount”) and accumulated rainfall amounts (column
“accum”) for two “Check Storms” based on Tropical Storm Julia (High, Low) and three “Check
Storms” based on Hurricane Matthew (High, Mid, Low).
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CHAPTER 4: REVIEW OF RAINFALL DESIGN GUIDANCE
Introduction
Despite a growing amount of evidence, both historically observed and future climate
projections, that shows increases in heavy rainfall occurrence, implementing this data into
design rainfall remains a challenge. The principle obstacles include (1) uncertainty regarding
whether historical statistically “significant” trends, if detected, will continue, and (2) significant
spread in GCM projections. Integrating improved statistical methods involving the latest
climate change guidance to 1) quantify uncertainty and 2) improve development of procedures
for design rainfall used in hydraulic engineering applications is an active area of research at the
national and local level. Fundamental to the design of effective and resilient stormwater
infrastructure is the need to quantify the type, frequency, and magnitude of precipitation
events likely to impact the area.
The vocabulary and metrics used to measure precipitation by the climate science
community (e.g. heavy or very heavy rainfall) is different from that used by engineers (e.g. 6Hour or 24-Hour duration). The need to equate these differing metrics for purposes related to
water resources engineering applications is addressed in the Federal Highway Administration
(FHWA) Hydraulic Engineering Circular #17 (HEC-17):
“Groisman et al. (2005) equate very heavy precipitation to a return period of
approximately one daily event in 3 to 5 years for annual maximum daily precipitation.
Hence, the frequency and intensity of precipitation emphasized in much of the climate
literature is at the lower end (smaller magnitude, more frequent) of the range of events
typically used by the engineering community… precipitation rates typically associated
with significant flooding are approximately 3 in/h, 5-16 in/day, and 17 to 20 inches in
three days (Perry et al. 2000).”
In order for the practicing engineer to incorporate climate model projections in their
analyses, a clearly defined methodology for translating interpreted results from GCM’s into
actionable mechanisms for use in design rainfall is required. Another challenge is that design
values for water resources applications are determined by peak rainfall totals. However, it is
well known that GCM output underestimates local-level rainfall. This requires the downscaling
of the raw data to a “point” (i.e. gauge) level, using a combination of dynamical and statistical
based methods, as was performed using the Norfolk gauge in Chapter 2.
In this memo, federal and state guidance on resilient design standards are summarized. In
addition, a summary of interviews conducted with practitioners about their experience with
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updating rainfall design guidance is presented. Finally, in the conclusion section of this report,
a recommendation is put forth regarding how to deal with potential changes in heavy rainfall
frequency and intensity.

Federal Guidance
Federal agencies are assessing the impact of climate change in their areas of jurisdiction.
The U.S. Army Corps of Engineers (USACE), Environmental Protection Agency (EPA), Federal
Emergency Management Agency, and the USGS are developing methodologies to integrate the
Intergovernmental Panel on Climate Change’s (IPCC) 5th Assessment Report (AR5) climate
projections. Of particular interest are projections of precipitation and temperature and their
impact on the design parameters used to manage flood control and other water resources
projects under their authority. Similar efforts are being undertaken by the National Weather
Service (NWS) to evaluate non-stationary in observed rainfall data. For example, as part of the
latest rainfall guidance NOAA Atlas 14, trends in heavy rainfall were analyzed regionally.
Although regional-scale trends were not conclusive enough to warrant a full non-stationarity
analysis in the actual guidance, local-scale changes, such as those in southeast Virginia, were
more notable.
The USACE has summarized its guidance to incorporate climate impacts into inland
hydrological analysis in the Engineering Construction Bulletin 2016-25. This bulletin
recommends a qualitative analysis to determine observed changes in climate as well as
potential future trends projected by the climate models. (See also Public Tools Developed by
USACE for Climate-Impacted Hydrology1)
The EPA has published a Storm Water Management Model Climate Adjustment Tool
(SWMM-CAT), a software utility that allows the user to compute location based adjustment
factors to be applied for 24-hour design storm; these adjustment factors are derived based on
CMIP3 climate data projections statistically downscaled to a roughly 12 km (7 mi) horizontal
resolution. To obtain the future design rainfall, the adjustment factors are intended to be
applied on national standards for design rainfalls. In 2016, EPA published a web-based
application, Climate Resilience Evaluation and Awareness Tool (CREAT), as an information

1 USACE’s climate projections use statistically downscaled Coupled Model Inter-Comparison Project Phase 5
(CMIP5) climate data projections published through a collaborative effort that also includes the USBR, USGS,
Laurence Livermore National Laboratory, and other partners. The tools are a means of detecting a climate trend;
guidance on attribution of the trend to climate change and how to incorporate the detected change into hydrologic
analysis is not available.

Analysis of Historical and Future Heavy Precipitation | 61

tool to assist drinking water, wastewater, stormwater utility owners and operators to
understand and address climate change risks. For projected climate conditions, CREAT uses
CMIP5 projections for RCP 8.5. Total storm precipitations for future periods is one of the
parameters estimated by CREAT for the purpose of estimating future threats to the water
industries. Although the EPA’s methods are certainly a step closer to real rainfall compared to
raw GCM data, each product still lacks the resolution to inform local-level analysis as is
required for informing design. Recall that this was addressed in Chapter 2 by using the Norfolk
Airport rain gauge as a method of bias correcting downscaled model data to design-scale
resolution.
In order to estimate the changes in the 1% chance floodplains, the Federal Emergency
Management Agency (FEMA) has developed climate regression equations within Hydrologic
Unit Code -2 (HUC-2) regions as the geographic unit. The United States and its unincorporated
territories are covered by 21 HUC-2 watersheds with drainage areas ranging from 3,515 to
615,000 square miles. Generalized Least Square multiple linear regression analysis was used to
develop climate regression equations that relate 1%-annual chance and 10%-annual chance
peak discharges at stream gage stations to the watershed characteristics and extreme climate
indices of the contributing watershed. A total of 7,306 stream gages with 20 or more years of
annual peak flow record were selected for this study from the 9,322 stream gages included in
the USGS Geospatial Attributes of Gages for Evaluating Stream Flow (GAGES II) database. The
regression-based methodology was extended to incorporate a climate change component based
on IPCC CMIP5 projections. However, this approach is more geared towards informing future
conditions in ungauged locations. Due to a significant amount of scatter around the regression
equation approach, its direct application for a well gauged location like the Virginia Beach area
is likely limited.
HEC-17 attempts to fill in the need to evaluate the potential changes in the frequency and
severity of storms and floods on bridge and design practices for federal highways. Current
guidance recommends the use of NOAA Atlas 14 for design precipitation, however
methodologies to evaluate the stationarity or non-stationarity are recommended if a trend is
detected at a given location:
“Planners and designers assessing the historical record for precipitation trends
should be careful to define the season, magnitude, duration, and frequency of the
precipitation statistic of interest to understand the risks to plans and projects revealed
by the historic data. As discussed, less extreme precipitation data may exhibit trends,
but may not result in changes in the types of floods of interest to engineers…Because of
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the statistical nature of the analyses supporting Atlas 14, confidence limits for the
precipitation estimates are available.”
HEC-17 goes on to provide the following guidelines:
“The objective is to estimate the projected change in the T-year 24-hour
precipitation value as an indicator of the potential for climate change (climate nonstationarity) to affect the estimated design discharge based on historical
data…Regardless of whether the design team is using rainfall/runoff or statistical
models for the hydrologic analysis, this indicator is useful for evaluating the potential
for changes in flood flows resulting from projected changes in climate for the T-year
event.”
…FHWA recommends the use of multiple climate models. At a minimum, the design
team should develop a climate change indicator for RCP 6.0 and FHWA recommends
investigation of other emissions scenarios when possible as summarized in Section 7.3.
The development of this indicator begins by acquiring the downscaled daily
precipitation data from the DCHP website, or equivalent database. The design team
should download all years of available data (1950 through 2099) so that if there are
changes in the periods of interest, all available data are present.
Once the daily data are downloaded, the indicator is developed by processing the
data according to the following steps. If more than one emission scenario is examined,
these steps are repeated for each scenario:
1. Average the observed daily precipitation data across all cells,
2. Determine the maximum annual value for each year,
3. Select the baseline and future periods,
4. Compute the baseline and future T-year 24-hour precipitation for each model,
5. Estimate the projected T-year 24-hour precipitation for each model,
6. Compute the mean for the projected T-year 24-hour precipitation, and
7. Evaluate the need for additional analysis.”
The HEC-17 guidance, noted above, is very similar to the analysis conducted as part of
Chapter 2. Although their recommendation was to use the RCP6.0 scenario, we believe this to
be somewhat arbitrary and likely based on the assumption that most users may only consider
one scenario. In fact, the consideration of RCP4.5 and two different sets of simulations of
RCP8.5 provides a reasonably encompassing view of projections.
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State Guidance
The State of New York has funded studies to use downscaled climate model projections to
evaluate future temperatures, annual rainfalls, the possibility of droughts, etc. Principal among
the NY studies is the Intensity Duration Frequency Curves for New York State: Future
Projections for a Changing Climate, published by the Northeast Regional Climate Center
(NRCC) of the Cornell University for New York. Projections of 24-hour rainfall for a location
within the area of interest were estimated over a range of frequencies for the years 2045 (midterm) and 2075 (long-term) and the RCP4.5 and RCP8.5 scenarios, compared to the current
growth curve. An example of the web-based tool’s output for the New York City area is shown
in Figure 44. The analysis in Chapter 2 has many similarities to NRCC’s study including similar
downscaling method (though note that the NRCC study used several different downscaling
approaches), the selection of the two emission scenarios and creation of uncertainty bounds.
In a separate study, the New York Department of Transportation in cooperation with the
New York State U.S. Geological Survey used CMIP5 projections to produce potential future
flow scenarios. These future projections for frequency discharges are offered through a webbased application titled ‘Application of Flood Regressions and Climate Change Scenarios’ (see
report for details). This application computes peak discharges for 1.25-, 1.5-, 2-, 5-, 10-, 25-,
50-, 100-, and 500-year frequency events for three time periods, 2025-2049; 2050-2074; and
2075-2099. RCP 4.5 and 8.5 simulations of five of the CMIP5 models that best reproduced the
past precipitation were used in the future peak flow estimation.

Interviews
Although the official guidance documents and methods described above are addressing the
design rainfall issue, it is not clear to what extent the findings and relevant recommendations
are being implemented at the local level. Phone interviews were conducted with engineers from
Maryland, New York and Colorado (See Appendix E). Unfortunately, the take-away message is
that all four agencies were using either the latest NOAA Atlas 14 guidance, or even the older
Atlas 2 guidance. Engineers in Maryland and Virginia responded very similarly, stating that
standard guidance was used, and no effort to augment current practice was being considered.
Mr. Stewart from Denver’s Urban Drainage and Flood Control District did state that the agency
considered local rainfall trends, but found none. In turn, this reduced the interest in
considering future projections, though he stated uncertainty regarding insufficient model
resolution to simulate the region’s heavy rainfall events was also a complication preventing the
consideration of projections.
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Figure 44: Snapshot from the Northeast Regional Climate Center’s web-based tool showing changes in the IDF for the New
York City area.
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CONCLUSIONS
A comprehensive analysis of historical and future projections of heavy rainfall, as well as a
comprehensive evaluation of three heavy rainfall events responsible for flooding in the City of
Virginia Beach during 2016 has been conducted. The salient findings are discussed below.

Historical Analysis


A meteorological analysis of VB’s heavy rainfall climatology revealed many more
Tropical-related events as well as Bullseye, worst-case scenario-type hits over the past
15-20 years; this could be driving part of the recent increases in heavy rainfall
occurrence and intensity even though it is difficult to attribute such forcing to climate
change.



Gage-level analysis revealed a significant increase of 2.0 inches per century in the
magnitude of Annual Maximum Series of 24-hour rainfall at the Norfolk Airport longrecord gage; similar increases were noted when assessing the Peaks-Over-Threshold
using a 24-hour threshold value of 1.25 inches.



Extension of the Norfolk Airport gage using the nearby Diamond Springs gage showed
lower increases than the Norfolk Airport gage alone, suggesting that heavy rainfall
frequency and intensity increases have been especially large in the past 2-3 decades; this
suggests climate change could be a driver of at least part of the signal, given that the last
30 years of data have been increasingly affected by a warming atmosphere (see
Appendix A).



A local-level analysis revealed a marked increase in 24-hour Annual Maximum Series
intensity in a 60-mile radius around VB. A major part of this signal was from more
available rain gages, or “gage inflation”, which contributed to a better spatial sampling
of heavy rainfall events. The local-level analysis also showed that design rainfall at a
point-location such as the Norfolk airport gage may be starkly lower than a
neighborhood-type approach. The latter can be impactful for flooding, since flooding is
driven by rainfall volume and not point-rainfall.



A regional-level analysis across the mid-Atlantic and Northeast states revealed
widespread and significant increases in the AMS (intensity) and Peaks Over Threshold
(frequency) across many gages. The results were statistically significant, and are thus
unlikely to have occurred by chance. The regional-level trends provide more evidence
for a climate change-related signal since many more storms are being considered than
in the gage-level and local-level analyses.
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Future Projections


Two analysis were prepared: first, using high resolution (11 km) models that used the
RCP8.5 scenario, and second, using medium resolution (44 km) models that used both
the RCP4.5 and RCP8.5 scenario.



Bias-corrected future projections of daily rainfall using multiple Regional Climate
Models were able to reproduce the heavy rainfall statistics at the Norfolk Airport gage
and thus were suitable for preparing gage-level projections.



High resolution RCP8.5 projections of Peaks-Over-Threshold using the two-year and
five-year events showed strong increases in heavy rainfall occurrence. For the two-year
event, the historical rate of 4.6 events per decade was projected to increase to 8.8 in
2045 and 9.0 in 2075. For the five-year event, the historical rate of 1.6 events per decade
was projected to increase to 4.3 in 2045 and 4.7 in 2075.



For both high resolution and medium resolution RCP8.5 simulations, projected
increases in the Precipitation-Frequency curve were shown for nearly all return periods
in 2045 and for all return periods in 2075. The range of projected increases by 2045 was
17-24% (aside from 8% decrease in the one-year event), with statistical significance for
events of ten-year intensity or less. The range of projected increases by 2075 was 2141%, with statistical significance for events of 20-year intensity or less.



For the medium resolution RCP4.5 simulations, projected changes included an up to
20% increase in the 1- and 2-year event, but little to no change for less frequent events.



A non-linearity in the response of heavy precipitation to climate change is noted, with
much stronger sensitivity in the RCP8.5 scenario.
It is recommended that differences in the model bias (Figure 16 and 23) be investigated
further. For example, it would be useful to investigate the fidelity with which models
reproduce the different AMS-producing processes identified in Table 1. This will also
help explain the differing sensitivity of the projections to model resolution (e.g. Table 7).

Check Storm Analysis
Findings for each examined event in terms of 1) observed rainfall as compared the areas
precipitation-frequency curves, 2) comparison to the NOAA Type C design storm, and 3)
comparison to the region’s PMP estimates are summarized below.
July 31, 2016





Up to 6.66 inches over a two-hour period and 7.19 inches over a three hour period,
translating to a 1 in 500 to 1000-year event for both durations.
Highest totals were in the northern parts of the city, with substantially less rainfall
further south.
At the six-hour duration, this event translates to a fractional PMP of 0.21.
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September 19 – September 22, 2016 (Tropical Storm Julia)









Exceptionally long duration event with heavy precipitation observed for a 72-hour
period.
Shorter-term rainfall amounts were not particularly noteworthy; for example, the
maximum six hour rainfall was 4.82 inches, which translates to a 1 in 25- to 50-year
event.
At the 24-hour duration, two of 28 gages used the analysis exceeded the 1 in 100-year
rainfall amount (9.41 inches). Most of the other gages recorded 24 hour amounts that
corresponded to the 1 in 10- to 25-year recurrence interval.
Due to the long duration, none of the individual gage hyetographs resembled the design
storm.
At the 24 duration, the maximum observed rainfall corresponded to a fractional PMP of
0.26.

October 8 – October 9, 2016 (Hurricane Matthew)








The most severe of the three events, when considering duration and intensity
collectively.
In contrast to Julia, produced one, sustained 12-15 hour period of very heavy rainfall
across the entire region.
For durations shorter than three hours, rainfall was in the 1 in 2 year to 1 in 10 year
range.
For all durations longer than three hours, rainfall exceeded 1 in 100-year amounts. At
the 12 hour duration, multiple gages observed rainfall exceeding 12 inches, which
corresponds to a 1 in 500- to 1000-year event.
None of the gage hyetograph distributions resembled the design storm, mainly because
the event never had a peak in rainfall intensity. Instead, continuous rain rates were
observed over an 8-10 hour period during the event’s peak intensity.
At the 12 hour duration, the maximum observed rainfall corresponded to a fractional
PMP of 0.36 for a 10 mi2 area, and a fractional PMP of 0.50 for a 200 mi2 area.

Rainfall Design Guidance
Having conducted national-, state- and local-level analysis of heavy rainfall trends and
projections, our experience is that several factors must be analyzed to establish the necessity of
updating guidance.
1. Consistency between historical observations and historical model
simulations.
All IPCC simulations are initialized in 1950 or earlier for a good reason: it is essential
that models can accurately capture any already documented heavy rainfall trends.
Indeed, this is the case across most of the eastern United States, where both long-term
rain gauge data and GCMs have shown increases in heavy rainfall occurrence and
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intensity. A lack of such agreement instantly increases the skepticism with which to view
future projections. Although a model’s inability to reproduce past climate does not
necessarily imply it will be wrong in the future, it does warrant an extra amount of
investigation that is unlikely to be funded by a local agency.
2. Limited uncertainty bounds in future projections.
Although uncertainty in temperature projections are relatively low, even at a local-level,
the same is not always true for precipitation. If the uncertainty in future precipitation is
so large that it completely overwhelms the historical uncertainty range, there is little
motivation for more detailed investigation. We have seen this first hand when assessing
the USACE’s Climate Hydrology Assessment Tool. At this point, the issue goes back to
the academic community with the aim of reducing the uncertainty range through more
realistic modeling.
From the findings in Chapter 1 and Chapter 2, it is clear that both factors above are met
in the Virginia Beach area. Analysis of historical observations shows a robust, statistically
significant increase in heavy rainfall not only in the immediate area but also in the region.
Meanwhile, future projections using the RCP4.5 and RCP8.5 scenarios both show increases in
heavy rainfall. The observations made in this document on heavy precipitations trends justify
consideration of increased design rainfall intensities. Key results to consider include:






Historically, precipitation Annual Maximum Series have trended upward between 3-7%
per decade. Using an average of 5% would suggest a 20% increase given a 40-year time
horizon.
Future projections support increases of 5% for the intermediate scenario to 24-27% in
the high scenario by 2060. A blend of the two to account for uncertainty in the actual
outcome warrants a 15-16% increase.
Current Atlas 14 guidance for the 10 year rainfall event may be 7-10% below the actual
localized value based on analysis of two long-record rain gages in the area. If such is the
case, then even using the intermediate RCP4.5 projections of 5% would already warrant
a 12-15% increase in the Precipitation Frequency curve.

Based on the above, we recommend a 20% increase in rainfall intensity above current
standards. Table 14 summarizes the recommended changes, compared to the current NOAA
Atlas 14 that is used by the City.
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Table 14: Recommended Precipitation-Frequency curve values at key return periods, based on a 20% increase of NOAA
Atlas 14.

Return Period
years
1
2
10
25
50
100

Historical Value Recommended
(Atlas 14)
New Value
inches
inches
3.00
3.60
3.65
4.38
5.64
6.77
6.99
8.39
8.26
9.91
9.45
11.34

Increase
%
20
20
20
20
20
20
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APPENDIX A: Historical Climate Modeling
A substantial amount of evidence (e.g. Cubasch et al. 2013) exists showing that climate
change has already begun to affect the distributions of atmospheric variables. Figure A-1 shows
the simulation of global temperature from a complementary set of Global Climate Model
experiments with (red line) and without (blue line) anthropogenic emissions of greenhouse
gases (see Kam et al. 2016). Note the simulations with anthropogenic emissions are in excellent
agreement with historically observed temperature (black line). The modeling suggests that, at
least for temperature, the separation point after which the anthropogenic-forced climate differs
from its natural state occurred in the late 1970s. This provides a complication for the
stationarity analysis herein, since choosing stations (even those with long records) that have
limited observations after the 1970s will be less affected by climate change than those with a
more recent record. To address this issue, we removed stations that did not have a qualifying
record after 2007, providing about 30 years of “climate-change affected” data.

Figure A-1: Annual global mean surface temperature anomalies (°C). Red (CMIP5–ALL) and blue (CMIP5–NAT) curves
indicate ensemble mean simulated anomalies through 2015 and 2012, respectively, with each available model weighted
equally; orange curves indicate individual CMIP5–ALL ensemble members. Black curves indicate observed estimates from
HadCRUT4v4 (solid) and NOAA NCEI (dotted). All time series are adjusted to have zero mean over the period 1881–19.
[Reproduced from Kam et al. 2016; their Figure 2.1(e)].
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APPENDIX B: NOAA Atlas 14 Point Rainfall for Virginia Beach
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APPENDIX C: Hurricane Matthew
Snapshot of Hurricane Matthew’s position, via the National Weather Service’s
watches/warnings from the National Hurricane Center’s Advisory issued on Sunday, October
9, 2016 at 5AM. This represents approximately the time of peak winds in the Virginia Beach
region. This image was prepared using HURREVAC software (v.1.5.3).

Figure A-2: Approximate time of wind speeds during Hurricane Matthew in Virginia Beach.
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APPENDIX D: PROJECTED ANNUAL MAXIMUM SERIES
Shown below are bias-corrected Annual Maximum Series (AMS) of 24-hour rainfall for
each model, grouped by the emission scenario and model resolution. A trend line (blue) is
shown if the trend in AMS over the entire simulation (1950-2100) is non-zero with at least 90%
confidence. A lack of a trend line implies no significant trend.
RCP4.5, 44-km resolution

Analysis of Historical and Future Heavy Precipitation | 77

RCP8.5, 44-km resolution
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RCP8.5, 11-km resolution
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APPENDIX E: INTERVIEW SUMMARY
Table A-1 provides a summary of the responses we obtained from four practicing engineers
across the United States, regarding their views and experiences on resilient design rainfall
practices. Each interviewee was asked the following three questions:
1. Many long-term historical precipitation gages, for example see Figure A-3, have shown
increases in heavy, very heavy and extreme precipitation. This is especially true in the central
and eastern United States. Has your organization considered trend analyses on local rain gage
data to inform decision making for updating design guidance? If so, what was learned and how
were the results implemented, if at all? If not, do you foresee such an analysis in the short term
(next year)? Medium term (next 5 years)? Long term (10+ years)?

Figure A-3: Observed change in heavy precipitation events (i.e. downpours, the heaviest 1% of annual rainfall
events). Source is 2014 National Climate Assessment, http://nca2014.globalchange.gov/report/our-changing-climate/heavydownpours-increasing.

2. The latest climate modeling experiments project robust increases in heavy precipitation
for many areas within the United States, see Figure A-4. For example, maximum 24-hour
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rainfall is expected to increase by 20% or more, while heavy hourly rainfall could increase by
more than 30%. Has your organization considered incorporating climate projections of future
rainfall in decision making and/or design standards (see Figure A-4 for an example of such as
analysis)? If so, what was learned and how were results implemented? If not, can you provide a
reason why this is not being considered (e.g. science is uncertain, there is already slack in
design standards to absorb these chances, etc.)?

Figure A-4: (top) Projected change (%) in the 20-yr return value of annual maximum daily precipitation at the end of this
century (2081–2100) relative to the recent past (1986–2005) for the lower (left) RCP2.6 and higher (right) RCP8.5 scenarios.
(bottom) The relative rate at which the 1986–2005 20-yr return value of annual maximum daily precipitation is projected to
occur during 2081–2100. A value of two would mean that such an extreme event happens twice as often. Referenced from
Wuebbles et al. (2014).

3. Assuming that extensive evidence did exist in both points (1) and (2), which would carry
more weight in influencing design standards
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Table A-1: Responses from four practicing engineers regarding their experience with updating design rainfall.
Contact
Name
Kevin
Stewart,
Manager of
Flood
Warning
Services

Organization

Question 1

Question 2

Question 3

Notes

Urban Drainage
& Flood Control
District (Denver,
CO)

Not aware of any significant
upward projections for the CO
region. Also, concerned about
inadequate resolution of climate
models.

No opinion.

Link to position paper:
http://udfcd.org/wpcontent/uploads/uploa
ds/resources/position%
20papers/UDFCD_Posit
ion_on_the_2013_NOA
A_PrecipitationFrequency_Atlas.pdf

Darold
Burdich

Fairfax County
DEP, Stormwater

The extent to which UDFCD looked into
this was to compare the rainfall
frequency curves of the latest Atlas 14
data with its predecessor Atlas 2. Atlas 2
has guided design in Denver area since its
release in 1973. Atlas 14 found either
similar or lower rainfall frequencies
compared to Atlas 2. However, UDFCD
chose to stick with Atlas 2 because they
thought it well captured the regions
climate, along with a slight buffer. They
have no plans of investigating historical
rainfall trends given the lower Atlas 14
findings. They authored a position paper
on why they stayed with Atlas 2. See
notes for link.
Not sure, but does not think so. Stated
that Consultants do this work, using
whatever is the accepted criteria.

N/A

N/A

N/A

Karl Berger

Metropolitan
Council of
Governments
Annapolis Public
Works

Standard guidance is in use, will email
county engineers (MD, DC & NOVA) to
get more info.
NOAA Atlas 14 and guidance in the MD
Drainage manual are applied.

Have discussed this, but not
involved in design.

N/A

N/A

No consideration has been made
for deviating from current
guidance.

No opinion.

N/A

Matthew
Waters
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EXECUTIVE SUMMARY
This report summarizes a study concerning wind tides for the Virginia Beach Southern
Watershed. Wind tide events are a result of wind that blows from the south, called southerly
wind. During times of sustained southerly winds, water moves in a northerly direction from the
Currituck Sound, located in North Carolina, up through the Back Bay and North Landing
River. This process causes water levels to increase by several feet, and results in the flooding of
low-lying areas. Four such events occurred in 2017 and 2018, increasing concern from
residents and stakeholders. These flood events are generally poorly understood due to a lack of
water level records in the area. The City commissioned this study to supplement limited
observational data and improve the understanding of these events. An additional study “was
initiated in February 2019 to study the return period of the southerly wind events. Readers
should refer to technical documentation of Work Order 7C for further information (City of
Virginia Beach, 2019).
This study was conducted to improve the understanding of wind tide events and how water
levels may change in response to sea level changes in the future. The effect of multiple wind
speed and duration variables on the water level across the Southern Watershed was examined.
The report also summarizes a model application to provide an exploratory analysis of the
influence of the Great Bridge Lock on water levels.
This study used an existing Advanced Circulation Model (ADCIRC) 2D coastal
hydrodynamic model, produced by the Federal Emergency Management Agency (FEMA) for
the Region III Storm Surge Study. The FEMA Region III ADCIRC grid was sub-sampled to a
study area that included the Southern Watershed. The grid extended west to include the full
hydraulic connection of the Albemarle and Chesapeake Canal from the North Landing River to
the Southern Branch Elizabeth River, and south to Cape Lookout to capture the full fetch of the
Pamlico, Albemarle, and Currituck Sounds. The model’s accuracy was validated against
measured water elevations at Beggars Bridge for wind tide events in May 2017 and September
2018. The model was then used to simulate water level responses to sustained southerly winds
from the southwest, south-southwest, south, south-southeast, and southeast directions. Wind
speeds from 5- to 35-mph were simulated in 5 mph increments over a 10 day period. Results
were compiled in 40 locations at the North Landing River and Back Bay. A series of response
plots and tables were generated to summarize results.
Results found that sustained winds from due south resulted in the highest wind tides,
followed by winds from due south-southeast, and then winds from south-southwest. It was also

Numerical Modeling of Wind Tides in Back Bay and North Landing River | ii

found that maximum water levels were reached between three to five days depending on wind
speed and location.
Wind tide simulations for sea level rise (SLR) scenarios measuring 1.5- and 3-feet higher
than present day conditions were also modeled. The simulations showed that the additional
water depth provided by these conditions resulted in a shorter time to maximum wind tide. For
example, the 1.5 foot SLR scenario would have peak wind tide approximately two days earlier
than existing conditions, whereas the peak wind tide under the 3 foot SLR scenario could occur
three days earlier.
City stakeholders claim that the Great Bridge Lock impounds water in the Southern
Watershed during wind tide events, resulting in increased flood levels along the North Landing
River and Back Bay. Simulations with a sustained southerly wind for 10 days were completed
with the lock open and closed in the model. Results showed that while the closed lock does
elevate the water by several feet immediately downstream of the lock, the effect is reduced to a
few inches at the confluence of North Landing River and Salem Canal, and minimal at the West
Neck Creek confluence.
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1. INTRODUCTION
1.1. Wind Tide Conditions
The Southern Watershed of Virginia
Beach, Virginia, has large areas of low-lying
land that make it especially susceptible to
recurrent coastal flooding (Figure 1). “Wind
tide” events occur in response to sustained
southerly winds, and result in instances of
flooding in the Southern Watershed. While
wind-driven high water can be a result of
tropical or extra-tropical storm systems, it
can also be a result of multiple days,
medium-scale events, with consistent winds
from the south.
Flooding in the Southern Watershed as a
result of wind tides is not a recent
phenomenon. Increased flooding for lands
adjacent to Back Bay and the North Landing
River has been noted as early as the 1930s
(Waterfield, 1951). Relative sea level
increases, have increased base water levels,
and in turn have increased the frequency
and depth of flooding from wind tide events. Figure 1: Areas less than 3 feet in the Southern Watershed
Such conditions, as assessed in this report,
experience are particularly vulnerable to wind-tide induced
flooding.
are expected to become worse in the future
as sea level continues to rise.
The driving force behind wind tide events is a sustained southerly wind. Figure 2 presents a
wind rose diagram showing wind direction and wind speed data collected at Naval Air Station
(NAS) Oceana from 1945 to 2018 (cli-Mate: Midwestern Regional Climate Center, 2018). Each
“spoke” shows the frequency (percentage of time) of wind coming from a particular direction.
South and southwesterly winds occur almost 30 percent of the time during this period. An
analysis of the characteristics of sustained southerly wind events, such as frequency of
occurrence, has not been completed at this time. Information like this would help to
understand if recent events reflect a change in sea level, wind patterns, or both.
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Figure 2: Wind rose diagram for NAS Oceana from 1945 to 2018 (cli-Mate: Midwestern Regional Climate Center, 2018).

Sustained winds over water result in waves, referred to technically as “wind setup”. Wind
setup is an elevated water level condition occurring when water “piles up” along the shoreline
in response to wind-driven flow. The “fetch” is the body of water that the wind blows over to
create this condition. For the City of Virginia Beach, the fetch for southerly wind tides extends
south into North Carolina’s Currituck, Albemarle, and Pamlico Sounds.
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Figure 3: Southerly winds push water to southern Virginia Beach causing recurrent flooding.

2. MODELING APPROACH
Accurate modeling of the wind tide inundation for Back Bay and North Landing River
requires the use of a highly resolved 2D hydrodynamic model. Development of these models
are typically time-consuming and expensive. These factors led to the use of a pre-developed
model consisting of the 2D hydrodynamic model Advanced Circulation Model (ADCIRC) mesh,
previously used for the Federal Emergency Management (FEMA) Region III Storm Surge
Study, for two primary reasons. First, the ADCIRC mesh has been thoroughly vetted by both
public and private entities for accuracy and completeness. Secondly, the aforementioned
ADCIRC mesh has been validated for multiple tropical and extra-tropical cyclonic events and
found to produce accurate water levels. Readers are referred to the FEMA Region III Storm
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Surge Study, Coastal Storm Surge Analysis: Computational System, Report 2: Intermediate
Submission No. 1.2 (Blanton et. al, 2011) for further details.

2.1. Model Grid Development
The model domain used for the FEMA Region III Storm Surge Study extended well off the
shores of Virginia and North Carolina. The inland boundary of the model runs along the 15- to
20-meter North American Vertical Datum of 1988 (NAVD88) contour, and the offshore
boundary lies along the 60-degree west meridian (Figure 4). The computational mesh varies in
resolution from approximately 50 meters to 30 kilometers from the shoreline to the 100 meter
bathymetric contour (Blanton et. al, 2011). The total number of computational nodes for the
ADCIRC mesh is 1,875,689, which requires high performance computing resources, such as a
supercomputer, to execute. The
model was reduced to include
only the necessary geographic
areas within North Carolina,
which included the Southern
Branch of the Elizabeth River,
North Landing River, Back Bay,
and the Pamlico, Albemarle, and
Currituck Sounds (the reduced
study domain is shown in Figure
12). This geographic reduction
resulted in the final ADCIRC
mesh for this study to include
165,596 computational nodes.
This reduction allowed
simulations to be performed
efficiently on a desktop
computer. An example of the
model representation of terrain
Figure 4: FEMA Region III ADCIRC mesh domain and elevation contours, meters
can be seen in Figure 5.
NAVD88 (Blanton et. al, 2011).
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Figure 5: Illustration of topographic and bathymetric representation in ADCIRC model grid.

2.2. Boundary Conditions and Settings
The ADCIRC model uses several input files to describe the characteristics of the underlying
topography, bathymetry, and land classification, which are described below:
2.2.1. Grid and Boundary Information File (fort.14)
The ADCIRC grid file (fort.14) represents the underlying topography and bathymetry within
the model domain. The file also includes parameters describing the boundary type and
boundary condition for the perimeter of the model grid. For this effort, all boundary conditions
were set to “Mainland” boundary type and “Natural (with tangential slip)” boundary condition.
These parameters would allow water at the boundary to flow out of the model domain, instead
of artificially piling up.
2.2.2. Nodal Attributes File (fort.13)
The Nodal Attributes File (fort.13) represents varying spatial parameters within the model
domain. These attributes include frictional land values like Manning’s n, and the Surface
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Canopy Coefficient used to reduce wind speed in forested areas. For this effort, the fort.13 file
utilized three components: Manning’s n at Sea Floor, the Surface Canopy Coefficient, and the
Primitive Weighting in Continuity Equation.
Land use information for the Manning’s n at Sea Floor and the Surface Canopy Coefficient
were derived from the National Oceanic and Atmospheric Administration’s (NOAA) Coastal
Change Analysis Program (C-CAP) dataset.

2.3. Model Validation
A crucial step in determining the accuracy of the model is to perform a model validation
run. Model validation uses measured water elevations within the model domain and compares
the data to the modeling results. There are two known gauges that can be used for the Back Bay
area: The United States Geological Survey (USGS) Beggars Bridge Creek (Gauge ID
0204300267) gauge, and the North Landing River at Marina near Creeds, Virginia (VA, USGS
Gauge ID 02043269) gauge. Both gauges were installed recently through an agreement
between the USGS and the City of Virginia Beach. As a result, the gauges have somewhat
limited water level records, dating back to April 2016.

2.4. May 2017 Pungo Flooding Event
In early May 2017, wind tides and rainfall resulted in property damage and multiple road
closures in the Southern Watershed. The flood event started late in the evening on April 26,
2017, with winds blowing consistently from the southwest, and lasted until early morning on
May 2. Wind speeds, as observed at Duck, NC, stayed consistently between 10 and 15 mph
during the start of the event, and increased to between 20 to 25 mph during the day on May 1.
Late evening on May 2, the wind diminished and shifted to a predominantly northerly wind,
with speeds between 5 and 10 mph. More than 2.4 inches of rain were recorded, with a peak
water level just over 2.5 feet at Beggars Bridge Creek (Figure 6).
Wind speed and direction data were needed to validate the model against this event. The
Beggars Bridge Creek gauge wind sensor was not installed at the time, so other wind sources
were used to investigate the event. Land based wind observations were immediately discarded
to avoid frictional affects from the land that could potentially alter wind speed and direction
and result in poor validation. Two NOAA tide gauges were located in proximity to the
watershed, Duck, NC and Cape Henry, VA. The Duck, NC gauge was selected as the basis for
representative wind forcing for the model domain based on its location within the fetch for
wind tides into the Southern Rivers Watershed and also having minimal land friction that
would interfere with the wind speeds. Although the Cape Henry gauge is closer in proximity to

Numerical Modeling of Wind Tides in Back Bay and North Landing River | 6

the study area, its location north of Virginia Beach would not provide the best representation of
southerly winds within the Back Bay due to the frictional land effects of Virginia Beach. It
should also be noted that the wind sensors (anemometers) at the North Landing River and
Beggars Bridge USGS stations are not mounted at standard 10 m (32.8 feet heights).

Figure 6: The top figure shows precipitation totals (inches) and the bottom figure shows water surface elevations at Beggars
Bridge between April 26 and May 5, 2017.

Numerical Modeling of Wind Tides in Back Bay and North Landing River | 7

Figure 7 shows a comparison of the measured versus modeled water levels at the Beggars
Creek USGS gauge from April 26, 2017 to May 5, 2017. At the beginning of the model run, the
ADCIRC model produced slightly lower water levels than observed but after approximately
three days accurately replicated the levels. During the height of the event, the timing and value
of the simulated and observed peak water level were consistent, with the modeled water level at
2.7 feet NAVD88 and the actual measured water level at 2.68 feet NAVD88. The variance in
water level at the beginning of the run could be partially attributed to a rainfall event that
occurred early on April 27th, resulting in 0.6 inches of rain measured at the Beggars Creek
gauge. This caused the ADCIRC simulation to under predict water levels because the model
does not take into consideration hydrologic influences. At the time, this was the best event for
validation given available water level observation records (the model was later validated
against Hurricane Florence, described in the following section). The event started to end about
190 hours later (on the evening of May 2nd) as the winds shifted the north, seen in Figure 7.
Winds from the Cape Henry gauge indicate that a more intense northerly wind could have
occurred in this region than what the Duck, NC gauge indicated, and therefore the model may
not be fully replicating the decrease in water levels occurring at the Beggars Creek gauge.
In addition to unknown wind velocities over the region during the event, another factor to
consider when observing the difference between modeled versus measured is the input of wind
information into the ADCIRC model. For this case, wind speed and direction were not spatially
varied, meaning that the full synoptic scale event may not be fully realized during the model
run.
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Figure 7: Measured versus modeled water levels at Beggars Bridge Creek gauge for the April/May 2017 flooding event. The
starting date and time of the graph is 04/26/2017 at 00:00.

2.5. Hurricane Florence
Hurricane Florence made landfall in Wrightsville Beach, North Carolina on the evening of
September 14th, 2018 as a progressively weakening Category 1 storm. After making landfall, the
forward speed of the storm decreased, and it slowly moved in a west southwesterly direction
along the North Carolina/South Carolina coast, before turning west into western South
Carolina/North Carolina, and eventually going in a northeasterly direction through western
Virginia on September 17th.
While Florence moved along the Appalachian mountain range, a high pressure system was
located off the coast of New England (Figure 8), causing southeasterly and southerly winds in
the Back Bay area due to the pressure gradient. Starting around 4 am on September 17th, winds
at Duck, NC came from the southeast at 16 mph and gradually veered and increased during the
next 10 hours. At 2 pm, sustained winds reported at the Duck gauge were 24 mph from the
south southeast. Starting around 3 pm on the September 17th, the winds continued to veer and
slowly decrease throughout the day on the September 18th (Figure 9). In comparison, winds
recorded at the Beggars Creek gauge never exceeded 10 mph and were generally around 5 mph
(Figure 10).
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Figure 8: Surface analysis for the morning of September 17th showing Tropical Depression Florence and the interaction of the
high pressure system off the New England coast.
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Figure 9: Observed winds at Duck, NC gauge for September 16 through September 18.
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Figure 10: Wind observations (top image) and wind direction (bottom image) at Beggars Creek gauge from September 16
through September 18.
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As a result of the generally southern winds (southeast to southwest) for a period of close to
36 hours, the Back Bay area experienced abnormally high water levels, with the Beggars Creek
gauge recording a maximum value of 2.9 feet.
Similar to the May 2017 event, the wind observation data from the Duck, NC gauge were
used to validate the ADCIRC model for the study area. The model started on September 10th to
allow a “warm-up” period prior to Florence affecting the region, and continued through
September 22nd. Figure 11 shows a comparison of the observed versus modeled results at the
Beggars Bridge Creek gauge. The modeled results validate well with the measured water
surface elevations, with differences of less than 0.25 feet throughout the entire model run.
3.5
Measured

Water Surface Elevation (feet)

3

Modeled

2.5
2
1.5
1
0.5
0

0

50

100

150

200

250

300

Time (hours)

Figure 11: Comparison of measured versus modeled results for Hurricane Florence at Beggars Bridge Creek gauge. The
starting date and time of the graph is 09/10/2018 at 00:00.

2.6. Wind Parameters
The Southern Watershed can experience long duration winds from multiple directions due
to synoptic scale weather patterns. These events can last over five days, and coupled with a
southerly direction, can propagate a significant amount of wind induced surge overland.
For this study, five separate wind directions were identified to be modeled in order to
ensure complete modeling of all events that could potentially create significant inundation in
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the study area. The wind directions chosen are: south southwest, southwest, south, southeast,
and south southeast. For each wind direction, seven separate wind speeds were considered: 5,
10, 15, 20, 25, 30, and 35 miles per hour (mph), resulting in a total of 35 simulations, with each
simulation lasting 10 days. It should be noted that these speeds are referenced to a standard 10
m (32.8 feet) height above ground.
The wind velocity was held constant for the entire simulation and applied to the entire
model domain (i.e. no changes in the direction or speed of the wind were considered
throughout the 10 day simulation). An example of the wind forcing with respect to the model
domain can be seen in Figure 12.

Figure 12: Example of a southwesterly wind at 35 mph on the Back Bay model domain.
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2.7. Output Locations
Although the model provides 2D outputs of water level and velocities, forty output locations
were chosen throughout the study area and surrounding waters to perform a more detailed
analysis of the effects of the wind tide modeling. These locations were placed at points of
interest across the study area. Figure 13 shows thirty seven of the locations (three were located
south of Corolla, North Carolina and are not shown). A summary of locations, coordinates, and
descriptions is provided in Table 1.
At each of these locations, detailed plots of time versus water height were created. These
allow users to determine a resulting water height for a forecasted wind direction and duration.
An example is provide in Figure 14.

Figure 13: Observation locations for wind tide water level response modeling results.
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Table 1: List of observation locations and descriptions.
Location

Longitude

Latitude

Description

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38*
39*
40*

-76.245539
-76.247799
-76.098590
-76.065105
-76.042588
-76.033554
-76.048780
-76.012410
-75.988906
-75.967763
-75.991810
-75.990588
-75.992761
-75.994397
-76.010030
-75.985375
-75.971878
-75.983481
-75.975302
-75.979021
-75.987882
-75.985096
-75.970734
-75.977607
-75.986164
-75.952920
-75.962539
-75.941356
-75.945970
-75.930759
-75.947233
-75.946838
-75.908295
-75.945372
-75.909983
-75.907532
-75.907707
-75.836557
-75.865353
-75.833944

36.722644
36.723471
36.716967
36.684714
36.691978
36.720870
36.616289
36.527816
36.461898
36.536977
36.570261
36.607680
36.638561
36.644979
36.648412
36.665057
36.675496
36.680098
36.692843
36.702541
36.710486
36.731232
36.710991
36.738763
36.763136
36.719214
36.741114
36.719430
36.738219
36.698480
36.685175
36.648423
36.605649
36.605275
36.561773
36.521585
36.474687
36.371526
36.307471
36.242511

Downstream of Great Bridge Lock
Upstream of Great Bridge Lock
North Landing River at confluence with Salem Canal
North Landing River at confluence with West Neck Creek
West Neck Road
West Neck Creek at Indian River Road
North Landing River at Pungo Ferry Road
North Landing River near Mackay Island
North Landing River at Currituck Sound
Knotts Island Causeway
Southwest Back Bay at Public Landing Road
Middle Western Back Bay
Entrance to Nawney Creek
South Muddy Creek Road
Upper Nawney Creek
Muddy Creek Road at Gum Bridge Road
Entrance to Beggars Bridge Creek
Muddy Creek Road at Pleasant Ridge Road
Stuart Road
Muddy Creek Road at Horn Point Road
North Muddy Creek Road
Sandbridge at North Bridge Road
Entrance to Muddy Creek
Asheville Bridge Creek at confluence with Hell Point Creek
Northern Ashville Bridge Creek
Northern Central North Bay
Central Sandbridge Road
Central Sandbridge
Northern Sandbridge
Southern Sandbridge
Central North Bay above islands
North Central Back Bay below islands
Middle East Back Bay
Middle Central Back Bay
North of Knotts Channel
Southern Knotts Island Channel
Knotts Island Bay at Currituck Sound
White Head Bay
Wells Bay
Dowdys Bay

* Observation locations 38, 39, and 40 are located in Currituck Sound and are not shown in Figure 13.
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Figure 14: Example output plot showing time versus water elevation.

3. RESULTS
3.1. Water Level Response to Sustained Winds
The Back Bay region has an overall geographic orientation of south to north and would
indicate that winds from the south would produce the overall greatest water levels. In addition,
the hydrodynamic connection between Back Bay and Currituck Sound around Knotts Island is
orientated in a north to south direction. Prior to modeling, one could deduce that a southerly
wind would produce the largest water levels within Back Bay, due to both the long fetch of Back
Bay in the north/south direction and the ability of water to flow from Currituck Sound to Back
Bay.
The final results prove this to be true, with winds from the south southwest, south, and
south southeast produced the highest water levels within the bay, with a southerly wind
producing the greatest water level. For example, at Location 31 in Figure 15 (Central North
Bay), a southerly wind at 35 mph reaches a maximum water level of 6.9 feet, a south
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southeasterly reaches approximately 6.8 feet, and a south southwest reaches 6.25 feet. Both the
southwest and southeast simulations are below 6 feet. Figure 15 shows the plots for this
location.

Figure 15: Example water level response plots for
each of the simulated wind directions and wind
speeds.

The above plots were produced for each of the observation locations shown in Figure 13. In
addition, five separate locations were chosen to produce look-up tables providing the water
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surface elevation for a given wind speed in 12 hour increments, an example of which is
provided in Table 2. Tables for the following location are provided in Appendix A:
•

Northern Back Bay (near East Big Bend Point)

•

Southern Back Bay (just north of Knotts Island)

•

Entrance to Beggars Creek

•

Entrance to Nawney Creek

•

West Neck Road at West Neck Creek

Table 2: Water surface elevation for a given wind speed from the south in 12 hour increments.

Water Level (feet)

Northern
Back Bay

Wind
Duration
(hr)
12

5

10

15

20

25

30

35

0

0.1

0.2

0.4

0.7

0.9

1.3

24

0.1

0.2

0.3

0.6

0.9

1.3

1.8

36

0.1

0.2

0.5

0.8

1.2

1.8

2.5

48

0.1

0.3

0.6

1

1.6

2.3

3.3

60

0.1

0.4

0.7

1.3

2

3

4.1

72

0.1

0.4

0.9

1.6

2.5

3.6

4.8

84

0.1

0.5

1

1.8

2.8

4.1

5.4

Wind Speed (mph) from the South

96

0.1

0.5

1.1

2

3.2

4.4

5.8

108

0.1

0.5

1.2

2.2

3.4

4.7

6.2

120

0.1

0.5

1.2

2.3

3.5

4.9

6.5

3.2. Evaluation of Wind Tide Response to Sea Level Rise
An aspect of this evaluation was to evaluate how both water levels and response times for
wind tides would be affected by SLR. Two additional sets of simulations were completed using
the same approach as described above for SLR conditions of 1.5- and 3.0-feet. These scenario
values were sourced from the Comprehensive Sea Level Rise and Recurrent Flood Planning
Study and correspond with anticipated conditions in the 2050s and 2070s, respectively. The
ADCIRC starting water surface elevation was adjusted to 1.5 –and 3.0-feet for each set of runs.
Two additional sets of response plots, as previously discussed, were produced for each
condition.
Comparison of the water levels to existing conditions found that water elevations rose more
quickly with increased sea level. An example of this is provided in Figure 16, which shows the
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response water level curve at Location 31 (Central North Bay) for existing conditions, 1.5- and
3.0-feet SLR scenarios for a 15 mph sustained southerly wind. The three lines in the figure
represent the water level response to the sustained wind for each sea level. Time to maximum
water level is reduced by approximately two days from the existing condition to the 1.5-foot
SLR curve, and another one and a half days from the 1.5- to 3.0-feet SLR curve. This effect can
be attributed mainly to the reduced friction in the water column from the increased water
depth, which allows water to move more quickly through key hydraulic pathways.
The results were notable in that as sea levels continue to rise, a shorter duration wind event
will produce more wind induced flooding in less time. In turn, this will reduce response times
while increasing expected potential damage to homes, businesses and infrastructure. The
results from these SLR conditions can also be related to expected response times given a
starting water level elevation in the Currituck and Back Bay. At times when water levels are
elevated for various reasons, the City should expect that water levels will increase faster.

Figure 16: Plot of water level response to a sustained southerly wind of 15 mph for starting water level conditions of 0, 1.5,
and 3.0 feet in central Back Bay. The time it takes to reach the maximum water level is decreased when the additional water
levels are introduced, as indicated by the dashed arrows.
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3.3. Great Bridge Lock
An exploratory study was conducted with the model to assess the effects of the Great Bridge
Lock on water levels in the Southern Watershed. The lock is located on the western end of the
Albemarle and Chesapeake Canal (Figure 17). According to City stakeholders, the Great Bridge
Lock impounds water in the Southern Watershed during wind tide events, resulting in
increased flood levels along the North Landing River and Back Bay.

Figure 17: Great Bridge lock is located in Chesapeake, VA, to the southeast of Virginia Beach. The lock separates the
Albemarle and Chesapeake Canal from the Southern Branch Elizabeth River (Bing Maps, 2019).

Model setup parameters and input wind conditions were kept the same as those used for
the wind tide simulations. Lock-open and lock-closed conditions were evaluated. All previous
simulations kept the Albemarle and Chesapeake Canal open. To represent lock-closed
conditions, model node elevations across the canal at the location of the lock were set to +15
feet NAVD88 (Figure 18). Simulations were conducted with a southerly wind at speeds from 5to 35-mph at 5 mph increments. The southerly wind was chosen as it produces the highest
wind tide levels and is therefore the most conservative for evaluation purposes.
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Figure 18: ADCIRC model representation of the “lock closed condition. The small points visible represent water level “save”
stations for output from the 2D simulation.

Water level response curves from the three locations studied on North Landing River are
provided in this report. These include the location found immediately downstream of the lock,
at the confluence of North Landing River with Salem Canal (approximately 10.5 miles
downstream), and the confluence with West Neck Creek (approximately 14.5 miles
downstream, Figure 19). Water level response plots for the sustained southerly wind
simulations with the lock open and the lock closed are shown in Figure 20, Figure 21, and
Figure 22. These figures demonstrate information found at the Salem Canal and West Neck
confluences with North Landing River, respectively, and the data collected immediately
downstream of the lock.
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Figure 19: Locations of water level response plots for the Great Bridge Lock study.

The results show that the lock does increase water elevations immediately downstream and
by several feet for higher wind speeds (Figure 20). Further downstream, the effects are
minimal. Water levels with the lock closed are reduced to a couple inches at Salem Canal for
most wind conditions (Figure 21), and differences are nominal at West Neck Creek (Figure 22).
These results demonstrate that the lock minimally affects water levels in the Southern
Watershed for wind tide conditions.
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Figure 20: Plots show water surface elevation for a southerly wind downstream of the Great Bridge Lock. Solid lines represent
the lock open scenario and dashed lines represent the lock closed scenario.

Figure 21: Plots show water surface elevation for a southerly wind at the confluence of the North Landing River and Salem
Canal. Solid lines represent the lock open scenario and dashed lines represent the lock closed scenario.
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Figure 22: Plots show water surface elevation for a southerly wind at the confluence of the North Landing River and West
Neck Creek. Solid lines represent the lock open scenario and dashed lines represent the lock closed scenario.
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APPENDIX A: Water Level Response Tables for Sustained Southerly
Winds
The following tables provide anticipated increases in water level for 12-hr increments given
sustained southerly wind conditions for the following locations:
•

Northern Back Bay (near East Big Bend Point)

•

Southern Back Bay (just north of Knotts Island)

•

Entrance to Beggars Bridge Creek

•

Entrance to Nawney Creek

•

West Neck Road at West Neck Creek

Figure A-1: Point locations for tables located in Appendix A.
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Table A-1: Water level response times for Northern Back Bay.

Time (Hours)

Northern
Back Bay

Wind
Duration
(hours)
12

5

10

15

20

25

30

35

0

0.1

0.2

0.4

0.7

0.9

1.3

24

0.1

0.2

0.3

0.6

0.9

1.3

1.8

36

0.1

0.2

0.5

0.8

1.2

1.8

2.5

48

0.1

0.3

0.6

1

1.6

2.3

3.3

60

0.1

0.4

0.7

1.3

2

3

4.1

72

0.1

0.4

0.9

1.6

2.5

3.6

4.8

84

0.1

0.5

1

1.8

2.8

4.1

5.4

96

0.1

0.5

1.1

2

3.2

4.4

5.8

108

0.1

0.5

1.2

2.2

3.4

4.7

6.2

120

0.1

0.5

1.2

2.3

3.5

4.9

6.5

Wind Speed from the South (mph)

Table A-2: Water level response times for Southern Back Bay.

Time (Hours)

Southern
Back Bay

Wind
Duration
(hr)
12

5

10

15

20

25

30

35

0

0

0

0

0

0

0

24

0

0.1

0.1

0.2

0.3

0.3

0.5

36

0.1

0.2

0.3

0.4

0.6

0.9

1.3

48

0.1

0.2

0.4

0.6

1

1.5

2.1

60

0.1

0.3

0.6

0.9

1.5

2.2

3.1

72

0.1

0.3

0.7

1.2

1.9

2.8

3.9

84

0.1

0.4

0.8

1.5

2.3

3.4

4.5

96

0.1

0.4

0.9

1.7

2.7

3.7

4.9

108

0.1

0.4

1

1.8

2.9

4

5.3

120

0.1

0.4

1

1.9

3

4.3

5.6

Wind Speed from the South (mph)
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Table A-3: Water level response times for the Entrance to Beggars Bridge Creek.

Time (Hours)

Entrance
to
Beggars
Creek

Wind Speed from the South (mph)

Wind
Duration
(hours)

5

10

15

20

25

30

35

12

0.1

0.1

0.2

0.3

0.5

0.7

1

24

0.1

0.2

0.3

0.5

0.7

1.1

1.6

36

0.1

0.2

0.4

0.7

1

1.6

2.2

48

0.1

0.3

0.6

0.9

1.5

2.2

3

60

0.1

0.4

0.7

1.2

1.9

2.8

3.8

72

0.1

0.4

0.8

1.5

2.3

3.4

4.6

84

0.1

0.5

1

1.7

2.7

3.9

5.1

96

0.1

0.5

1.1

1.9

3

4.2

5.6

108

0.1

0.5

1.1

2.1

3.2

4.5

5.9

120

0.1

0.5

1.2

2.2

3.4

4.7

6.2

Table A-4: Water level response times for Entrance to Nawney Creek.

Time (Hours)

Entrance
to
Nawney
Creek

Wind Speed from the South (mph)

Wind
Duration
(hours)

5

10

15

20

25

30

35

12

0

0.1

0.1

0.1

0.2

0.3

0.4

24

0

0.1

0.2

0.3

0.5

0.7

0.9

36

0.1

0.2

0.3

0.5

0.8

1.2

1.7

48

0.1

0.3

0.5

0.8

1.2

1.8

2.5

60

0.1

0.3

0.6

1

1.6

2.4

3.4

72

0.1

0.4

0.8

1.3

2.1

3.1

4.2

84

0.1

0.4

0.9

1.6

2.5

3.6

4.8

96

0.1

0.4

1

1.8

2.8

4

5.3

108

0.1

0.5

1

1.9

3

4.3

5.6

120

0.1

0.5

1.1

2

3.2

4.5

5.9
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Table A-5: Water level response times for West Neck Road at West Neck Creek.

Time (Hours)

West
Neck
Road at
West
Neck
Creek

Wind Speed from the South (mph)
Wind
Duration
(hours)

5

10

15

20

25

30

35

12

0

0.2

0.4

0.7

1.1

1.4

1.7

24

0

0.3

0.6

0.9

1.3

1.8

2.3

36

0.1

0.4

0.7

1.1

1.6

2.2

2.8

48

0.1

0.4

0.8

1.3

1.9

2.6

3.3

60

0.1

0.4

0.9

1.5

2.2

2.9

3.6

72

0.1

0.5

1

1.7

2.4

3.2

4

84

0.1

0.5

1.1

1.8

2.6

3.5

4.5

96

0.1

0.5

1.1

1.9

2.7

3.8

4.9

108

0.1

0.5

1.1

1.9

2.9

4

5.3

120

0.1

0.5

1.1

2

3.1

4.3

5.7
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APPENDIX B: Water Level Response Plots
Water level response plots were generated for all 40 stations illustrated in Figure 13 for each of
the five wind directions, as well as each sea level state (existing condition [0], and SLR
conditions of 1.5- and 3.0-feet above existing). Due to the large number of figures (600), a
digital deliverable has been provided in place of inserting all figures into this document. Files
are organized by water level condition and direction (Figure B-1). Individual image files are
provided for each station and condition under the sub-folder structure.

Figure B-1: Directory structure for response plots.
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EXECUTIVE SUMMARY
This study was undertaken to evaluate the response of various marsh types within the City of
Virginia Beach (City) to sea level rise (SLR). The effort evaluated marsh response for an
accelerated SLR scenario that would result in water level increases of 1.5 and 3.0 ft in 2045 and
2075, respectively. Intermediate outputs were also generated in 2030 and 2060. Marshes are
recognized by the City for their array of ecosystem services and role in flood attenuation.
Understanding how wetlands may respond to sea level rise will inform the potential need for
proactive marsh conservation and/or land use management strategies.
Wetland changes within the City were assessed through the application of the Sea Level
Affecting Marshes Model (SLAMM). SLAMM is an industry-standard approach used
extensively by organizations such as the U.S. Fish and Wildlife Service and The Nature
Conservancy. The model simulates marsh response to long-term SLR by incorporating
information on the ecological, hydrologic, and geologic processes in a complex decision-tree
approach. Interpretation of output from the SLAMM model provides insights into the location,
magnitude, and type of marsh response that can be expected from increased sea levels.
The analysis was designed to address the following questions. Results are provided as
referenced to the short- and long-term timeframes evaluated herein:
1. Which marsh types are most vulnerable to SLR?
Short-term: Cypress and tidal swamp wetland types show the largest projected losses
(approximately a 40% and 35% loss, respectively). Much of this loss is compensated by
gains in high marsh. An approximate 15% increase in open water may result from these
losses.
Long-term: Similar to the short-term results, cypress and tidal swamp are projected to
experience the largest losses (over 80% loss of the habitat), followed by fresh and salt
marsh (approximately 60 and 50% loss, respectively). An approximate 50% increase in
open water area is projected as a result.
2. Which marsh types are more resilient to SLR?
Short-term: Non-tidal swamp, inland fresh marsh, tidal fresh marsh, and salt marsh all
show minimal impacts (loss of 10% or less) to short-term SLR. Shrub/Scrub and highmarsh are both expected to expand in response to short-term SLR.
Long-term: Inland fresh marsh is projected to experience less than an approximate 15%
decrease in response to long-term SLR. All other types show losses greater than about
20%.
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3. Which areas within Virginia Beach are projected to experience marsh loss or marsh
gain, and what are the general spatial patterns in marsh habitat change?
The Back Bay and North Landing River areas have the largest projected losses of
wetlands within the City. Results suggest considerable conversion of wetland to open
water or tidal flat. In comparison to other areas, these watersheds show the greatest
expansions in open water. Today, open water comprises approximately 26% of the
watershed. Projects from this analysis indicated that open water may increase to about
40% of the total area by 2075. The existing salt marsh situated on the barrier that
divides Shipps Bay and Sandy Bay was projected to become fragmented by 2045 and
almost completely inundated by 2075. Additionally, the tidal swamp along the riparian
system and tidal flats bordering the North Landing River was projected to sustain
substantial losses of approximately 40% by 2045 and nearly 90% by 2075.
4. How could changes in marsh habitat as a result of SLR impact the ecosystem services
(i.e. flood control and water quality benefits) these systems provide in Virginia Beach?
The substantial losses in marsh projected for some areas is likely to increase flood
hazards for areas adjacent or upstream. The projected decrease of wetlands within the
City will likely result in reduced water quality and diminish other ecosystem services
(e.g., habitat). Resilience strategies being formulated within the overall Comprehensive
Sea Level Rise and Recurrent Flooding Study should recognize these issues and include
wetland conservation and/or restoration efforts.
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INTRODUCTION
Wetlands are dynamic ecosystems that provide ecological, water quality, recreational and
economic benefits. The various benefits that coastal wetland systems provide to people are
referred to as “ecosystem services”, as illustrated in Figure 1.

Figure 1: Ecosystem services provided by wetlands. Graphic obtained from the Integration and Application Network at the
University of Maryland Center for Environmental Science.

As the City of Virginia Beach seeks to combat present and future recurrent flooding issues,
the ability of wetlands to maintain their provision of ecosystem services, especially with respect
to flood attenuation, is critical. The Ramsar Convention on Wetlands refers to wetlands as
“nature’s flood storage reservoirs” because of their ability to act as a sponge that absorbs and
holds water during storms. The dense vegetation and shallow waters within wetlands can slow
the advance of storm surge and slightly reduce the landward surge of the wetland or delay its
arrival time (NACCS 2017). Wetlands can also dissipate wave energy, potentially reducing the
amount of destructive wave energy propagating on top of the surge.
The low-lying nature and location of coastal marshes at the interface between land and
water make them particularly vulnerable to sea level rise (SLR). Marshes can respond to SLR
with landward migration, vertical accretion, or submergence, depending on factors such as
surrounding development, elevation of the marsh platform relative to tidal levels, frequency of
inundation, salinity of flood waters, biomass supported by the marsh platforms, marsh
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substrate and relative land subsidence (Fish and Wildlife Service [FWS] 2011). Marsh loss and
fragmentation can impact the ability of wetlands to provide ecosystem services.
The Sea Level Affecting Marshes Model (SLAMM) is a widely used numerical model that
simulates marsh response to long-term SLR by incorporating information on the ecological,
hydrologic, and geologic processes of the study to estimate potential inundation, erosion, and
accretion. Inputs to SLAMM include a digital elevation model (DEM) developed from LiDAR,
National Wetlands Inventory (NWI) data reclassified according to SLAMM conventions, slope
derived from the DEM, dikes derived from the NWI, water level information from the National
Oceanic and Atmospheric Administration (NOAA), and site-specific geomorphic parameters.
Data from these sources are compiled into a 30-ft x 30-ft grid, and then analyzed using cell-bycell calculations following a complex decision tree to determine how particular marsh habitats
will change in response to SLR. Outputs of SLAMM include coverage and elevation spatial
changes in marsh habitat.
This study was undertaken to evaluate the response of various marsh types using SLAMM
version 6.7 within the study limits in the City of Virginia Beach for future conditions resulting
in 1.5 ft of SLR by 2045 and 3.0 ft of SLR by 2075. Figure 2 shows the study area and the eleven
(11) secondary regulatory watersheds in the City of Virginia Beach. Several of these watersheds
were grouped together based on similar characteristics, resulting in seven (7) study sub-sites
used in the SLAMM model:
1. Back Bay, North Landing, and Northwest Rivers
2. Elizabeth River
3. Lynnhaven River
4. Owl’s Creek – Rudee Inlet
5. Small Coastal West and Little Creek
6. Small Coastal North and East
7. Small Coastal South
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Figure 2: Study area map showing the secondary watersheds within the City of Virginia Beach.

Analysis of Marsh Response to Sea Level Rise | 3

OBJECTIVES
Marsh response to SLR was identified as a study element in the analytical framework
during the scoping process for the Virginia Beach Sea Level Rise and Recurrent Flood Study
(SLRRF). Outputs from such an analysis were intended to improve understanding of potential
impacts to marshes and, in turn, the need for proactive marsh conservation and/or land use
management strategies for the adaptation plan. The analysis seeks to answer the following core
questions regarding marsh systems:
1. Which marsh types are most vulnerable to SLR (i.e., due to inundation and erosion)?
2. Which marsh types are more resilient to SLR (i.e., are able to accrete vertically or
migrate landward to keep pace with rising sea levels)?
3. Which areas within Virginia Beach are projected to experience marsh loss or marsh
gain, and what are the general spatial patterns in marsh habitat change?
4. How could changes in marsh habitat as a result of SLR impact the ecosystem services
(i.e. flood control and water quality benefits) these systems provide in Virginia
Beach?
Wetlands within the City that are predicted to become more vulnerable under future
conditions might benefit from wetland mitigation and restoration activities. For example, high
density development, impervious surfaces, and hardened shorelines can block wetlands from
migrating inland in response to SLR. Living shorelines, beach nourishment, and other green
infrastructure approaches could be explored as options to reduce the likelihood of wetland loss.

METHODOLOGY
The overall study approach consisted of five primary tasks outlined in Figure 3, which are
described in the following sections.
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Figure 3: Marsh response analysis methodology steps.

DATA COLLECTION AND ANALYSIS
Elevation Data

High vertical-resolution elevation data is required to accurately predict marsh
transformation using the SLAMM model. Along with other factors, each marsh type has a
specific elevation range relative to sea level. SLAMM projects whether or not that marsh type
will persist or evolve as water level change relative to elevation. The effort here leveraged the
same topographic base map collected by the United States Geological Survey (USGS) in 2013,
consisting of a LiDAR-derived Digital Elevation Models (DEM). Bare earth elevation data
obtained from the DEM was deemed appropriate for use in SLAMM modeling to reduce model
uncertainty. NOAA’s Vdatum software, version 3.6.1, was utilized to convert elevation data
from the North American Vertical Datum of 1988 (NAVD88) to Mean Tide Level (MTL), the
vertical datum within SLAMM. Corrections in the study area range from approximately 0.17 to
0.71 ft (0.05 to 0.21 m). The range of corrections were validated by consulting NOAA’s Tides &
Currents website, which provides MTL and NAVD88 elevations at the Sewell’s Point tide gage,
the closest tide gage with an available MTL to NAVD88 correction factor of 0.27 ft (0.07 m).
The SLAMM model requires the slope of a cell, which was calculated from the DEMs. The
slope grid was created using the Slope tool in ArcMap Version 10.3 and required that the
horizontal (x, y) units and elevation (z) units were consistently expressed in meters (SLAMM
internal unit system).
Wetland Data

The NWI digital data for wetland areas within the study area was produced by the United
States Fish and Wildlife Service (FWS). NWI data was available for the northern and southern
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portions of the City of Virginia Beach from 2000 and 2009, respectively. Table 1 summarizes
the wetland data sources for the wetlands within the study area.
NWI Cowardin-based wetland classes were converted to SLAMM land-cover categories
(Table 2) and Coastal Change Analysis Program (CCAP) data was used to fill in any gaps in
coverage to generate the final habitat layer for input in SLAMM. Additional information on the
wetland layer creation process is included in Appendix D.
Table 1: Wetland data sources within the study area.
Watershed

Source Imagery

Collateral Data (digital data used to
supplement aerial imagery)

Metadata Link

Northern

Aerial photography for these
updates included 2 sets,
1:40K CIR 1994 photos, and
1:40K B+W 2000 photos.
True Color, 1 meter, 2009
National Agriculture Imagery
Program (NAIP)

USGS Hydrology digital line graph files
(DLG), SSURGO County Soil data for
Virginia Beach, and USGS
Transportation DLG
Data from the North Carolina
Submerged Aquatic Vegetation
Mapping Project (NCSAV), SSURGO
hydric soils, NRCS Digital Raster
Graphic (DRG), USGS National
Elevation Dataset (NED) 10 meter, and
most recent CIR imagery where
available.

https://www.fws.gov/wetlan
ds/Data/SupMapInf/R05Y07
P15.pdf

Southern

https://www.fws.gov/wetlan
ds/Data/SupMapInf/R05Y12
P10.pdf

Dikes and Embankments

Dikes are known to affect wetland migration to adjacent shoreline. SLAMM assumes that
diked wetland areas are subject to inundation when relative sea level change is greater than 2m
(Warren Pinnacle, 2016). A diked wetlands layer was created by using the NWI wetland layer
(“diked or impounded” attribute – wetland classifications including ‘-h’ suffix in their code).
There were 175 polygon areas covering approximately 3 square miles of area within Virginia
Beach.
Tidal Range

SLAMM requires the great diurnal tide range (GT), which can be calculated by:
GT = Mean Higher High Water (MHHW) – Mean Lower Low Water (MLLW)
GT values for the City of Virginia Beach were computed as the difference between MHHW
and MLLW tidal surfaces produced by NOAA’s Office of Coastal Management (OCM) using the
NOAA Vdatum tool. A map of GT values throughout the study area is provided in Figure 4.
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Table 2: NWI classes to SLAMM categories.
SLAMM
Code
1
2
3
4
5
6
7
8
10
11
12
13
15
16
17
18
19
20
22
23

SLAMM Category

NWI Description

Developed Dry Land

Upland and developed. SLAMM assumes developed land will be defended against
SLR.
Upland and undeveloped.
Palustrine forested and scrub shrub.
Needle-leaved deciduous forest and scrub shrub.
Palustrine emergent and lacustrine and riverine non-persistent emergent.
Riverine and palustrine freshwater tidal emergent.
Estuarine intertidal, scrub shrub and forested.

Undeveloped Dry Land
Non-tidal Swamp
Cypress Swamp
Inland Fresh Marsh
Tidal Fresh Marsh
Transitional
Marsh/Scrub Shrub
Regularly Flooded
Marsh (Salt Marsh)
Estuarine Beach
Tidal Flat
Ocean Beach
Ocean Flat
Inland Open Water
Riverine Tidal Open
Water
Estuarine Open Water
Tidal Creek
Open Ocean
Irregularly Flooded
Marsh
Inland Shore
Tidal Swamp

Estuarine and intertidal emergent.
Estuarine intertidal unconsolidated shores.
Estuarine intertidal unconsolidated shore (mud or organic) and aquatic bed; marine
intertidal aquatic bed.
Marine intertidal unconsolidated shore, mud or organic, low energy coastline.
Marine intertidal unconsolidated shore, mud or organic, low energy coastline.
Riverine, lacustrine, palustrine, unconsolidated bottom, and aquatic beds.
Riverine tidal open water.
Estuarine subtidal.
Estuarine intertidal stream bed.
Marine subtidal and marine intertidal aquatic bed and reef.
Irregularly flooded estuarine intertidal emergent marsh.
Shoreline not pre-processed using tidal range elevations.
Tidally influenced swamp.

Impervious Area

The percent impervious raster was derived from the 2011 National Land Cover Dataset
(NLCD). It is important to note that dry land with percent imperviousness greater than 25% is
assumed to be “developed dry land” within the SLAMM model.
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Figure 4: Great diurnal tide range map of the study area.

Salt Elevation

The salt elevation (m) parameter demarcates the boundary between dry lands and saline
wetlands, and is defined as the elevation that is expected to flood at least once per month
(Warren Pinnacle 2016). This elevation was estimated based on a frequency of inundation
analysis using approximately four years of NOAA tide gauge data. The elevations of the 30-day
inundation expressed as a function of meters above MTL are summarized in Table 3. Salt
elevations of the sub-sites were obtained from either the nearest tide gauge, or computed as the
average of values from the two nearest tide gages wherever a nearest gage could not be located.
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Table 3: Salt elevation values based on tide gage frequency of inundation analysis.
Station Name

NOAA Station ID

Date of Record Analyzed

Chesapeake Bay Bridge Tunnel
Oregon Inlet Marina, NC
Duck, NC
Sewell’s Point, VA

8638863
8639207
8651370
8638610

6/1/2013 – 4/30/2017
6/1/2013 – 5/31/2017
6/1/2013 – 5/31/2017
6/1/2013 – 4/30/2017

Salt Elevation
(m above MTL)
0.96
0.56
1.06
0.93

For the Rudee Inlet site, harmonic constituents that comprise the spring tide value were
added to derive the salt elevation parameter, as no active NOAA tide gauge stations exist
nearby. The salt elevation at Rudee Inlet was computed to be 0.57 meters above MTL, which
compares well with the salt elevation assumed for the neighboring Back Bay and North
Landing River.
Erosion

Long-term erosion rates for the study area were obtained from the Virginia Institute of
Marine Science (VIMS) Shoreline Evolution study of the City of Virginia Beach that used
shoreline data from 1937 to 2009. The study focused mostly on Chesapeake Bay and open
ocean shorelines, but included shorelines dominated by marsh within the Lynnhaven drainage
basin (Figure 5). The shoreline change data for the marsh areas within the Lynnhaven
watershed was averaged to obtain an erosion value of 0.19 ft/yr (or 0.06 m/yr). Without sitespecific horizontal marsh erosion data for other locations, a single erosion rate was found to be
appropriate for use throughout the entire study area.
Accretion

Accretion is the accumulation of organic plant material and inorganic sediment that
increases the relative elevation of the marsh platform. The rate of sediment deposition and
plant productivity determines whether a wetland will keep pace with SLR or drown. A
literature review was conducted to collect relevant accretion rates and wetland elevationchange rates (Table 4).
Subsidence

Wetland and marsh ecosystems are sensitive to local vertical changes in land motions
(subsidence or uplift). Small changes in land elevations can alter sediment deposition, organic
production and plant growth, and the balance between fresh water and seawater (Eggleston
and Pope 2013). The model accounts for the regional rate of subsidence through use of relative
SLR projections from based on the Sewells Point tide gage. For additional background on
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subsidence factors and rates in the Hampton Roads region, readers are encouraged to review
Eggleston and Pope (2013).

Figure 5: Shoreline change data from the Shoreline Studies Program online viewer (Hardaway et al. 2017).
Table 4: Literature review summary for accretion rates in the study area.
Habitat Type
Irregularly Flooded
Marsh
Regularly Flooded
Marsh
Tidal Fresh Marsh

Beach

Accretion Rate
(mm/yr)
3.7

Source
Value set by FWS (2011) for the Back Bay NWR based on SET
accretion data in Cedar Island, NC (Cahoon 1995).

3.7
5.5

0.5

Average of value set by Chrichton (2015) for the Eastern Shore of
Virginia based on data presented by Neubauer (Neubauer 2008;
Neubauer et al. 2002) and value set by FWS (2011) for the Back
Bay NWR based upon an average of fresh marsh accretion rates
within the region developed by Reed et al (2008).
Average beach sedimentation rates are assumed to be lower than
marsh accretion rates due to lack of vegetation to trap suspended
sediment. Beach sedimentation was set to 0.5 mm/yr, which is a
commonly used value in SLAMM applications and was used on
Crichton (2015) SLAMM study of the Eastern Shore of Virginia.
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MODEL SETUP AND EXECUTION
Sub-Site Delineation

The study area was divided into seven (7) sub-sites (Figure 6) to account for varying input
parameters in the SLAMM model and optimize simulation time. The secondary watersheds in
the City of Virginia Beach were used as the primary basis for sub-site delineation due to
alignment with observed tidal ranges and dates of the available wetland coverage surveys.
Model Parameters

Table 5 presents a summary of the SLAMM input parameters for the study sub-sites based
on the data collection and analysis described in the previous section.

Figure 6: Sub-site delineation for the SLAMM analysis.
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Table 5: SLAMM input parameters.
Description

Ocean

Lynnhaven

Small
Coastal
N&E

Small
Coastal
West,
Little
Creek

Elizabeth
River

Owls
Creek Rudee
Inlet

Small
Coastal
South

2000

Back Bay,
North.
Landing
and North
West
Rivers
2009

NWI Photo Date
(YYYY)
DEM Date (YYYY)

2011

2000

2000

2000

2009

2009

2013

2013

2013

2013

2013

2013

2013

2013

Direction Offshore
[N,S,E,W]
Great Diurnal Tide
Range (m)
Salt Elev. (m above
MTL)
Marsh Erosion
(horz. m /yr)
Swamp Erosion
(horz. m/yr)
Tidal Flat Erosion
(horz. m/yr)
Regularly Flooded
Marsh Accretion
(mm/yr)
Irregularly Flooded
Marsh Accretion
(mm/yr)
Tidal-Fresh Marsh
Accretion (mm/yr)

East

East

East

East

East

East

East

East

1.168

0.6

1

0.88

0.94

0.14

1.07

1.12

1.06

0.76

0.96

0.96

0.93

0.57

0.56

1.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

5.5

5.5

5.5

5.5

5.5

5.5

5.5

5.5

Grid Size

Extents of the DEM, NWI, slope, impervious surface, and dike rasters were defined to
match the study area boundary and converted to 30-ft cell resolution consistent with SLAMM
model requirements.
Model Assumptions

Model simulations were executed with the assumption that diked wetlands and developed
dry land will be protected. For each time horizon, the model converts one habitat class to
another based on the relative change in elevation divided by the elevation rate of the wetland
class in that cell. For this reason, marshes that extend across wide tidal ranges slowly convert
to tidal flats. The rise of water levels and the salt boundary is tracked by recalculating the
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elevation of each cell as sea level increases. The effects of inundation on each cell are calculated
based on the minimum elevation and slope of that cell.
The SLAMM conceptual model assumes that wetlands inhabit a range of vertical elevations
that are a function of tide range (Table 6). For example, salt marshes are generally assumed to
persist from MTL up to an elevation greater than MHHW. Based on elevation data from sites
that were tested for applications of the SLAMM 6.7 model (Warren Pinnacle 2016), this
relationship has generally proven to be true, though there are occasional site-specific or
regional differences.
Table 6: Default minimum and maximum elevations assumed by SLAMM.
Wetland Type
Reg. Flooded Marsh
Estuarine Beach
Ocean Beach
Trans. Salt Marsh
Irreg. Flooded Marsh
Ocean Flat
Tidal Flat

Minimum Elevation
MTL
MLLW
MLLW
MHHW
Average (MHHW, MTL)
MLLW
MLLW

Maximum Elevation
120% of MHHW
Salt Boundary
Salt Boundary
Salt Boundary
Salt Boundary
MTL
MTL

Model Time Horizons

SLAMM setup allows the user to specify the start date and output time horizons for marsh
change projections. The start date of the simulations was set to 2009 in order to remain
consistent with the NWI data that comprised the initial marsh conditions for the simulation.
The first output time horizon was set to 2030. This allowed a moderate amount time to
transpire for an initial marsh response to SLR. The remaining output time horizons were set at
15-year increments from 2030, including 2045, 2060, and 2075. This provided a match to
study scenarios with intermediate outputs.
Sea Level Rise Scenarios

The SLAMM modeling was completed to be consistent with the future condition SLR
scenarios identified for the overall SLRRF. These include a 1.5 ft and a 3.0 ft increase in sea
level by approximately 2045, and 2075, respectively. The SLAMM input for SLR required a
continuous curve of sea level elevations over the timeframe of the model execution. The SLRRF
scenarios are not sourced from a single particular SLR projection curve, but rather reflect
guidance from the Virginia Institute of Marines Sciences (VIMS 2013) as well as a crosssampling of the federal SLR projections produced by NOAA (Parris et al. 2012). The values
identified from the SLRRF are approximately mid-point representations of the full range of
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SLR in the NOAA guidance. As such, an average of the values of the four NOAA curves for
relative SLR projections for Sewell’s Point was taken at each time increment to generate the
continuum of SLR values for input into SLAMM (Table 7). Values were started at 2010 to
remain consistent with the model simulation timeframe. SLR projections, based on the NOAA
curves, had been previously retrieved from the U.S. Army Corps of Engineers Sea-Level Change
Curve Calculator (USACE 2014). Projections from the calculator represent both global sea level
rise trends and the rate of local vertical land movement, including land subsidence based on
calculations at the gage location. The tool calculates the vertical land movement rate at
0.00810 ft/yr (2.469 mm/yr, USACE 2017).
Table 7. Sea level rise values referenced to the 1992 National Tidal Datum Epoch, created for input to SLAMM for 5-year
intervals from 2010 to 2100.
Date

SLR, ft

2010
2015
2020

0.4
0.5

2025
2030
2035
2040
2045
2050
2055
2060
2065
2070
2075
2080
2085
2090
2095
2100

0.7
0.8
1.0
1.1
1.3
1.5
1.7
2.0
2.2
2.5
2.7
3.0
3.3
3.6
3.9
4.2
4.5

Calibration and Validation

Historical field data showing wetland extents and acreages were not available. Best
available regional historical data and current aerial imagery coupled with scientific and
engineering judgment were used for comparison and validation purposes. Where significant
land-cover changes were observed the baseline results were overlaid on current aerial imagery
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and a visual review was conducted. In many areas, initial land cover re-categorization at
baseline conditions improved the current coverage of the study site because the higher
horizontal resolution of the elevation data allowed for a more refined wetland map than the
original NWI-generated coverages.
Additionally, the elevation analysis tool within SLAMM was used to compare statistics
against SLAMM assumptions for each wetland category to ensure that the SLAMM conceptual
model matched up with the elevation data for the site. If a site did not match with the current
conceptual model for a particular wetland type, the SLAMM model may be modified to allow a
new elevation range-to-wetlands class relationship. Based on the elevation analysis and
inspection of NWI coverage and LiDAR data, several modifications were made (Table 8; note:
elevations are expressed in Half Tide Units [HTU]1).
Table 8: Modifications made to the SLAMM conceptual model of elevation-ranges to reflect local conditions.
Wetland Type
Cypress Swamp

Regularly-Flooded
Marsh (RFM)

Irregularly-Flooded
Marsh (IFM)

Modification
Adjusted minimum
elevation from the
salt elevation to 0.5
HTU.
Adjusted minimum
elevation from MTL
to -0.3 HTU.

Adjusted minimum
elevation from 0.5
HTU to 0.25 HTU.

Justification
Cypress swamps can handle being semi-permanently flooded, so
lowering the elevation boundary is appropriate (SLAMM 6.7 Technical
Documentation)
RFM in the study area extents well below MTL throughout the study
area. Similar marsh elevation distributions have been observed in other
regional wetland studies. In addition, McKee and Patrick (1998) found a
relationship between mean tide range and the lower limits of occurrence
of RFM (Spartina Alterniflora). This relationship we used to derive the
lower limits of RFM based on average tide range across the study area.
IFM in the study area extends close to MTL in some places.

In addition to the above adjustments, the Lynnhaven watershed wetland data required
modifications due to changes in land cover classes that have occurred since the date of the NWI
photography (i.e. 2000). For example, the elevation analysis showed that a significant portion
of the RFM and IFM had elevations lower than the minimum elevation for those classes. The
NWI wetland data was overlaid on aerial imagery to determine if wetland classes (generated
from 2000 aerial imagery) matched present-day marsh distribution. Several areas within the
Lynnhaven sub-site were found to have changed wetland classes since 2000, mainly in

1 A “half-tide unit” is defined as half of the great diurnal tide range (GT/2). MHHW is defined as 1.0 HTU, MTL is defined as 0.0 HTU,

and MLLW as -1.0 HTU. HTU are used because wetlands inhabit a range of vertical elevations that are a function of the tide range.
Therefore, rather than expressing marsh elevation in absolute values (e.g. m, ft, cm, etc.), SLAMM uses units relative to the local tide range
or “half-tide units.”
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present-day open estuarine waters. To rectify this, the breakline polygon from the USGS
LiDAR deliverables for the tidal water surface was classified as SLAMM category 17 (Estuarine
Open Water) and mosaicked into the NWI raster. The result was a wetland raster that more
closely resembled present-day wetland distribution (Figure 7).

Figure 7: NWI wetland classes before processing (top), and NWI wetland classes after adjustment to the tidal water surface
(bottom), shown for a location within the Lynnhaven sub-site.

QUALITY ASSURANCE AND QUALITY CONTROL
QA/QC procedures were implemented at key steps in the production process as follows:


Data Collection and Analysis: Methodology for the development of input parameters
was documented in detail and the creation of input data (i.e. slope raster, NAVD88to-MTL conversion, dike raster, etc.) was reviewed.
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Model Setup and Simulation: The SLAMM 6.7 Technical Documentation and User
Manual were consulted to ensure proper model setup and simulation. Further
support was gathered, where needed from documentation in the SLAMM user
forum. Warren Pinnacle, the model developer, was also contacted to discuss specific
model setup and simulation questions to ensure proper application for this effort.



Analysis and Validation of Model Results: The SLAMM model assumes that wetlands
inhabit a range of vertical elevations that are a function of tide range. Based on
LiDAR data from many pilot sites, this relationship has generally been proven to be
true, though there are occasional site-specific differences. The study team reviewed
SLAMM habitat change across SLR scenarios to ensure reasonable habitat switching.
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RESULTS AND DISCUSSION
This section presents numerical and graphical results from the two SLR scenario
simulations for the study area. The SLAMM habitat output was reclassified into two schemas:
1. NWI data classifies land use into numerous categories that fall under the 23 SLAMM
land use classifications. Multiple SLAMM classes/codes can be grouped together due
to similarities in land use and characteristics. For example, there are seven SLAMM
classes that can be consolidated into one “open water” classification. A simplified
wetland classification scheme was therefore developed for this study in order to ease
understanding and interpretation of results. The simplified classification (referred to
henceforth as “simplified SLAMM codes”) includes the following land use categories:


Upland



Beach



Non-tidal swamp



Flat



Cypress swamp



Water



Inland fresh marsh



High marsh



Tidal fresh marsh



Inland shore



Shrub/scrub



Tidal swamp



Salt marsh

2. The National Land Cover Dataset (NLCD) classification scheme is a national land
cover product that has been applied consistently across the United States to classify
and quantify land use and to identify land cover changes and trends. Appendix A
includes the NLCD and lookup table.
Results of the SLAMM model simulations show general reductions in overall acreage of
most marsh types across the city, and expansion of open water, tidal flats, and shrub/scrub in
response to SLR. These patterns vary within each of the seven secondary watersheds due to
individual characteristics (i.e. topography, tidal range, dikes/impoundments, and percent
imperviousness). In particular, the current elevation of marshes at the sub-site scale will
impact their ability to accrete vertically on pace with future SLR since marshes occupy narrow
elevation ranges. Based on field observations of wetland response to rising and receding water
levels, as well as paleoclimatic data such as sediment cores from periods of higher SLR rates,
wetland scientists suggest that there is an optimal rate of SLR (around 2.5 mm/yr) at which
wetlands can keep pace and grow vertically by trapping sediments (Burrell; Morris et. al 2002).
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As the rate of SLR accelerates in the upcoming decades from 8 to 16 mm/yr, wetlands can only
survive by migrating landward with the risings seas. However, locations in Virginia Beach with
hardened shorelines or high bulkheads/seawalls are likely to experience higher marsh loss due
to the inability of marshes to migrate landward as sea levels rise (Figure 8). The following
sections describe SLAMM results across the city, and are followed by a description of patterns
within each sub-site.

Figure 8: Impact of bulkheads and hardened shorelines on tidal wetlands.
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City-Wide Results
Table 9 presents a summary of changes in acreage for simplified land use categories
across the city at each time horizon (2030, 2045, 2060, and 2075). Percentage of marsh loss or
gain of each land coverage type from base-to-2045 and base-to-2075 is shown. Figures 10, 11,
and 12 display existing and projected spatial changes in land cover type for the sequence of
time horizons.
Table 9: Acres of each simplified SLAMM classification land cover type at each time horizon.
Simplified
SLAMM
Code

1
2
3
4
5
6
7
8
9
10
11
12
13

Description

Upland
Non-tidal Swamp
Cypress Swamp
Inland Fresh Marsh
Tidal Fresh Marsh
Schrub/Scrub
Salt Marsh
Beach
Flat
Water
High Marsh
Inland Shore
Tidal Swamp

Base

2030

2045

2060

106,550
15,974
56
1,265
180
5,338
7,843
760
2,714
41,799
1,392
875
11,187

105,305
14,953
53
1,180
175
6,694
8,313
680
909
45,184
1,264
871
10,354

104,039
14,283
32
1,168
162
7,499
6,801
646
2,939
47,623
2,569
864
7,308

102,277
13,416
19
1,150
126
7,767
6,440
603
3,487
54,549
2,494
845
2,761

2075

99,609
12,289
10
1,089
70
7,734
4,111
546
5,359
61,735
1,009
817
1,557

Percent
Percent
Change
Change
(Base to 2045) (Base to 2075)

-2.4%
-10.6%
-41.9%
-7.6%
-10.3%
40.5%
-13.3%
-15.1%
8.3%
13.9%
84.6%
-1.3%
-34.7%

-6.5%
-23.1%
-82.8%
-13.9%
-61.0%
44.9%
-47.6%
-28.2%
97.4%
47.7%
-27.5%
-6.6%
-86.1%

Figure 9 shows the summary of anticipated changes in various marsh types compared to the
baseline conditions. The plot compares acreages of wetland habitat with SLR from baseline
conditions to 2045, and from 2045 to 2075. The study results show reductions in most marsh
types across all time horizons with cypress swamp, tidal fresh marsh and swamp, and salt
marsh indicated as most vulnerable. Reductions in these marsh types result in the expansion of
tidal flat and open water, shrub/shrub, and high marsh (during the first time horizon, 2030)
because wetlands that are unable to keep pace with SLR and/or migrate landward are
converted to tidal flats and open water.
High marsh appears to be particularly resilient to lower rates of SLR with an estimated 84%
increase during the first time horizon (from 1,392 acres today to 2,569 acres by 2045). High
marshes are located above the high tide line and are only flooded during very high spring tides
or storms. When SLR is low/moderate, high marshes can accrete vertically to maintain
minimal interaction with tides or retreat inland if unobstructed (Kirwan et al. 2016). However,
under high rates of SLR, high marshes are predicted to decrease by 20% by 2075 across the city
due to development at the migrated shoreline that will leave them unable to migrate/retreat.
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Shrub/scrub are generally predicted to increase in extent across the city. The shrub/scrub
wetland class includes areas dominated by woody vegetation less than 20 ft tall (shrubs, young
trees, and trees or shrubs that are stunted because of environmental conditions (FWS 2017)).
Young et al. (2007) performed a study on shrub thicket response to SLR for the barrier islands
on the eastern shore of Virginia and found that this system has been expanding (400% increase
in 40 years along the Atlantic Coast) along with rising sea levels. Historical and current
increases in shrub/scrub align with the projected increases shown in the SLAMM results.

Figure 9: Summary of marsh gain/loss within the city.
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Figure 10: Existing land cover classification
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Figure 11: Projected land cover changes for 2030 and 2045.

Analysis of Marsh Response to Sea Level Rise | 23

Figure 12. Projected land cover changes for 2060 and 2075.
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Observations by Study Sub-Site
The general patterns in land cover change are mostly similar at the sub-site scale. Below are
the most notable sub-site specific findings and anomalies (please see Appendix B for tabular
land cover change statistics for each sub-site).
Back Bay/North Landing River

The Back Bay/North Landing River sub-site shows the largest losses in the city (in terms of
acreage) across all marsh types, with the exception of high marshes (Figure 13). High-elevation
marshes are projected to be resilient and increase in coverage, from 592 acres today to 702
acres by 2075 (19% increase). This is likely because of the relatively undeveloped nature of the
shoreline and floodplain within these watersheds, which allows for upland migration of high
marshes.
The SLAMM results indicate substantial losses in salt marsh, from approximately 7,690
acres today to 3,440 acres by 2075 (~55% decrease), with equally substantial expansion of the
open water system in the Back Bay and along the North Landing River. Specifically, open water
today comprises approximately 26% of these watersheds, but is projected to occupy 40% of the
total area by 2075. The existing salt marsh situated on the barrier that divides Shipps Bay and
Sandy Bay is projected to become fragmented by 2045 and almost completely inundated by
2075. Furthermore, as salt marsh is lost along the western shore to the Back Bay, shrub/scrub
vegetation tends to expand further inland. Attention should also be given to the riparian
system along the Back Bay and North Landing River. Tidal swamp (Figure 13), which is
currently pervasive adjacent to the tidal flats bordering the North Landing River, is projected
to sustain substantial losses from approximately 10,900 acres today to only 1,350 acres by
2075 (~88% decrease). The magnitude of projected decrease for tidal swamps in this area is a
threat to the current shoreline protection functions these riparian systems currently maintain.
Without a first line of defense to slow down river flow during a heavy rain event, flooding is
likely to penetrate further inland.
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Figure 13: Existing and projected land cover changes for 2045 and 2075 for the Back Bay/North Landing River sub-site.

Analysis of Marsh Response to Sea Level Rise | 26

Lynnhaven

In contrast to observations for the Back Bay, the fastest rates of high marsh loss are
projected for the Lynnhaven – from approximately 640 acres today to 520 acres by 2045
(~18% decrease) and 250 acres by 2075 (~61% decrease). Most of today’s high marsh is
located on the Grassy Point islands to the south of Lesner Bridge and Pleasure House Point, as
well as along the banks of the western and eastern branches of the Lynnhaven River,
Lynnhaven Bay, and Broad Bay (orange circles in Figure 14). By 2075, SLAMM results indicate
an almost complete loss of high marsh on the islands to the south of Lesner Bridge, as well as a
reduction in high marsh riparian systems along the Lynnhaven River estuaries. These high
marsh systems in the Lynnhaven provide critical storm protection and erosion control
functions as these tall marsh grasses attenuate wave action induced by boats or coastal storms.
A 61% decrease of this habitat by 2075 is likely to significantly reduce the ability of high
marshes to maintain their storm protection function in the Lynnhaven.
Conversely, salt marsh is projected to be resilient to SLR, with expanding coverage in the
salt marshes located near the western extent of First Landing State Park along Wolfsnare Creek
(yellow circle in Figure 14). Expansion of salt marsh in the Lynnhaven is expected to increase
available habitat for marine invertebrates, fish, and waterfowl as well as provide additional
stabilization of the northern banks of Wolfsnare Creek since salt marshes often act as sediment
traps.
The majority of salt marsh expansion occurs on the western side of First Landing State Park
along Broad Bay as SLR allows salt marsh to migrate into the Park unobstructed by
development. In some areas, given the appropriate tide range and topography, salt marshes
have been known to grow rapidly at low elevations and in times of abnormally high sea level
(Morris et al. 2002). Another explanation for salt marsh expansion with SLR in the Lynnhaven
is the proportion of undeveloped dry land in this watershed. It is important to note that
SLAMM converts undeveloped dry land to salt marsh when this category falls below its lower
elevation boundary.
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Figure 14: Existing and projected land cover changes for 2045 and 2075 for the Lynnhaven sub-site.
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Rudee Inlet/Owl’s Creek

Under present-day conditions, the Rudee Inlet/Owl’s Creek sub-site is dominated by salt
marsh, inland fresh marsh and scrub/shrub wetlands, with few other wetland types. The Rudee
Inlet/Owl’s Creek sub-site is also predicted to sustain substantial losses to salt marsh in the
second half of the century, from approximately 42 acres today to 23 acres by 2075 (~45%
decrease)
Unlike other sub-sites where shrub/scrub wetland are predicted to increase with SLR, this
wetland type is projected to lose almost all of the 6 acres that are present today in the Rudee
Inlet area – resulting in less than 2 acres by 2075 (73% decrease). This is likely due to the
ability of scrub/shrub to act as a fringe area and first line of defense between open water and
other marsh types, and therefore become more vulnerable to increases in sea levels. Decreases
in shrub/scrub result in loss of salt marsh – from approximately 42 acres today to only 23
acres by 2075 (~45% decrease). Increases in open water and tidal flat are a result of these
declines in shrub/scrub and salt marsh. As discussed in the Lynnhaven section, salt marshes
provide important habitat and trap sediment that provides shoreline stabilization and storm
protection functions. With almost half of the salt marsh in the Rudee Inlet projected to be lost,
these ecosystem services will likely be diminished significantly. Existing and projected land
cover changes for 2045 and 2075 for the Rudee Inlet/Owl’s Creek sub-site are illustrated in
Figure 15.
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Figure 15: Existing and projected land cover changes for 2045 and 2075 for the Rudee Inlet/Owl’s Creek sub-site.
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Other Observations

Although tidal flats are generally projected to expand in coverage across the City with SLR,
SLAMM results predict modest decreases in the coverage of tidal flats from present day to
2045 in the Lynnhaven, Rudee Inlet, Little Creek/Small Coastal West, and Elizabeth River subsites. This pattern is likely a result of the SLAMM’s conversion of Regularly-Flooded Marsh
(i.e. salt marsh) to tidal flat when this category falls below its lower elevation boundary. The
aforementioned sub-sites all have considerably more salt marsh coverage than the other subsites.

Historical Comparison
SLAMM modeling results were compared to available historical imagery to validate
historical evidence of marsh loss within the study area. Figure 16 shows changes in marsh
coverage in an area in the southeastern extent of the Back Bay, just south of the VA/NC border.
The 1984 aerial imagery shows a significant marsh complex surrounding the Marsh Causeway
with no channel present. By 2016, there is evidence of channel formation in the middle of the
marsh. Based on monthly MSL data from 1978 to 2016 at the closest NOAA tide gauge to this
site (Duck, NC), the historical MSL trend is 4.53 mm/year for this site. In the 32 years between
the 1984 and 2016 aerials shown below, approximately 5.7 inches (or ~ 0.5 ft) of SLR has
occurred, suggesting that, in addition to other factors that impact marsh loss such as wave
erosion, marshes were likely unable to keep pace with this rate of SLR. The SLAMM modeling
results for the area of the City just north of the site depicted in Figure 17 predict continued
degradation of marsh with increasing SLR, which is consistent with the historical trends.

Figure 16: Comparison of marsh coverage from 1984 to 2016 in the southeastern extent of the Back Bay.
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Figure 17: Baseline and predicted land cover change by 2075 based on SLAMM results.

Another example of historical evidence of marsh loss is depicted in Figure 18, which shows
an 1869 NOAA Topographic Survey Sheet (T-Sheet) overlaid on modern aerial imagery. The
black line delineates the historical marsh extent which, when compared to the modern
shoreline, clearly shows changes in marsh extent. Specifically, there are moderate losses of
marsh along the shoreline and more significant losses within the marsh island systems within
the Back Bay. In the period between 1869 and the 2016 aerial (147 years), sea levels rose
approximately 2.2 ft (based on the historical MSL trend at the Sewell’s point gage). SLAMM
results for the same area within the Back Bay for 2045 and 2075 are shown in Figure 19,
depicting moderate marsh loss by 2045 (1.5 ft of SLR) and more substantial loss as the rate of
SLR continues to accelerate to 3 ft by 2075. While some marsh systems may be resilient to
slow/moderate rates of SLR over long periods of time (as seen by the historical evidence), the
SLAMM projections suggest that marshes are unlikely to keep pace with high rates of SLR over
short periods of time.
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Figure 18: 1869 U.S. Coast Survey of Back Bay, VA overlaid on 2016 National Agriculture Imagery Program aerials.
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Figure 19: Current study results for an area in the Back Bay for 2045 and 2075.
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CONCLUSIONS
Although rising sea levels result in expansion of tidal flats and open water across the City,
analysis suggests that the marshes are projected to sustain substantial losses, especially during
the second half of the century under higher rates of SLR. Especially vulnerable marsh types
include: tidal swamp (86% decrease by 2075), cypress swamp (83% decrease by 2075), tidal
fresh marsh (61% decrease by 2075), salt marsh (48% decrease by 2075), and high marsh (28%
decrease by 2075). Non-tidal swamp and inland fresh marsh are projected to experience of loss
of less than 20% loss by 2075.
In addition to changes in overall marsh extent, the spatial evolution of marsh reveals that
increasing sea levels result in smaller, fragmented wetlands that often become isolated from
their riparian habitat across the study area. These types of changes are known to impact the
ability of a wetland to provide ecosystem services, such as flood control and water quality
(Mitch 2000).


Flood Control: Coastal wetlands that are too small or fragmented are unlikely to provide
adequate flood control services. Substantial losses predicted by the SLAMM analysis,
especially fringe marshes that act as the first line of defense, could exacerbate damage to
both the natural and built environment during and after storm events. Recent studies have
improved the understanding of wetland function for flood risk reduction. Paquier et al.
(2017) found from direct observations during storm events that wetlands attenuate waves
and reduce current velocity, which in turn, can lower overall local flood elevations. The
flood reduction function was lower as flood elevations increased, and had less effect for
longer-duration storms. Another recent study (Watson et al. 2016) quantified flood
mitigation services of wetlands in Vermont by mapping flood extents with and without
wetlands for various historical storm scenarios, and then calculated monetary flood losses
to structures landward of the marsh areas. The analysis indicated potential damage
reductions up to 84-95% for Tropical Storm Irene and 54-78% averaged for conditions
with the marsh in place across ten events. The economic impacts of this magnitude make a
compelling case for the importance of wetland conservation. Wetland conservation for
flood control purposes will be especially important in the Lynnhaven and Southern
Watersheds given the coastal and stormwater flooding issues in these areas.



Water Quality: Wetlands also protect water quality by trapping sediments and retaining
nutrients and other pollutants from runoff and stormwater. The function and value of a
wetland to provide water quality benefits depends on both extent and location. For
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example, if a wetland lies along a river, it probably has a greater functional role in stream
water quality than if it were isolated from the stream because it can act as a riparian buffer.
With respect to extent, Hey et al. (1994) propose that 1-5% of a watershed should be
wetland to accomplish adequate water quality functions on a landscape scale. SLAMM
results indicate that approximately 8% of the Lynnhaven watershed will be comprised by
wetlands in 2075. This implies that the wetlands will be able to provide some water quality
services, but fragmentation and isolation from riparian habitats may reduce this function.
Restoration efforts to preserve water quality functions should focus on the Lynnhaven and
Southern Watersheds as the modeling results show the largest amounts of fragmentation
in these areas.

Potential Strategies
The results of the SLAMM analysis make a compelling case for wetland conservation and
restoration to ensure the marsh systems in Virginia Beach can maintain or increase the amount
of ecosystem service benefits in the present and into the future. The results presented in this
study will be valuable for strategy development as the SLRRF study moves forward. The
following sections present high-level ideas that could be accomplished at the state or local
levels and may be examined in further detail during development of strategies for each major
watershed in the City.
State Actions

Virginia has developed its second iteration of the Comprehensive Wetland Program Plan
(WPP) based on Environmental Protection Agency (EPA) guidance. The Virginia WPP
provides a framework to improve its wetland programs over a current five-year period (20152020) with incorporation of action items to address wetland management issues. Local
governments and other interested parties can collaborate with the state in carrying out actions
articulated in the WPP. The results of this SLAMM analysis could provide useful input for
carrying out specific goals outlined in the 2016 WPP, such as sharing and disseminating
wetland data to enhance Virginia’s Wetland Condition Assessment Tool (WetCAT), and
provide guidance for developing the next iteration of the WPP.
Local Actions

At the local level, there are a number of useful resources that provide guidance on wetland
restoration and conservation techniques. For example, the Natural Resources Conservation
Service (NRSC) provides a Wetland Restoration, Enhancement, or Creation Engineering Field
Handbook (NRSC 2008) and a Wetland Restoration, Enhancement, and Management Guide
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(NRSC 2003) that outlines techniques to restore and enhance vegetation, hydrology, and
wildlife benefits of wetlands. The guide also explains how to properly monitor wetland
restoration or constructed wetland projects to ensure that the project achieves set goals. This
guidance is technical in nature and is most appropriate in the design and construction of
wetland projects. More broadly, potential strategies that are applicable to Virginia Beach are
summarized as follows:


Focus on restoration activities in areas that have already experienced marsh
degradation



Identify and prioritize future restoration activities to address areas that are projected
to sustain substantial future loss based on the SLAMM analysis.



Consider re-assessing future flood hazards by mapping flood extents using updated
SLAMM elevations and land cover classes.



Ensure that undeveloped areas with adjacent marshes remain undeveloped and that
shorelines are not stabilized to allow marsh migration in response to SLR.



Consider conversion to “living shorelines” in developed areas with hardened
shorelines, which will expand wetland coverage and permit landward migration in
the future. NOAA provides a useful guide on living shoreline planning and
implementation (NOAA 2017).



Consider restoration activities or wetland construction for areas in Virginia Beach
that are currently experiencing and are projected to sustain continued loss to marsh
island systems (such as in the Lynnhaven River and the Back Bay). For example,
construction of floating wetlands has been implemented for successful flood
attenuation and treatment of stormwater in locations along the east and west coasts
of the United States (Figure 20; Headley and Tanner 2012).



Encourage citizens to participate in community engagement wetland restoration
projects (wetland grass planting, oyster gardening, etc.) organized by local non-profit
organizations such as Lynnhaven River NOW and the Chesapeake Bay Foundation
(Figure 21).
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Figure 20: Example of a floating wetland system, proposed to be constructed in the Oakland, California and modeled after a
recently installed wetland in Baltimore, Maryland. Image obtained from the Save the Bay Blog.

Figure 21: Living shoreline and wetland grass planting organized by Lynnhaven River NOW.
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APPENDIX A: WETLAND CLASSIFICATION SCHEMES
Table A1: Wetland classification lookup table.

SLAMM
Code
1

SLAMM Description

Simplified
SLAMM
Code
1

Simplified
SLAMM
Description
Upland

22

High Intensity Residential

1

Upland

21

Low Intensity Residential

2

90

Woody Wetlands

90

Woody Wetlands

95

8
9
10
10
10
10

Non-tidal
Swamp
Cypress
Swamp
Inland Fresh
Marsh
Tidal Fresh
Marsh
Shrub/Scrub
Low Salt
Marsh
Beach
Flat
Beach
Flat
Water
Water

Emergent Herbaceous
Wetlands
Emergent Herbaceous
Wetlands
Shrub/Scrub
Emergent Herbaceous
Wetlands
Bare Rock/Sand/Clay
Bare Rock/Sand/Clay
Bare Rock/Sand/Clay
Bare Rock/Sand/Clay
Open Water
Open Water

10
10
10
11

Water
Water
Water
High Marsh

11
11
11
95

12

Inland
Shore
Tidal
Swamp

31

Open Water
Open Water
Open Water
Emergent Herbaceous
Wetlands
Bare Rock/Sand/Clay

90

Woody Wetlands

3

Developed Dry Land
(upland)
Undeveloped Dry
Land (upland)
Non-tidal Swamp

4

Cypress Swamp

3

5

Inland Fresh Marsh

4

6

Tidal Fresh Marsh

5

7
8

6
7

22

Shrub/Scrub
Salt Marsh (regularly
flooded)
Estuarine Beach
Tidal Flat
Ocean Beach
Ocean Flat
Inland Open Water
Riverine Tidal Open
Water
Estuarine Open Water
Tidal Creek
Open Ocean
Irregularly Flooded
Marsh
Inland Shore

23

Tidal Swamp

13

2

10
11
12
13
15
16
17
18
19
20

NLCD
Code

95
52
95
31
31
31
31
11
11

NLCD Description
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APPENDIX B: OUTPUT RESULTS – SIMPLIFIED SLAMM
CLASSIFICATION SCHEME
Table B1: Acres at each time horizon of simplified SLAMM classification scheme. Results shown for each study sub-site.

Marsh Type by Subsite

Beach
Cypress Swamp
Flat
High Intensity Residential
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Salt Marsh
Shrub/Scrub
Tidal Fresh Marsh
Tidal Swamp
Upland
Water

Base

5
46
2,501
0
593
1,086
719
12,128
7,691
4,938
148
10,901
55,189
33,870

Beach
Cypress Swamp
Flat
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Salt Marsh
Shrub/Scrub
Tidal Fresh Marsh
Tidal Swamp
Upland
Water

0
0
20
149
5
36
301
18
39
1
22
8,099
572

Beach
Cypress Swamp
Flat
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Salt Marsh
Shrub/Scrub

292
2
180
637
132
105
3,072
70
335

2030

2045

2060

Back Bay/N Landing River
4
4
4
44
23
10
801
2,781
3,321
0
0
0
521
1,906
1,964
1,001
989
972
715
708
690
11,329 10,780 10,045
8,004
6,512
6,011
6,250
6,949
7,175
144
131
98
10,071
7,037
2,522
54,047 52,912 51,330
36,885 39,085 45,674
Elizabeth River
0
0
0
0
0
0
14
13
6
143
131
104
5
5
5
36
36
36
301
301
301
36
37
59
20
29
44
1
1
1
22
21
20
8,086
8,067
8,041
599
621
646
Lynnhaven
218
190
156
1
1
1
90
135
147
589
521
416
132
132
131
105
105
105
2,849
2,729
2,598
194
181
306
411
506
528

2075

Percent
Percent
Change
Change
(Base to 2045) (Base to 2075)

4
1
5,049
0
702
912
661
9,134
3,439
7,098
48
1,348
48,995
52,423

-26%
-50%
11%
0%
222%
-9%
-2%
-11%
-15%
41%
-11%
-35%
-4%
15%

-11%
-99%
102%
0%
18%
-16%
-8%
-25%
-55%
44%
-68%
-88%
-11%
55%

0
0
35
51
5
35
301
98
58
1
18
7,999
662

0%
0%
-34%
-12%
0%
0%
0%
101%
-27%
0%
-4%
0%
9%

0%
0%
74%
-66%
0%
-1%
0%
437%
47%
0%
-19%
-1%
16%

114
-35%
-61%
1
-14%
-45%
249
-25%
38%
249
-18%
-61%
129
0%
-2%
105
0%
-1%
2,387
-11%
-22%
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513
159%
633%
529
51%
58%

Table B1, continued:

Marsh Type by Subsite

Beach
Cypress Swamp
Flat
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Salt Marsh
Shrub/Scrub
Tidal Fresh Marsh
Tidal Swamp
Upland

Base

2030

292
2
180
637
132
105
3,072
70
335
28
238
30,172

218
1
90
589
132
105
2,849
194
411
27
235
30,090

Water

5,908

Beach
Cypress Swamp
Flat
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Rudee Inlet/Ow's Creek
Salt Marsh
Shrub/Scrub
Tidal Fresh Marsh
Tidal Swamp
Upland
Water

31
0
8
0
12
6
314
257
42
6
2
3
2,311
209

2045

2060

Lynnhaven
190
156
1
1
135
147
521
416
132
131
105
105
2,729
2,598
181
306
506
528
26
24
225
195
29,987 29,848

6,229
6,431
6,716
Rudee Inlet/Owl's Creek
30
29
28
0
0
0
2
5
9
0
0
0
12
12
12
6
6
6
314
314
314
260
268
280
47
42
34
1
0
1
2
2
1
3
3
3
2,308
2,305
2,301
219
225
235

2075

Percent
Percent
Change
Change
(Base to 2045) (Base to 2075)

114
1
249
249
129
105
2,387
513
529
18
168
29,605

-35%
-14%
-25%
-18%
0%
0%
-11%
159%
51%
-6%
-5%
-1%

-61%
-45%
38%
-61%
-2%
-1%
-22%
633%
58%
-33%
-29%
-2%

7,101

9%

20%

27
0
14
0
12
6
314
297
23
2
1
3
2,295
248

-7%
0%
-31%
0%
0%
0%
0%
4%
1%
-92%
-1%
0%
0%
8%

-13%
0%
82%
0%
0%
-1%
0%
16%
-45%
-74%
-23%
-1%
-1%
18%

Analysis of Marsh Response to Sea Level Rise | 44

Table B1, continued:

Marsh Type by Subsite

Base

Beach
Cypress Swamp
Flat
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Salt Marsh
Shrub/Scrub
Tidal Fresh Marsh
Tidal Swamp
Upland
Water

186
0
0
0
5
0
30
0
0
0
0
1,865
45

Beach
Cypress Swamp
Flat
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Salt Marsh
Shrub/Scrub
Tidal Fresh Marsh
Tidal Swamp
Upland
Water

172
0
0
0
23
0
25
1
7
0
1
1,077
28

2030

2045

2060

Small Coastal N & E
184
182
180
0
0
0
0
0
0
0
0
0
5
5
5
0
0
0
30
30
30
0
0
0
0
0
0
0
0
0
0
0
0
1,865
1,865
1,865
47
49
51
Small Coastal S
171
170
166
0
0
0
0
1
1
0
0
0
23
23
23
0
0
0
25
25
25
5
5
5
3
4
5
0
0
0
1
1
1
1,076
1,074
1,070
29
32
37

2075

Percent
Percent
Change
Change
(Base to 2045) (Base to 2075)

179
0
0
0
5
0
29
0
0
0
0
1,865
53

-2%
0%
33%
0%
0%
0%
0%
0%
38%
0%
0%
0%
8%

-4%
0%
67%
0%
0%
0%
0%
0%
113%
0%
0%
0%
16%

157
0
2
0
23
0
25
9
4
0
1
1,065
48

-2%
0%
333%
0%
0%
0%
0%
480%
-44%
0%
0%
0%
14%

-9%
0%
592%
0%
0%
0%
-1%
978%
-39%
0%
0%
-1%
73%
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Table B1, continued:

Marsh Type by Subsite

Beach
Cypress Swamp
Flat
High Marsh
Inland Fresh Marsh
Inland Shore
Non-tidal Swamp
Salt Marsh
Shrub/Scrub
Tidal Fresh Marsh
Tidal Swamp
Upland
Water

Base

63
8
5
12
3
9
104
21
11
2
23
7,821
1,160

2030

2045

2060

Small Coastal W/Little Creek
61
60
58
8
8
8
2
3
2
11
10
9
3
3
3
9
9
9
104
103
103
24
24
24
9
10
13
2
2
2
22
22
21
7,817
7,813
7,807
1,167
1,173
1,181

2075

56
8
9
6
3
9
98
28
43
2
19
7,770
1,188

Percent
Percent
Change
Change
(Base to 2045) (Base to 2075)
-4%
0%
-25%
-12%
0%
0%
0%
12%
-9%
0%
-2%
0%
1%

-10%
0%
94%
-47%
-1%
0%
-5%
35%
289%
0%
-14%
-1%
2%
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APPENDIX C: OUTPUT RESULTS – NLCD CLASSIFICATION SCHEME
Table C1: Acres at each time horizon for the NLCD classification scheme. Results represent changes at the citywide scale.
NLDC
Code

Description

Base

2030

2045

2060

2075

Percent
Percent
Change
Change
(Base to 2045) (Base to 2075)

11 Open Water
21 Low Intensity
Residential
22 High Intensity
Residential
31 Bare Rock/Sand/Clay

41,799

45,184

47,623

54,549

61,735

13.9%

47.7%

69,854

68,609

67,343

65,581

62,913

-3.6%

-9.9%

36,696

36,696

36,696

36,696

36,696

0.0%

0.0%

4,349

2,460

4,449

4,935

6,722

2.3%

54.5%

5,338

6,694

7,499

7,767

7,734

40.5%

44.9%

27,216

25,358

21,622

16,196

13,855

-20.6%

-49.1%

10,681

10,933

10,702

10,210

6,279

0.2%

-41.2%

52 Shrub/Scrub
90 Woody Wetlands
95 Emergent Herbaceous
Wetlands
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Table C2: Acres at each time horizon for the NLCD classification scheme. Results shown for study sub-sites.

NLDC
Code
11

21

31

52

90

95

Description

Open Water

Sub-Site

Back Bay/N Landing River
Lynnhaven
Rudee Inlet/Ow's Creek
Small Coastal N & E
Small Coastal S
Small Coastal W/Little Creek
Elizabeth River
Low Intensity Back Bay/N Landing River
Residential
Lynnhaven
Rudee Inlet/Ow's Creek
Small Coastal N & E
Small Coastal S
Small Coastal W/Little Creek
Elizabeth River
Rock/Sand/Mu Back Bay/N Landing River
d Flat
Lynnhaven
Rudee Inlet/Ow's Creek
Small Coastal N & E
Small Coastal S
Small Coastal W/Little Creek
Elizabeth River
Scrub/Scrub
Back Bay/N Landing River
Lynnhaven
Rudee Inlet/Ow's Creek
Small Coastal N & E
Small Coastal S
Small Coastal W/Little Creek
Elizabeth River
Woody
Back Bay/N Landing River
Wetlands
Lynnhaven
Rudee Inlet/Ow's Creek
Small Coastal N & E
Small Coastal S
Small Coastal W/Little Creek
Elizabeth River
Emergent
Back Bay/N Landing River
Herbaceous
Lynnhaven
Wetlands
Rudee Inlet/Ow's Creek
Small Coastal N & E
Small Coastal S
Small Coastal W/Little Creek
Elizabeth River

Base

2030

2045

2060

2075

33,870.2
5,908.0
209.5
45.3
27.8
1,160.0
571.7
43,277.1
16,506.2
1,176.0
882.9
847.1
3,698.2
3,462.3
3,224.8
577.5
44.5
185.6
172.6
76.4
55.4
4,938.2
334.5
6.0
0.2
6.7
11.0
39.3
23,075.3
3,309.5
317.3
29.5
26.2
134.6
323.2
9,518.0
868.2
54.8
4.5
23.6
38.4
173.4

36,885.3
6,229.4
219.2
47.3
29.4
1,167.3
598.5
42,135.2
16,424.1
1,172.8
882.8
845.7
3,694.5
3,449.6
1,519.8
413.2
38.0
183.7
171.3
72.8
49.3
6,249.7
411.5
0.6
0.0
3.2
8.6
20.1
21,443.8
3,083.9
317.3
29.5
26.2
134.2
322.9
9,669.8
941.8
60.2
4.7
28.1
41.3
184.8

39,084.6
6,430.8
225.4
48.8
31.8
1,172.8
621.2
40,999.9
16,321.5
1,169.9
882.6
844.2
3,690.1
3,430.7
3,492.3
429.6
39.9
182.2
170.6
72.7
48.7
6,948.7
506.3
0.5
0.2
3.7
10.0
28.8
17,839.3
2,954.5
317.3
29.5
26.1
133.5
322.2
9,538.8
861.1
55.1
4.6
27.6
39.5
173.6

45,674.3
6,716.5
234.6
50.6
37.0
1,180.9
645.8
39,417.8
16,182.1
1,165.6
882.4
840.1
3,684.5
3,404.3
4,014.6
408.3
42.2
180.5
167.0
69.3
41.5
7,174.9
528.0
1.2
0.2
5.4
12.9
43.7
12,577.1
2,792.4
317.2
29.5
26.1
132.3
321.0
9,044.8
876.7
47.2
4.7
28.3
38.8
169.0

52,423.2
7,101.4
247.6
52.5
48.0
1,188.5
661.5
37,082.6
15,939.2
1,160.0
882.3
835.2
3,647.4
3,362.8
5,715.2
468.5
46.5
178.7
159.0
74.3
69.9
7,098.1
529.1
1.6
0.4
4.1
42.6
57.8
10,483.3
2,555.1
316.7
29.5
26.0
125.9
318.7
5,101.0
910.7
35.7
4.7
31.7
40.1
154.6

Percent
Percent
Change
Change
(Base to 2045) (Base to 2075)
15.4%
8.8%
7.6%
7.8%
14.3%
1.1%
8.7%
-5.3%
-1.1%
-0.5%
0.0%
-0.3%
-0.2%
-0.9%
8.3%
-25.6%
-10.2%
-1.8%
-1.2%
-4.8%
-12.1%
40.7%
51.4%
-91.7%
37.5%
-43.8%
-8.7%
-26.6%
-22.7%
-10.7%
0.0%
0.0%
-0.2%
-0.8%
-0.3%
0.2%
-0.8%
0.5%
1.8%
16.8%
2.7%
0.1%

54.8%
20.2%
18.2%
16.0%
72.5%
2.5%
15.7%
-14.3%
-3.4%
-1.4%
-0.1%
-1.4%
-1.4%
-2.9%
77.2%
-18.9%
4.6%
-3.8%
-7.9%
-2.9%
26.2%
43.7%
58.2%
-73.8%
112.5%
-38.8%
288.7%
47.2%
-54.6%
-22.8%
-0.2%
-0.3%
-0.6%
-6.4%
-1.4%
-46.4%
4.9%
-35.0%
3.7%
34.2%
4.3%
-10.9%

Analysis of Marsh Response to Sea Level Rise | 48

Figure C1: NLCD land cover classifications (baseline conditions).
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Figure C2: NLCD land cover classifications (2030, 2045, 2060, 2075).
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APPENDIX D: WETLAND LAYER CREATION - METHODOLOGY
SUPPLEMENT
The SLAMM package provides an Excel database containing conversions between NWI
Cowardin-based hierarchical classes and SLAMM land-cover classes. Where NWI classes were
not defined in the database, Table 8 in the SLAMM 6.7 Technical Documentation was
consulted and the FWS definition of the code was researched using the FWS NWI
Classification code Decode tool (http://128.104.224.198/wetlands.aspx). When two different
wetland types were denoted by a slash, and each fell into a different SLAMM category, the first
class was used since this class is considered dominant in the newer NWI coverages (SLAMM
forum documentation). The NWI class to SLAMM Version 6 .7 class conversion is shown in
Table 2. This table reflects SLAMM categories relevant to Virginia; categories including
mangrove and rocky inertial do not apply and were therefore not included.
The initial NWI data preparation procedure included the following:
1. Download statewide data for Virginia from FWS and clip shapefile to the Virginia Beach
study area.
2. Add a field to the shapefile for the SLAMM code and join the NWI shapefile to SLAMM
Excel database. The database contains wetland NWI codes and SLAMM class conversions.
For NWI codes not having a predefined SLAMM class, SLAMM classes were manually
entered into the database before joining.
3. The NWI to SLAMM polygon was then converted to a raster grid using the SLAMM class
codes. The SLAMM map was evaluated for spatial completeness, and gaps identified for
upland and developed land cover.
If gaps existed, they were extracted by reclassifying the SLAMM code raster to a binary
file (data = 0, no data = 1). Gaps were subsequently filled by overlaying a recoded NOAA
CCAP land cover map (2010 derived from classified 30m Landsat-5 TM/ETM data by the
NOAA Coastal Services Center). The CCAP data were reclassified to “developed = 1”
“undeveloped = 2” and “water = nodata” (Table D1).
The CCAP gaps were then mosaicked to the SLAMM code map.
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Table D1: CCAP to SLAMM re-classifications.
Value
0
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Class Name
Unclassified
High Intensity Developed
Medium Intensity Developed
Low Intensity Developed
Developed Open Space
Cultivated Crops
Pasture/Hay
Grassland/Herbaceous
Deciduous Forest
Evergreen Forest
Mixed Forest
Scrub/Shrub
Palustrine Forested Wetland
Palustrine Scrub/Shrub Wetland
Palustrine Emergent Wetland
Estuarine Forested Wetland
Estuarine Scrub/Shrub Wetland
Estuarine Emergent Wetland
Unconsolidated Shore
Bare Land
Water
Palustrine Aquatic Bed

SLAMM Code
NoData
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
NoData
2
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Water Resources in the Southern
Watershed of Virginia Beach
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1 Introduction
BACKGROUND AND SUMMARY
OF CONTENTS
This booklet is a source of information on topics related to water

resources in the Southern Watershed in the City of Virginia Beach. This
introduction describes the Southern Watershed and provides historical
context for land use, development, water quality, and drainage. It is
followed by sections covering:

1. Wind tides in the Southern Watershed, which often cause flooding
as southerly winds push water up from North Carolina into Back

Bay and North Landing River. These impacts are anticipated to be

exacerbated by sea level rise, allowing for wind-driven flooding to
reach further inland.

WHAT IS A WATERSHED?

“A watershed is an area of land
that drains to a particular
body of water. We all live in
watershed areas and almost
everything we do—from
transportation to land use
and lawn care to recreation—
affects water quality and
other natural resources in our
watershed areas.”
Southern Watershed Area
Management Program
(SWAMP 2011)

2. Groundwater in the Southern Watershed, which is a heavily used

resource. High water tables and saltwater intrusion from sea level
rise and groundwater withdrawals are topics of concern.

3. Sea level rise and recurrent flooding, which are major concerns to the natural and built environment of the

Southern Watershed. In the fall of 2014, the City of Virginia Beach initiated the Comprehensive Sea Level Rise
and Recurrent Flooding Response Plan to study the City’s vulnerabilities to sea level rise and recurrent

flooding on a watershed basis and provide a road map to flood resilience in the Southern Watershed and its
neighboring watersheds.

4. The management of stormwater in the Southern Watershed, which is challenging due to poorly draining soils, a
high groundwater table, and recurrent flooding from sea level rise and wind-driven tides.

5. Water quality in the Southern

Watershed, which is impacted by
various pollution sources. While

there has been progress towards
improving water quality in some
areas, there is always room for
improvement.

While flooding can occur as a result of
higher high tides, wind tides, elevated
water tables, or stormwater runoff,

the effects can be much more intense
when any of these events occur

simultaneously (Figure 1.1). The ability
of “receptors” (e.g., the watershed,

floodplain, marshes, barrier islands,

and the built environment) to absorb,
filter, and drain water properly will

determine the amount of flooding and

Figure 1.1. Diagram of factors influencing flood conditions in the Southern
Watershed.

water quality. These factors are being

examined by the Comprehensive Sea Level Rise and Recurrent Flooding Response Plan.
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WHAT IS THE SOUTHERN WATERSHED?
The City of Virginia Beach is composed of four major watersheds: Lynnhaven, Oceanfront, Elizabeth River, and
Southern. The Southern Watershed (Figure 1.2) is the largest, encompassing approximately 205 square miles
in Virginia Beach, more than 67 percent of the area within city limits. The Southern Watershed is made up of

secondary watersheds called Back Bay, North Landing River, Northwest River, and Small Coastal South. Table 1.1
provides information on the size,

characteristics, and current land use
of each secondary watershed. The

Southern Watershed has significant
environmental, ecological, and

economic value because it is home to:

• A distinctive rural community;
• The City’s agriculture industry;
• Important rivers and canals
for navigation;

• Back Bay National Wildlife Refuge;
• False Cape State Park; and
• Two State Waterfowl
Management Areas.

Water resources in the Southern

Watershed are important to the City
and the surrounding region. The
Southern Watershed is narrowly

separated from the Atlantic Ocean
to the east by a barrier island and
marshlands, bounded to the west
by a canal that connects North

Landing River to the Elizabeth River
in Chesapeake, and connected to

North Carolina by Currituck Sound to
the south. Proper water quality and
quantity management is therefore
critical to the resilience of the
Southern Watershed.

Figure 1.2. Map of the Southern Watershed in the City of Virginia Beach
including the North Landing River, Northwest River, Back Bay, and Small Coastal
South secondary watersheds.

Sub-Watershed

Size (acres)

Description

Current Land Use

Small Coastal
South

1,338

Narrow watershed located on the
eastern border of the City of Virginia
Beach composed of urban residential in
Sandbridge and barrier beaches and dunes
in the Back Bay National Wildlife Refuge and
False Cape State Park.

Northern portion in Sandbridge is heavy
residential with densely developed single family
resort rentals. Southern area is undisturbed. It
contains a narrow strip of barrier beaches and
dunes.
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Sub-Watershed

Size (acres)

Description

Current Land Use

Back Bay

64,907

Back Bay is a large body of mostly fresh
water lined by marshes, shrubby wetlands,
and swamps. The entire embayment is
separated from the Atlantic Ocean by a
relatively narrow barrier island, which has
historically been breached and broken
repeatedly, creating temporary inlets. Since
the closing of Currituck Inlet during a storm
in 1830, Back Bay has changed from a tidally
influenced saltwater estuary to a wind tide
dominated fresh/brackish estuary.

The northern portion is becoming increasingly
urban, populated by several neighborhoods
that include open space and recreational areas,
including City park facilities, golf courses,
public trails in roadside buffers, and equestrian
centers.
Commercial development is primarily located
at major intersections. Some lands remain
under cultivation or in mineral extraction. The
southern area remains primarily undisturbed—
farming, some rural residential, two national
Wildlife Refuges, a State Park, and two State
Waterfowl Management Areas.

North Landing
River

62,965

The North Landing River (NLR) flows
southward, rapidly widening in its lower
reaches before emptying into Currituck
Sound just south of the VA-NC state
line. The NLR is part of the Intracoastal
Waterway, a major inland waterway running
along the Atlantic and Gulf Coasts of the
United States.

The northern portion is increasingly urban;
the southern portion is used for farming and
sport hunting with some rural residential
development. Much of the land surrounding
the river is owned and protected by various
public, private, and nonprofit conservation
organizations, comprising roughly 15,700 acres
under easements held by federal, state, local,
and nonprofit partnerships. NLR is a major
recreational resource that is used extensively
for boating, hunting, and fishing. The river
and its tributaries have been designated
by the state and City as a Scenic River.

Northwest
River

2,141

Headwaters of the Northwest River originate
from groundwater, ditches, and drainage on
peat-mantled flats just east of U.S. Route
17 and the Great Dismal Swamp. The river
flows about 23 river miles to the state line,
then for another 10 river miles through
North Carolina before emptying into Tull
Bay, an embayed arm of Currituck Sound.

Characterized by farming, forest, and some
rural residential. This is part of the rural area,
which is devoted to production agriculture,
upland forest, and pasture.

Table 1.1. Size, characteristics, and current land use of the secondary watersheds in the Southern Watershed.

HISTORICAL CONTEXT
Land Use/Settlement

Around 1000 A.D., Algonquin-speaking Native American tribes began to use the land that makes up the Southern

Watershed for agriculture. In the early 17th century, colonial settlers started to populate the area, entering through
the Currituck Inlet, which closed in the 1830s. The inlet became the point from which the boundary line between
the colonies of Virginia and North Carolina was created. Land settlement grants were given to settlers on the

islands in Back Bay and Currituck Sound leading to robust development in the late 17th and early 18th centuries.

Farming (primarily tobacco, flax, and wheat) was a driving force in the local economy during that time.1 Figure 1.3
on page 4 shows the Southern Watershed in 1862.

The Southern Watershed’s waterways were important to crop transportation and critical to navigation for

the U.S. Navy during the Revolutionary War. After the war, the population of the region continued to grow. Some
houses dating to this period still stand along the banks of the North Landing River. Beginning in the early 19th

century, the abundant wildlife in the Back Bay made hunting and fishing important aspects of the local economy.
From the 1870s to 1920s, more than 100 gunning clubs are said to have been established along the shores of

Back Bay and Currituck Sound. However, in the 1920s the Back Bay experienced a general decline in water quality,
1

Green Sea Blueway and Greenway Management Plan
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aquatic vegetation, fish, and waterfowl populations.2 The following sections describe how changes in water quality

and drainage in the Southern Watershed, along with other factors, may have contributed to its decline.

Figure 1.3. The Southern Watershed in 1862. Map produced by the U.S. Coast Survey.

HOW HAVE WATER QUALITY AND DRAINAGE IN THE SOUTHERN
WATERSHED CHANGED OVER TIME?
Currently, Back Bay is a primarily freshwater system connected to the Atlantic Ocean through Currituck Sound by
North Carolina’s Oregon Inlet (Figure 1.4). However, the area has historically been connected to, and exchanged

waters with, the Atlantic Ocean. Four additional inlets punctuated the barrier of Currituck Sound prior to the early
1800s, as shown in Figure 1.4. These inlets allowed for salt-to-fresh water exchange with the Atlantic Ocean.

Back Bay has slowly changed from a tidally-influenced saltwater estuary to a wind tide dominated fresh/brackish
estuary since Currituck Inlet closed during a storm in the 1830s. The bay remained partially brackish, as coastal

storms frequently overwashed the barrier island after the inlets closed. Figure 1.3 illustrates this condition circa
1862; the barrier of False Cape State Park used is called “the Wash” because of its low elevation and frequent

overtopping by the ocean. Back Bay made the final transition to a freshwater system around the 1930s, when the
Civilian Conservation Corps (CCC) created 12- to 15-foot-high dunes reinforced by fences to prevent overwash
and erosion.

The Albemarle and Chesapeake Canal was completed in 1859 to enable inland navigation between the

Chesapeake Bay and the Albemarle Sound. The canal created a connection between the upper North Landing
River and the Southern Branch of the Elizabeth River in Chesapeake. The project also involved construction

of a reversible-head tidal lock, known as the Great Bridge lock, to accommodate varying water levels in the
2

Virginia Wildlife Magazine (August 1988 Issue): What Happened to the Back Bay?
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Elizabeth and North Landing Rivers. The original lock,

constructed in 1859, was removed in 1917 but replaced
by the present configuration in 1932. The canal

construction project also involved dredging Currituck
Sound and dredging and straightening the North
Landing River.

Increased flooding frequency and changes in water

quality (and how these topics relate to declines in

aquatic vegetation) have been well studied since the

1930s. Some pieces of historical literature claim that
the freshening of Back Bay was the primary driver of

aquatic grass loss and that the construction of the canal
and Great Bridge Lock contributed to early observations
of flooding. In order to clarify these common

misconceptions, historical literature on the Southern

Watershed was reviewed in consideration of the modern
understanding of these issues.

Flooding
Higher sea level is the primary factor driving increased
flooding for lands adjacent to Back Bay and North
Landing River. In a 1951 report entitled “Aquatic

Vegetation Continues to be Retarded in Back Bay

Figure 1.4. Regional view of the Southern Watershed
showing connecting water bodies and historical and
present inlets.

and Currituck Sound after Thirty-Three Years of

Investigations and Controversies,” H.H. Waterfield, a Civil Engineer for the U.S. Army Corps of Engineers, Norfolk
District, makes a primary set of observations about flooding from approximately 1900 to 1950. In that time

period, we know that water levels increased approximately 0.75 feet, based on records and analysis of long-term
trends available from the National Oceanic and Atmospheric Administration (NOAA).

Discussion of the historical amount of aquatic vegetation in Back Bay and the potential effect of reducing

wind-induced high water levels was also considered in historical research. Review of survey data from the late

1800s shows that the amount of open water in Back Bay today has grown slightly due to a moderate amount of

marsh loss (as shown in Figure 1.5 on page 10). Anecdotal reports, such as the Waterfield document, also mention
submerged aquatic vegetation, changes to which are not included in survey data such as shown in Figure 1.5.

Increased marsh and aquatic vegetation (as compared to today) would slow the movement of water somewhat and
reduce wave action in the bay, especially for shorter and smaller events; however, extended southerly wind events
or large storms would result in similar amounts of increased water over mean sea level, as is the case today.

Flooding from such events is more of an issue today because water levels are 0.75 feet higher. As a result, the

same 1930s wind event causes more flooding today. Flooding also occurs more frequently today, as it takes less
wind and/or smaller storms to cause the same amount of flooding.

Water Quality
In the August 1988 issue of the Virginia Wildlife Magazine, Mitchell Norman, then a regional supervisor with the

Virginia Game and Fish Department, examined the loss of vegetation and salinity changes in Back Bay. He aimed
to clarify the misconception that saltwater pumping into Back Bay would restore the historical productivity of
aquatic vegetation. In the 1930s, the dunes were constructed and sand fences installed to prevent overwash.
Aquatic vegetation began to decline, and people naturally associated these deteriorating conditions with the

exclusion of seawater. However, it was not widely known at the time that vegetation had been on the decline in the
Back Bay throughout the 1920s, even though salinity was fairly high. Norman attributes the decline in vegetation
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Figure 1.5. 1868 U.S. Coast Survey of Back Bay, VA overlaid on 2016 National Agriculture Imagery Program aerials. The black
line delineates the historical marsh extent based on the 1868 shoreline.
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primarily to the cloudiness of the water, which had increased tremendously in the 1920s due to dredging in the

Albemarle and Chesapeake Canal and North Landing River. Marsh reclamation projects also stirred up sediment in
Back Bay, the North Landing River, and Currituck Sound.

Significant changes in aquatic vegetation were experienced throughout the Mid-Atlantic region in the same time

period. For example, in the 1930s, a disease is known to have wiped out 90 percent of the habitat for species such as
Eelgrass. These plants are now known to be most productive in salinities less than 5 percent, so the salinity changes
discussed in the 1951 H.H. Waterfield report are not likely to have been the primary cause of their decline. It is likely

that a combination of changes in land use, runoff, the discussed dredging and water clarity issues, as well as disease

and other factors drove the decline. The impacts of the freshening of Back Bay were not all negative—there were some
positive impacts such as the establishment of new freshwater species.

Conservation and Management Activities
Table 1.2 below is a timeline of conservation or resource management activities and analysis in the Southern
Watershed in Virginia Beach:
Date
1938

The Back Bay National Wildlife Refuge (NWR) was established by the U.S. Fish and Wildlife Service (FWS) to
provide a feeding and resting habitat for migratory birds.

1980s

As the metropolitan area of Virginia Beach began to expand in the 1980s, the FWS pursued a land acquisition
program to double the size of the Back Bay NWR in order to protect the watershed from harmful development.

1982-1984

The Mayor’s Back Bay Study Committee developed a management plan for the Back Bay Watershed that
provided urban planning and water management recommendations. The main recommendations focused on
policies and activities to protect wildlife habitat, maintain and expand open space lands, and protect prime
agricultural soils and critical watershed drainage areas.

1988

In the August 1988 issue of the Virginia Wildlife Magazine, Mitchell Norman contributed an article entitled
“What Happened to Back Bay,” aiming to clarify misconceptions surrounding the idea that saltwater pumping
would restore the historical productivity of the Back Bay.

1992-2006

The cities of Chesapeake and Virginia Beach, in partnership with the Hampton Roads Planning District
Commission (HRPDC) and the Virginia Coastal Zone Management (CZM) program, initiated the Southern
Watershed Area Management Program (SWAMP). SWAMP involved multiple project phases and products,
including a Multiple Benefits Conservation Program Memorandum of Agreement between the cities and the
HRPDC to facilitate the project goals, designate the project as a Special Area Management Program (SAMP)
by the Virginia CZM, establish the “Preserve on the Elizabeth” (a residential development that could serve
as an example of conservation subdivision design in the Southern Watershed), and establish conservation
corridors within the Southern Watershed. Also as part of SWAMP, the Virginia Department of Conservation
and Recreation’s Division of Natural Heritage prepared a Conservation Plan for the Southern Watershed Area
in 2001, which was adopted as part of Virginia Beach’s 2003 Comprehensive Plan and implemented by the
Southern Rivers Watershed Management Ordinance intended to protect, enhance, and restore water quality in
the Southern Watershed. The ordinance requires the developer of any land in the Southern Watershed to submit
a “Southern Watershed Management Plan” prior to undertaking any land-disturbing activities.

1998

Requested by the 1997 Virginia Assembly, the Virginia Department of Conservation and Recreation (DCR)
conducted a study of the non-point source (NPS) pollution problems impacting the Back Bay watershed
entitled the House Joint Resolution No. 555 Study of Back Bay. The study generated NPS pollution reduction
strategies.

2006

Building on SWAMP, The Hampton Roads Conservation Corridor Study (HRCCS) provided a green-infrastructurebased approach to identifying important natural resources in the Hampton Roads region. A combination of
geographic information systems (GIS) analysis and stakeholder involvement was used to identify areas where
conservation efforts would support multiple opportunities for developing a linked corridor system throughout
Hampton Roads.

2009

In response to Section 303(d) of the Clean Water Act, the Virginia Department of Environmental Quality (VADEQ)
listed portions of the Back Bay watershed as impaired for the department’s inability to attain the criteria for
recreation, and developed an Implementation Plan for Bacterial Total Maximum Daily Load (TMDL) in the Back
Bay Watershed to improve water quality.
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Date
2010

The Green Infrastructure Plan for Hampton Roads Region updated the original green infrastructure network
developed in the 2006 HRRCS with more current data and input from a diverse group of stakeholders. The
project included a Vulnerability to Development model to identify areas of the green infrastructure network
most at risk to development.

2010

A Plan for the Northwest River Watershed was developed in partnership with HRPDC, the Nature Conservancy
(TNC), and the City of Chesapeake. The plan emphasizes the importance of maintaining the viability of critical
wetland habitats, protecting water quality from NPS pollution, and providing a network of open space and
recreation.

2015

The Green Sea Blueway and Greenway Management Plan, led by HRPDC and the cities of Chesapeake and
Virginia Beach, builds on the conservation and natural resources protection policies, goals, and initiatives
developed for SWAMP. The purpose of this effort was to develop and implement a collaborative watershed
management strategy for blueways (i.e., rivers, creeks, or streams that serve as a wildlife corridor, a means of
preserving water quality, and paddle trails) and greenways (i.e., protected corridor of open space for one or
more purposes that include land and water conservation, recreation, and pedestrian and bicycle access) in the
Southern Watershed. In particular, the study took a closer look at the North Landing River corridor by involving
stakeholders from all three jurisdictions the river traverses—the Cities of Chesapeake and Virginia Beach,
Virginia and Currituck County, North Carolina. The plan identifies short-term, mid-term, and long-term goals
for the Green Sea management area.

2015

The Comprehensive Sea Level Rise and Recurrent Flooding Analysis and Planning Study (CSLRRF) was initiated
by the City of Virginia Beach in 2015. The goal of this effort is to produce information and strategies that will
enable the City to promote and implement long-term resilience to sea level rise and associated recurrent
flooding issues. The study will result in specific flood risk management plans for each watershed across the
City. Up-to-date information on the study’s status and upcoming public events can be found on the study
website.

2016

The City of Virginia Beach’s 2016 Comprehensive Plan: It’s Our Future: A Choice City is the official land use
planning policy framework for the city. The plan extensively discusses “special drainage considerations” in
the Southern Watershed to ensure that developers and designers of drainage systems consider and evaluate a
number of factors that impact drainage (i.e., high groundwater tables, poorly draining soils, and high surface
water elevations). This ensures that projects meet City standards and do not result in flooding in the planned
area or to upstream or downstream areas. The plan also refers to the 2001 Southern Watershed Management
Plan and the Southern Rivers Watershed Management Ordinance.

Table 1.2. Timeline of conservation and resource management activities and analysis in the Southern Watershed
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2 Wind Tides
HOW DO WIND TIDES IMPACT THE SOUTHERN WATERSHED?
The Southern Watershed is particularly susceptible to repetitive minor coastal flooding due to its low elevation
(Figure 2.1). This type of flooding, sometimes referred to as “nuisance flooding,” can block roads and degrade

residents quality of life. For example, much of Muddy Creek Road, which is near the western Back Bay shoreline,
is at an elevation between 1.5 and 3 feet above sea level, making it highly susceptible to nuisance flooding.
Many instances of

nuisance flooding in the

Southern Watershed are a

result of “wind tides,” also
known as “wind setup.” In
southern Virginia Beach,
southerly winds push
water up from North

Carolina into Back Bay

and the North Landing
River (Figure 2.2). This

results in flooding in the

extensive low-lying areas.
The amount of flooding
depends on the wind

direction, duration, and
velocity, and whether it
rains at the same time.

Figure 2.3 illustrates how
elevated water levels

Figure 2.1. Land areas less than 3 feet
above sea level, shaded in dark blue.

associated with wind tides

Figure 2.2. Southerly winds push water into
Back Bay from North Carolina, elevating
water levels and causing minor flooding.

can affect drainage. Under normal conditions, water from rainfall may easily drain out to the bay from interior

areas. During a wind tide, water may backflow into drainage ditches and pipes, flooding interior areas. If water

levels are elevated during rainfall, water cannot drain as readily because it accumulates in streets, lawns, or fields
surrounding the drainage ditch. The surrounding flood waters are trapped since the drainage ditch is full or even
overflowing with water.

Figure 2.3a. No wind set-up.

Figure 2.3b. Wind set-up is a local
rise in water level caused by wind.

Figure 2.3c. Wind set-up
with rainfall.
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ONGOING ACTIVITIES TO ALLEVIATE WIND-DRIVEN FLOODING
The City is currently undertaking the following activities to assess and alleviate flooding from wind tides:

• Comprehensive Sea Level Rise and Recurrent Flooding Analysis and Response Plan: In this study, the City

of Virginia Beach is looking at issues and solutions related to recurrent flooding in the Southern Watershed
driven by wind tides.

• Great Bridge Lock Analysis: As part of the CSLRRF, the City conducted an exploratory analysis of the

influence of Great Bridge Lock on flooding. Hydraulic modeling indicates that the Great Bridge Lock
has very minor effects on water elevations in the North Landing River, and no effect on water surface
elevations in Back Bay.

• High Water Monitoring for Road Closures: In response to frequent road closures due to high water events in

the Southern Watershed, the City has been placing permanent and temporary high water signs on frequently
inundated sections of roads to warn drivers of these high-risk areas. In Figure 2.4, the permanent high
water signs mark areas that are frequently inundated and take extended time to drain. As part of this effort,
four specific sites are being closely monitored and studied in further detail to evaluate road vulnerability.

• Water Level Sensors: In coordination with the U.S. Geological Survey (USGS), the City has established water
level sensors at Beggars Bridge Creek near Back Bay and North Landing River at the marina in Creeds,
Virginia. These sensors will help the City better understand flood issues.

Figure 2.4. Locations of temporary and permanent high water signs in the Southern Watershed.
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3 Groundwater
SOUTHERN WATERSHED
GROUNDWATER USAGE
The majority of households in the Southern

TERMS

Groundwater is the water found underground in the cracks
and spaces in soil and rock formations.

Watershed rely on private wells that tap

When a water-bearing rock readily transmits water to wells
and springs, it is called an aquifer.

water and lawn and crop irrigation. The

The water table is the surface of saturated conditions
beneath the land surface.

manages the Private Well Program. The

The fresh-saltwater interface is the area where fresh
groundwater meets saltwater coming from the ocean.

into groundwater resources for drinking
Virginia Department of Health (VDH)

National Ground Water Association provides
guidance on steps private well owners can
take to protect their groundwater from
contaminants. The guidance involves
conducting regular maintenance and

annual water quality tests. Some threats to

groundwater quality include trash and toxic
materials, leaking underground storage
tanks, malfunctioning septic systems,

agricultural fertilizers, and lawn or garden
chemicals. The VDH recommends that

private well owners consider treatment or

investigate alternative water sources if they
find contaminants in their well exceeding

any primary maximum contaminant levels
(PMCL) as found at the Environmental

Figure 3.1. Number of people served by private wells. Map obtained from
the Virginia State Water Resources Plan (2015).

Protection Agency’s Primary Maximum

Contaminant Level.

Fewer than 5,000 people in Virginia

Beach are served by private wells, which

is less dense than other areas in Virginia

(Figure 3.1). Most agricultural operations in

the Southern Watershed use drip irrigation,
which helps reduce the amount of water

lost to evaporation. The VDH maintains a

database of groundwater withdrawal permit
holders who extract large quantities of

groundwater for irrigation purposes. As

of the 2016 DEQ Annual Water Resources
Report there is only one large-scale

irrigation facility in the Southern Watershed.
This operation withdraws less than 0.05

million gallons per day (MGD) (Figure 3.2).

As a region, southeast Virginia depends

on groundwater resources at a much larger

Figure 3.2. Agricultural irrigation water withdrawals by withdrawal
point location. Figure obtained from the 2016 DEQ Annual Water
Resources Report.

scale. The Potomac aquifer, the largest

and deepest aquifer in eastern Virginia, is several thousand feet thick and contains hundreds of trillions of gallons
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of water. Homes and industries in eastern

Virginia remove approximately 155 million
gallons of groundwater from the Potomac
aquifer every day

Groundwater is a finite resource

and aquifers can become depleted when
extraction rates exceed replenishment
(“recharge”) rates from rainwater.

Furthermore, groundwater in coastal

environments like the Southern Watershed
is dynamic and responsive to surrounding
conditions. Maintaining the balance of
groundwater helps prevent saltwater

from entering fresh water aquifers and
contaminating the water supply.

KEY GROUNDWATER
ISSUES IN THE SOUTHERN
WATERSHED
The most pressing issues related to

groundwater in the Southern Watershed are:
1. Sea-level-driven groundwater inundation
and saltwater intrusion: rising sea levels
induce an upward and landward shift
in the position of the fresh-saltwater

interface (Figure 3.3). This condition can

Figure 3.3. Marine vs. Groundwater Inundation. Figure adapted from
Rotzoll and Fletcher (2012).

result in two impacts:

• Coastal flooding from elevated water tables, called groundwater inundation.
• Contaminated groundwater supplies due to increased saltiness
of the groundwater, called saltwater intrusion.

An estimated water table of the Southern Watershed generated from groundwater monitoring data shows

a very shallow water table across the majority of the watershed (Figure 3.4).3 Therefore, elevated water tables

could result in the water table breaking through the land surface, causing flooding. Furthermore, current and
future groundwater inundation is expected to worsen when wind tides co-occur with high tide and rainfall in
the Southern Watershed due to reduced storage capacity of the ground.

2. Pumping the groundwater for irrigation or drinking water can lead to saltwater intrusion. This occurs

when extraction of groundwater creates a depression of water levels surrounding the well, or a “cone of

depression” that reverses the natural hydraulic gradient from seaward to landward, accelerating rates of

saltwater intrusion. Over-exploitation of groundwater resources in coastal regions is known to intensify land
subsidence, a phenomenon that accelerates the impacts of relative sea level rise.

3. Groundwater extraction can also result in soil compaction. Compaction reduces the size and number of open
pore spaces in the soil and impacts the land’s ability to absorb water. During rain events or high tide the

land will be less able to absorb water, leading to poor drainage and flooding in areas with compacted soils.
Compacted and saturated soils can also adversely affect farmers’ ability to plow their fields.

3

Coastal Water Table Mapping: Incorporating Groundwater Data into Flood Inundation Forecasts
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Figure 3.4. Estimated depth to water in the Southern Watershed. Note the large area where depth to water is less than 1 foot.

ONGOING ACTIVITIES TO ADDRESS SALTWATER
INTRUSION AND GROUNDWATER INUNDATION
Comprehensive Sea Level Rise and Recurrent
Flooding Analysis and Planning Study

The City of Virginia Beach recently conducted a literature review of local hydrogeological studies to assess

the vulnerability of groundwater to sea level rise in Virginia Beach. The assessment provided some important

projections of future groundwater conditions. As sea level rise lifts the coastal water table and shifts it further
inland, changes in groundwater salinity and compaction of soils will be especially important in the Southern

Watershed given the importance of agriculture. These impacts will be considered when developing adaptation
strategies for the Southern Watershed.

Potential impacts associated with increasingly saline, elevated water tables include:

• Long-term water management issues due to aquifer salinization (e.g., abandonment of wells, need to look for
alternative fresh-water supplies).

• Damage to underground and low-lying infrastructure due to long-term exposure to water.
• Overwhelming existing stormwater and municipal drainage systems, leading to fewer drainage options during
storm events.

• Increase of infiltration into aging sanitary sewer systems and potential effects of salinity on wastewater
treatment.

• Disruption of business, travel, and livelihoods due to increased flooding during rainfall events or high tide.
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Figure 3.5. Map showing USGS wells with daily depth to water observations.

United States Geological Survey (USGS) Groundwater Monitoring
The USGS groundwater monitoring network includes both water level and groundwater quality observations. The

USGS makes their data available to the public on the National Water Information System website. Figure 3.5 on page
14 shows USGS wells with daily depth to groundwater observations in the Southern Watershed. This network

was established to monitor changes in the potable aquifer that would impair its use as a residential or irrigation

resource. In cooperation and with financial support from Virginia Beach Department of Public Utilities, USGS is now
seeking to expand the focus of its monitoring efforts to include data relevant to groundwater inundation concerns
by expanding the shallow groundwater monitoring system in Virginia Beach.

Virginia Beach Shallow Groundwater Study
The Virginia Beach Shallow Aquifer Study sought to better understand the distribution of fresh groundwater. This
included studying the groundwater’s susceptibility to contamination and its sustainability as a long-term water

supply for the southern watershed. The project included the 2003 development of a USGS model of groundwater
flow and salinity in the shallow aquifers of the Southern Watershed.
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Ongoing Subsidence Monitoring
Documented in the 2013 USGS Land Subsidence and Relative Sea-Level Rise in the Southern Chesapeake Bay

Region report, land elevation change rates from 1940 through 1971 show an average land subsidence rate within
the Southern Watershed of 2.0-2.4 millimeters per year. Since one regional value of subsidence is insufficient for
detailed analyses, the Hampton Roads Planning District Commission (HRPDC) has been working with scientists

and federal agencies (USGS, NOAA, and NASA) to improve subsidence monitoring efforts. Ongoing efforts include:

• Establishment of a Benchmark Monitoring Network that will form a baseline network of high-accuracy

benchmarks to assess relative land movement change over time and calibrate satellite data that will be
used to map future elevation changes;

• Installation of extensometer stations to measure aquifer compaction; and
• Exploration of using Interferometric Synthetic Aperture Radar (InSAR), a remote sensing technique, to
collect high-resolution measurements of land surface elevation changes.

SWIFT Hampton Roads Project
The Sustainable Water Initiative for Tomorrow (SWIFT), led by the Hampton Roads Sanitation District (HRSD), is

an innovative water purification project in eastern Virginia designed to further protect the region’s environment.

The project’s goal is to enhance the sustainability of the region’s long-term groundwater supply and help address
environmental pressures such as Chesapeake Bay restoration, sea level rise, and saltwater intrusion. The project

will take highly treated waste water that would otherwise be discharged into the Elizabeth, James, or York Rivers
and purify it through additional rounds of advanced water treatment to meet drinking water standards. The

purified water will then be used to replenish the Potomac aquifer at a rate of up to 120 million gallons per day to
offset groundwater withdrawals and slow land subsidence.
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4 Sea Level Rise
SEA LEVEL RISE IN
HAMPTON ROADS

Station Name

Year Range

Trends (mm/yr)

Trends (ft/
century)

Nat’l
Rank

Eugene Island, LA

35

9.65

3.17

1

Coastal Virginia and particularly

Grand Isle, LA

69

9.09

2.98

2

Southeast Virginia has five

Galveston Pleasure
Pier, TX

54

6.62

2.17

3

Administration (NOAA) tide stations

Galveston Pier 21, TX

112

6.47

2.12

4

Chesapeake Bay
Bridge Tunnel, VA

41

5.94

1.96

5

Sabine Pass, TX

58

5.72

1.88

6

throughout southeast Virginia

Ocean City Inlet, MD

41

5.58

1.83

7

approximately 10 inches in the past

Rockport, TX

79

5.53

1.82

8

Wachapreague, VA

38

5.38

1.77

9

other areas primarily because of

Lewisetta, VA

46

5.19

1.7

10

groundwater extraction.5 Figure 4.1

New Canal, LA

34

5.15

1.69

11

shows Hampton Roads situated in a

Colonial Beach, VA

38

4.89

1.6

12

level rise trends based on long-

North Spit, CA

39

4.68

1.54

13

Sewells Point, VA

89

4.61

1.51

14

Cape May, NJ

51

4.55

1.49

15

Duck, NC

38

4.53

1.49

16

Apra Harbor, Guam

23

4.52

1.48

17

Freeport, TX

36

4.43

1.45

18

Bay Waveland, MS

38

4.37

1.43

19

Corpus Christi, TX

33

4.34

1.42

20

Sea level rise is a major concern for
for the Hampton Roads region.

National Oceanic and Atmospheric

that are in the top 10 percent of the
nation in terms of highest relative
sea level rise rates (highlighted in
green in Table 4.1).4 Tide gages

show that sea levels have risen

50 years. The region has a higher
sea level rise rate compared to

local land subsidence resulting from

cluster of higher-than-average sea

term observed local mean sea level
changes at tide stations.

SEA LEVEL RISE IN
THE SOUTHERN
WATERSHED
Flooding in the Southern Watershed
is not a recent phenomenon.

Occurrences of flooding can be

documented back to at least the

early 1900s. Between 1900 and 1950,
water levels increased approximately

Table 4.1. Top 20 NOAA tide stations with the highest sea level trends in
the nation.

0.8 feet based on records and

analysis of long-term trends available from NOAA. In his 1950 report, H.H. Waterfield documented stories of

flooding that resulted in property damage for several residents in the Southern Watershed. Between 1900 and

present day, the same data show that sea level has risen about 1.7 feet, resulting in recurrent flooding. Looking

forward, it is projected that sea level rise will rise at an even faster rate. Increased sea levels mean that daily tides
can rise higher and further inland, which, in turn, results in more frequent nuisance flooding. The same effect
4

NOAA Tides and Currents Sea Level Rise Trends

5

Sea Level Rise in Virginia: Causes, Effects, and Response
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Figure 4.1. Sea level trends on the east and gulf coasts from NOAA’s Tides and Currents website.

Table 4.1. NOAA tide stations with the highest sea level rise trends in the nation.

Figure 4.2. Sea level rise can result in higher high tides and higher storm surge that is pushed further inland. Figure adapted
from the Union of Concerned Scientists 2015.
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holds for coastal storms - increased sea levels mean that smaller storms cause flooding similar to larger past

storms. As sea levels continue to rise, flooding will become more frequent and inundate more and more of the
low-lying lands in the Southern Watershed (Figure 4.2).

SEA LEVEL RISE PROJECTIONS
Two future scenarios of increased
sea level were identified for the

City’s Comprehensive Sea Level Rise

and Recurrent Flooding Analysis and
Response Plan. In 2012, the Virginia
Institute of Marine Sciences (VIMS)

reviewed SLR projections from U.S.

federal entities to establish planning
values for Hampton Roads as part
of their Recurrent Flooding Study

for the Virginia General Assembly.

This study recommended a planning
scenario of 1.5 feet of sea level

rise for the region, but notes that
3 feet is a possible scenario in

the 50-year horizon. The City has
reviewed the VIMS information

against updated projections and the
desired planning cycles. With the

Figure 4.3. Study scenarios of 1.5 and 3.0 ft. shown across the Federal sea level
rise curves for the Sewell’s Point station.

study goals and objectives in mind,

the City selected values that align with VIMS recommendations. The selected SLR conditions are shown in Table
4.2, along with their time-frames of reference and how they will be applied for the City’s planning efforts. In

comparison to the latest federal guidance, the scenarios provide a factor of safety above conditions that have

a very likely chance of occurring and balance the need to proactively plan for future increases in sea level with
the uncertainty in the projections.
Life Cycle
Alignment

SLR
Scenario

Time Horizon/
Time Period

Relevance

Use

Municipal
Planning

1.5 feet

20-40 years/
2035-2055

Comprehensive plan & outcomes

Vulnerability assessment

Short end of commercial and
utility lifecycles

Key planning value

Utility infrastructure lifecycle

Secondary vulnerability assessment to
provide insight into long-term risk

Critical
Infrastructure/
Long-Term
Awareness

3.0 feet

50-70 years/
2065-2095

Transportation infrastructure
lifecycles
Residential structure lifecycles

Basis for evaluating all adaptation
strategies

Basis for long-term infrastructure
decisions
Evaluation of cost-effectiveness of
additional protection for adaptable
resilience strategies

Table 4.2. Study planning horizons and scenarios.
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ONGOING ACTIVITIES TO ADDRESS SEA LEVEL RISE
The City of Virginia Beach is proactively addressing sea level rise and recurrent flooding in the Southern Watershed.
Comprehensive planning legislation passed by the General Assembly in 2015 requires localities to plan for sea level
rise and recurrent flooding. Even before this legislation was passed, Virginia Beach was addressing these issues
primarily through:

• Floodplain Regulation: In 2013, Virginia Beach updated its floodplain ordinance. One of the major steps taken

during the update was to adopt a two-foot freeboard requirement for all new construction and substantial
improvements to existing construction. The City also continues to participate in FEMA’s National Flood Insurance
Program (NFIP), which allows residents to obtain federal flood insurance coverage. The City has also participated
in FEMA grant funding to elevate homes with multiple flood losses; to date, seven homes have been elevated and
another 13 have received funding for elevation. The City recently applied to FEMA to join the NFIP Community
Rating System (CRS), a voluntary incentive program that provides flood insurance premium discounts for
communities that exceed minimum NFIP requirements through flood risk reduction activities.

• Beach Nourishment: The most recent beach nourishment project in the Southern Watershed, the Sandbridge

Beach Replenishment project, was completed along the five-mile shoreline between Back Bay NWR and Dam
Neck Naval Facility in June 2013. Spring and fall beach profile monitoring has been conducted since the
project was complete to monitor remaining project life. Based on average shoreline loss rates, the estimated
project life as of 2016 was only 3.8 years, so the next nourishment cycle is planned for 2018.6

• Retrofit Projects and Flood Mitigation: The Department of Public Utilities has already evaluated pump stations

subject to flooding. Impacts from groundwater, sea level rise, and recurrent flooding are being considered
as the Department of Public Utilities replaces aging pump stations, adds generators, and rebuilds collection
systems.7 Public Utilities ensures that new and replaced pump stations are built at least three feet above the
floodplain to protect this infrastructure from flooding. Furthermore, sewer pump stations are replaced every
40 to 50 years, which gives Public Utilities the opportunity to increase the three-foot freeboard if necessary.

With the emergence of new technology that gathers additional data to enable analysis of current and project

conditions, the City is being even more proactive. The Comprehensive Sea Level Rise and Recurrent Flooding

Analysis and Response Plan, for which sea level rise scenarios were described above, was initiated in 2015 as a

five-year effort to provide a roadmap for flood resilience. The effort involves a three-phase systematic approach
including impact assessment, adaptation strategy, and implementation. Up-to-date information on the study
status and upcoming public events can be found on the study website at www.vbgov.com/pwSLR.

Impact Assessment Phase
The first part of the Impact Assessment phase involves assessing existing and future flood hazards and the
vulnerability of built assets in the Southern Watershed. A spectrum of coastal flood conditions including

tidal, nuisance, and storm surge driven event are included. Mapping of existing and future 10- and 100-year
floodplains is shown in Figures 4.4a on page 20 and 4.4b on page 21. These conditions were assessed

against the City’s GIS data to identify high-risk flood areas and infrastructure, projected changes in flooded

areas, and estimated flood losses in dollars across the Southern Watershed. This information will serve as the

basis for formulating targeted adaptation strategies and will provide a framework for evaluating the return on
investment for potential strategies.

The impact assessment phase also looks at how wetlands will respond to sea level rise. Wetlands are

important to storm protection and water quality, so it is important to understand if they will be able to grow
vertically or spread inland to keep pace with sea level rise.

6

Sandbridge Beach Restoration Program Update Presentation (April 2017).

7

Virginia Beach Comprehensive Plan (2016).
Sea Level Rise | 19

Figure 4.4a. Existing and future 10-year floodplain.
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Figure 4.4b. Existing and future 100-year floodplain.
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Adaptation Strategy Phase
The Adaptation Strategy Phase of the study involves applying
the Impact Assessment to develop planning, policy, and
flood risk reduction measures to decrease short- and

long-term risk. Proposed strategies such as engineered

protection, policy, planning, ordinances, and informed land
use are being evaluated to help identify the most effective
and practical solutions. The study team has reviewed the
City’s policies and regulations, engaged representatives

across diverse City departments, and is working to identify
necessary applications of these strategies along with

engineered protection across each of the City’s four diverse
major watersheds (Figure 4.5).

This phase will conclude with an evaluation of the

proposed strategies. Strategies will be assessed for

feasibility and return on investment, with highly ranked

measures broken out into short- and long-term efforts.

The recommended strategies will then be further reviewed
by the City, stakeholders, and the public. Input from this

engagement process will be considered when finalizing the
recommended strategy list for the implementation phase.

Implementation Phase

Figure 4.5. Major watersheds identified by the The
Comprehensive Sea Level Rise and Recurrent Flooding
Analysis and Response Plan.

The Implementation Phase will result in watershed-specific

plans that provide a roadmap for implementing preferred strategies. The plans will include conceptual design,

cost estimates, and benefits, and will identify potential funding sources and outreach activities in an actionable

framework. Activities will be sequenced over the short and long term to allow for immediate progress and set the
framework for long-term strategies. The City will then begin to implement priorities to reduce flood risk.
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5 Stormwater
WHAT IS STORMWATER?
Stormwater comes from any precipitation event, such as rain or snow. Stormwater can infiltrate the soil, be held
on the surface and evaporate, or run off into nearby bodies of water. In natural landscapes such as wetlands or

forests, most stormwater is absorbed by soil or held by plants with only minor runoff. In developed environments,
more runoff is generated because of impervious surfaces (roads, sidewalks, parking lots, buildings, compacted
soil) that do not allow rain to infiltrate the ground. Soil type also affects the infiltration capacity of the

ground—water moves more quickly through large pore spaces in a sandy soil than it does through the small pores
of clay-like soils.

Stormwater runoff is often collected and discharged through stormwater systems including road drainage

systems, municipal streets, catch basins, curbs, gutters, ditches, stormwater ponds, constructed channels, and
storm drains designed to collect and convey stormwater. Improperly managed stormwater can lead to:

1. Flooding: Flooding can occur when stormwater systems are unable to drain efficiently. Assuming the

stormwater system is adequately designed, flooding can still occur from major rain events and/or when

downstream water surface elevations are higher than normal. Flooding can be exacerbated when any of these
events occur simultaneously.

2. Water Pollution: Stormwater can contain pollutants washed off the land (yards, roads, parking lots, etc.) from
rainfall runoff.

STORMWATER IN THE SOUTHERN WATERSHED
A high groundwater table, poorly draining soils, and recurrent flooding from sea level rise and wind-driven

tides makes stormwater management challenging in the Southern Watershed. These factors can increase runoff
and limit the capacity of stormwater conveyance systems, and can prevent the use of certain Best Management
Practices (BMPs) such as infiltration.

ONGOING ACTIVITIES TO IMPROVE STORMWATER MANAGEMENT
Stormwater Management consists of managing the quantity and quality of stormwater. The City of Virginia Beach
is working on a number of strategies to improve stormwater management in the Southern Watershed.

Stormwater Master Plan Update
As part of the City’s Capital Improvement Program, the Department of Public Works is currently updating the

master drainage studies for all of the City’s watersheds, including their models and stormwater infrastructure

data. This project will include the development of a dynamic stormwater management model for the Southern

Watershed. The City plans to use the model to analyze combined coastal and stormwater flooding to provide a
more comprehensive picture of flood risk than would analyzing these hazards in isolation.

City of Virginia Beach Stormwater Management Ordinance
The purpose of the City’s Stormwater Management Ordinance is to “ensure the general health, safety, and welfare
of the citizens of the City of Virginia Beach and protect the quality and quantity of state waters from the potential

harm of unmanaged stormwater.” Through this ordinance, the City established a Virginia Stormwater Management
Program (VSMP) that regulates issuance of permits for public and private projects to reduce stormwater impacts
associated with development. The ordinance includes a number of water quality and quantity design criteria
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for proposed land-disturbing projects. VSMP’s revised regulations also provide an opportunity for localities to

develop watershed management plans as a means of gaining additional flexibility in program compliance. Apart
from the direct regulatory requirements of VSMP, the design of all stormwater management systems must be
based on sound hydrologic & hydraulic analyses in accordance with City requirements.

City of Virginia Beach MS4 Permit
DEQ administers the National Pollution Discharge Elimination System (NPDES) Program in Virginia with EPA

oversight through the Virginia Pollutant Discharge Elimination System (VPDES). DEQ issues VPDES permits for all
point source discharges to surface waters, to dischargers of stormwater from Municipal Separate Storm Sewer

Systems (MS4s), and to dischargers of stormwater from industrial activities. VPDES requires the City to maintain
a list of all VPDES industrial stormwater permits (35 estimated as of June, 2016). The City’s VPDES MS4 permit

requires compliance with other Regulatory Programs (e.g. VSMP, Water Quality TMDLs, Erosion & Sediment Control
Law, and the Chesapeake Bay Preservation Act).

Southern Watersheds Management Ordinance
The Southern Watersheds Management Ordinance applies to the development of any land in the Southern

Watershed and any artificial alteration to the level or flow of a watercourse or impoundment of water (with

exceptions as noted in Section 6 of the ordinance and to agricultural lands/activities to the extent set forth in

Section 10). The ordinance establishes development performance standards; furthermore, prior to undertaking any
land-disturbing activity the developer of any land in the Southern Watershed must submit a Southern Watershed

Management Plan if the development is subject to additional performance standards set forth in Section 7(e), which
excludes single-family dwellings or duplexes separately built and not part of a subdivision.

“Special Drainage Considerations” in the Southern Watershed
The City of Virginia Beach’s 2016 Comprehensive Plan explains how the Southern Watershed is subject to “special

drainage considerations” since drainage is highly impacted by the presence of high ground water, poorly draining
soils, and high water surface elevations in downstream receiving conveyances due to tidal influence. All of these
effects must be fully considered and evaluated in the analysis and design of drainage systems in the Southern
Watershed. Accordingly, the plan strongly recommends that a preliminary drainage study be prepared by a

qualified professional engineer in advance of any request to approve a development application that involves land
disturbances in the Southern Watershed.

City of Virginia Beach Stormwater Capital Improvement Plan (CIP)
The City Council included approximately $300 million in its Fiscal Year 2018 budget for stormwater improvements.
Public Works has adopted an internal policy that all Capital Improvement Plan (CIP) projects must account for sea
level rise. CIP projects related to stormwater can be found on the City’s Capital Improvement Program website.

Conservation Corridors, the Blueway and Greenway System,
and other Green Infrastructure Initiatives
The Hampton Roads Planning District Commission is partnering with the Cities of Virginia Beach and Chesapeake
to preserve undisturbed habitats along streams and tributaries and expand open-space areas that can help
absorb and filter stormwater runoff.

Stormwater | 24

6 Water Quality
WATER QUALITY IN THE
SOUTHERN WATERSHED
In the Southern Watershed, surface water
quality is impacted both by point source
pollution coming from sources such as

farm and livestock operations as well as
non-point source pollution originating

from stormwater runoff from residential
areas. These sources of pollution are
illustrated in Figure 6.1.

The Virginia Department of

Environmental Quality (DEQ) Water

Quality Monitoring Programs collect and

analyze data from rivers, lakes, and tidal

WATER QUALITY POLLUTION SOURCES

The Clean Water Act defines point source pollution as “any
discernible, confined and discrete conveyance, including but
not limited to any pipe, ditch, channel, tunnel, conduit, well,
discrete fissure, container, rolling stock, concentrated animal
feeding operation, or vessel or other floating craft, from
which pollutants are or may be discharged.”
Non-point source pollution (NPS), on the other hand, comes
from many sources. NPS pollution is caused by rainfall or
snowmelt moving over and through the ground. As the
stormwater runoff moves, it picks up and carries away natural
and human-made pollutants, finally depositing them into
lakes, rivers, wetlands, coastal waters, and ground waters.
A Total Maximum Daily Load (TMDL) is a pollution diet for
any pollutant causing impairment and an Action Plan (AP)
specifies the actions to meet the TMDL.

waters throughout Virginia to ensure that

waters can support designated uses such

as recreation, fishing, and aquatic habitat.
Section 303(d) of the Clean Water Act
requires that states to:

• Use monitoring data and other

information to develop a list of waters
that will not meet water quality
standards for a particular pollutant.

• Develop Total Maximum Daily Loads
(TMDLs) to restore these waters.

A water body (bay, estuary, river, or lake)
is impaired if monitoring results indicate
failure to meet state water quality

standards. There are several impaired

water bodies in the Southern Watershed
based on Virginia DEQ’s 2016 Water

Quality Assessment (Figure 6.2 on page
26). Impairments are mainly due to:

• Bacteria concentrations exceeding
the swimming indicator criteria,
which results in impacts on
recreational activities.

• Low dissolved oxygen concentrations

Figure 6.1. Illustration of water quality pollution sources in the
Southern Watershed.

that impact aquatic life.

In general, water quality in the Back Bay has improved due to the success of the Implementation Plan for Bacterial

TMDLs in the Back Bay Watershed. Despite the Implementation Plan for Bacterial TMDLs in the North Landing River
Watershed, water quality in the North Landing River has either remained the same or declined since the last water

quality assessment. Areas of remaining concern include the upper portions of the North Landing River, Blackwater
Creek, and Milldam Creek.
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ONGOING ACTIVITIES TO IMPROVE WATER QUALITY
Water Quality Monitoring and Impaired Waters

• The Virginia Department of Environmental Quality (DEQ) Water Quality Monitoring Programs collect and

analyze data from rivers, lakes, and tidal waters in Virginia to ensure that waters can support uses such
as recreation, fishing, aquatic habitat, and public water supply. Streams that do not meet Virginia Water
Quality Standards are listed in a widely circulated pair of reports called the 305(b) and 303(d) reports. DEQ
combines both the 305(b) Water Quality Assessment and the 303(d) Report on Impaired Waters into the
2016 Virginia Water Quality Assessment 305(b)/303(d) Integrated Report. The 2016 Impaired Waterways
Database GIS Application
displays data associated with
this report, as well as a map
2016 Estuaries
of currently approved TMDLs.
Fully Supporting
Portions of the Back Bay
Insufficient Information
Watershed and North Landing
Not Supporting
River (including Milldam,
Middle, West Neck, and Nanny
Creeks) have implementation
plans for bacterial TMDLs.
The final TMDL plan is entitled
TMDL Development for the
Back Bay, North Landing River,
and Pocaty River Watersheds.

• The City of Virginia Beach

controls point source
discharges with EPA oversight
through the Virginia Pollutant
Discharge Elimination System
(VPDES). Under the VPDES
program, point source polluters
must obtain a permit from
the state and EPA before they
can discharge their waste or
Figure 6.2. Water quality status of estuaries in the Southern Watershed based on
effluents into any body of
the 2016 Water Quality Assessment Report.
water. Prior to discharge, the
point source must use the latest
technologies available to treat its effluents and reduce the level of pollutants.
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AqUATIC v~GBTA.TION CONTINU~S TO BE R ~TARDED
IN BACK BAY AiTJ CUR.'1ITUCK SOUND
AF.TER THI,:tTY-TBRE!!: YEARS OF nnCSTIGATIOi·'.S AHD CO:.JTRO?EllSIES

Q~

H. H. ViATB.Ri"IELD

October, 195).

Being a native of Princess Anne County, Va., I have qu1~e naturally
developed an extreme interest in the graduai disappearance during the
past several years of aquatic vegetation and consequently fish and wild
fowl in Back Bay and Currituck Sound, as well as the rise in water levels,
substantiated by so many responsible citizens.

In my position of Civil Engineer with the Corps of Engineers, Norfolk
LJistrict, it has been my privilege to closely follow and assist in investigations conducted by the Corps for the past twenty-five years to determine the causes for these changed conditions, vrhioh. have be.come so highly
controversial in latter years. In view of rrrg specific knowledge of the se
areas and the additional knO'nledge gained through many years of research
and association with the probiems through government work, I believe that
I am as well qualii'ied to offer an qpinion on the cause of t hese conditions
as anyone else who has given thought to the problems.
Because ! beliei.re so strongly that those who have been in·t ereste d in
repre senting the conservation o:f fish and wildlife for the past twenty
to twenty-five yea.rs have so completely advocated the wrong corrective
measures. I .feel that I should endeavor to inpart some of the·'mowledge I
have gained of the problems. The following is offered with the hope tha t
it will serve to reveal the problems in their true perspective to those
people who by their actions have destroyed rather than pre servDd.the wildlife food in Back Bay and Currituck Sound, and have cuused a!!nual damages
of thouso.nds of dollars to crops in Princess ~o County.
and

Tho period of time thut the Back Bay area, Currituck and P~mlico
Sounds h~ve been in existence is not known. However they· a r e believed to
have bc on f'orm.ed grad 11 b dr"ft·
I
,
o£ the Pr · ~ .
ua Y Y l ing sands subsequent ~o the suomergence
incess fun:i.o -to ,..~n~e b 0~ i ·
d t 0
.
change which occurred thou~a~d
f'ievc
be the last maJor geolo6icnl
v·
. .
.
s 0 years o.go <:>.1o= -ChP- c
ml l •
irg1n1a. (See va.1 Geological Survey Bulletin N~. 32.)oa~
p ~in o£

¥terhy little recorded early factual history of .th~ barrier beach w.hi· ch
fo rms
ese sounds # is avo.i+a
· 'l blo~ H0\7ever, it is a well e stablished , fact
that the sounds have baen subject to the intrusion of sea water fr
c
c onry, Va •• south since the initial forlno.tion of the beuch until s~:a_ ape

fences were constructed in the Bo.ck B~y and Currituck Sound areo.s to d/l.Ill
out the seo. water. Those fences ho.vc i n g~norul prcv0ntcd the intrusion
of sea. wa.t...,r a. s fo.r south o.s Oregon Inle t for t ho p:-.st 25 to 30 yen.rs.
Ther e is recorded evidence tho.t i nlets existed bci?Nccn the present
Oregon Inlet o.nd Bo.ck Bo.y, Vo.., o.t the time of discovery and settlement of
Rocnokc Island, N. c~~ in 158~:e~. Ac c9rq~~~ tg 99~~r~~~~Qru:l:± rep9rt
lfo . 251, House of Rep!- ~!3~~t~_tt~l:~~i @.9:~~q Fg{?ftUJ.f~~ ! 93 !&1:§J !?~ ~l?unoke
I nl et, o.t Ne.gs Eoo.d, no less tho.n four. :j.o.r.ge inlets have existed in thi s
o.rco. since the discovery of Roo.noko Isl cnd, some of which exist ~ d unti l
t he eo.r l y part of the nineteenth century. The i nlets in their order progressing southerly o.rc CorQtuck, Currituck, Co.ffcc, o.nd Rounokc inlets,
described o.s follows;
Coro.tuck Inlet was loc o.t;.;d in the vicinity of tho Vo..-i:.c • liile.
This inl et is r ep ort0d to have been in the process of clo sing in
1728.

Curri tuck Inlet wo.s l oco.tod a.bout 5 miles south of Gorntuck
Inlet. A ~iolont storm r ~p ortedly op ened Currituck Inlet i n the
~rear 1713, n.nd it :rcmo.inod open unti l about 1829 to 1834:.
This inlet is suic to hnvo boon of sufficient depth t o permit nuvi c~ tion of
v0ssc l s dru~~ng up to 10 f~~t of vmtcr o..nd of sufficient ~~dth to
cause ob'::' o.nd flow of wo.tcr in lforthwc st Ri vcr •

'

Ca.ffco Inl et -.·vu s locn.tcd upproxil!lll.tely 9 to 10 miLs souti1 of
Curr ituck Bouch Lighthouse. Th.J dut0 of' the closing of th.3 i n let is
not known. However, it i s b e lieved to ha.vo exist ed unti l ~b out tho
yoo.r 1800.

Roanoke Inlet was origi:nn.lly loco.. t.:id in the vicinity of tho
pr e sent site of N~gs Eon.d , o.s it i s de scribed in Report No. 251,
r of J rrod to above , ~s being situated just south of u sand hill cQlled
u - ,(~gs Hca.d11 between Collinton and Roo.noko Islr-....J.ds.
It is f urther
concluded from this r eport th.P..t tho inlet wa.s shift0J. i'rom en.:. loco.tion to o.nothcr from t illl0 to time , ~ s t h0 inl0t is describoc ~ s being
a.t lc.titudc 35 degree s and 50 minute s i n tho ycLr ::.101. This ":ould
cst~blish its l ocuti on upp roxi~tc ly 2-1/2 ,mi l e s north of the 0xisti ng Or-::gon Inlet. How:.;v~r, i t is tho-..ight tb::tt Sir ~ r :mcis i.Jro.ko
ont cr vd via the old Roc.nokc Inlt..t v1:i,th n fl 0<.t of 23 s:i.iling 7cssc ls
i n 1556, Tho inlet i s d~scrib Jd ~ s ~ving ~ depth of 10 f~~t o~
vm.tcr o.nd remained open until ~~b out th~ yvo.r 1798.

Mc.ny_ Otho~ inlets ho.vo Cxistca oo ... u. of' Rt1£'lnOkv I slund since its dis~
covcry, ~ z ._ , H::-..tt~ra.~, Oc~c.coke / Old Top-Sr.il ; ;iQ ;r, ~na 1ru:n ~.-. 1 ~+ ... _ 'lmi
others, ::na.ny of whi c h a.re in otistenco c..t tho pr ~sont t i lll(;,
The :u~se of . thG c 1 osing or tho £our inl ets north of ~ oo.nok~ Isl e'..nd
invol ves 1n~~r cst1ng historical informn.tion. .Juring the ycnrs 1840 to

2

1846,engineers, in their endeavor t~ determine the cause of the closing
~f Roan~ke Inlet, established the fact that CPoatan Sound which lies between Roano~e Island and the mainland did not exist as it does today,
prior to the closing of Roanoke Inlet .. It was concluded by these engineers
that at the time fo discovery and sett1ement of Roan$ke Island in 1584-86,
it was cut off from the mainland by a very inconsiderable channel through
the marshes, described as being a mere gut between the marshes through the
eastern channel narrow enough to be crossed on a fence rail, and that the
opening of this channel was the cause of the closing of RoanGke Inl et and
every inlet north of it.
The conclusion of the engin~ers in 1840-46 as to the cause of the
closing of the i~lets appears to be correct . However, it is doubtful that
Currituck Inlet would have entirely closed had it not been for other contributing factors.
There is little doubt that with the continued wideninr, and deepening
of the channel now called "C:roatan Sotm.d 11 by erosion, the water draining
from the rivers emptying into Cur~i~uck and Albemarly Sounds was gradually diverted southerly into Pamlico Sound and thereby caus ed a gradual
decrease in water supply until it became insufficient in quantity to maintain the inlets.
Currituck Inlet was the last inlet to close (about l82q-34) . The
final closi ng of this iniet could have been caus ed by a combination of
changed conditions~ viz., the widenin g of Croatan Sound; the gradual
widening of Currituck Sound between Poplar. Branch, N. C·., and the barri er
beach; and the final construction of the Dismal Swa'tlp Canal which v;as ccmmcnced about 1793 and completed about 1805. This canal diverted a l arge
portion of water which formerly dr aine d f rom the Dismal Swamp a r ea through
Northwest River to Currituck Sound, ~t a point a lmost opposita Currituck
Inlet.
Because of the changed conditions in drainage that caused t h e inlets
to clos e, which conditions huve b een enlarg ~ d by reason cf erosion since
that t ime, it is concludad th~t an inlet anywhere north of Oregon Inlet
would not maintain its elf ut the pr esent tim e , u...~l ess it wer e artificially
prot0ctcd and maintained by riprap jetties, stone r cvotmcnt, and pos s ibly
maintenance dr u dg ing , etc.
Although the last inlet closed approximately 120 years o.go ins ofa.r as
no.vigution was concerned, sea wnter continued t o floY: fr eel y ov er t he
barrie-r beach ut the sites of these old inl ets as V"cll as many other low
pla.cc s in the b each durin~ almost every northeast storm, ha.vinr, ·win e. velociti e s of from 30 to 4o miles per hour er gr eat e r, until sand fenc es were
constructed.
According to the fourth annual r eport of the Boo.r d of Directors and
the Chief' Engineer of the Alb ema.rle and ChEJsapea.ke Canal Compnny, thv
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A. and c •.. c~nal and lock were completed in the year 1859, sufficiently to
pess vessels drawing up to five feet.
Prior to the construction of the A. Bnd, C. C£:nal, no water connection
existed between u pper Morth LPnding R.iver and the Southern 13ranch of
Elizabeth River,. -!i"c,:rfc.H: :P,;:;.rb0r, Vo. •. , :::.n-:.. o v on o.ftcr· th~ c::!:nul wo.s~ constructed the guard lock P.t Great 3rid~e prevented the intrusion of water.
Thus,. it. is established th~t there was no inflow of salt water from this
source for m1my hundreds of years until the use of the old locks wes discontiti.uer'l by the u. s~ Government on Apri-1 1, 1917 , .

It is,. however,. clearly established by the historical background of
Currituck S~und ~nd . Baok Btiy that sult water has always intru~ed from the
sea since their initial formation thousands of years 2go, with only a
lesser amount since the closin~ of the four inlets (insofar as navigation
was concerned) north of Rmmok~ .Island,. .;the last of which closed about
1829 to 1834. The question of the quantity of salt water entering the
areas .rlll be disc ussed further on.
1

E8rly recorded foctual do te on the supply of wildfowl and wildlife
Bowever, it is legendary
th8t Bµ abun~ant supply of both has existed since the first settlers
errived in the territory until about i923 or 1924, when aquatic vege_ts,...
tiun nQti.ceebly begsn to disnppear, From factual dnta on wildfowl obtained
in latter years, .it can be definitely concluded that the quantity of wildfowl that will l'emain in en aren durinjZ" the winter months wil l vBry with
the supply of food. Since it is a f2ct th~t wildfowl has ~lways been
plentiful in Back Bay and Currituck Sound 1 within the m0mory of seve~al
gehersfions., witil a few years ngo, it must b e- concluded tha t food 'Na s also
plentiful.
·
fo.b d in these bodies of water are very limited.

1

My forepFtr ents,. c overing i; span of ti.l?le r-.'!Ching- b ~ ck even before the
time of the c.loSiiar of .Cur-ri tuck and Coffees inlets made the ir l i ve li... hood fishing and hUntinr: i-n the d !lys -vl:: m y ou could sell wi ld ducks !"lnd
ge e s e. Ther8fore, from c tui: l f~~il.f ·kn.owledge I kno"r tha t B ~ ck Bay Emd
Currituc k So'.md h t:!VG offord '"d e bountiful quantity of' 7vildfowl "nd food
supply evf>n in the dPys wh '.3n vide opi=in. inl<J ts permitted f lo'vs to end from
the AtlP.ntio Oc er. n.
1

followin~ is extrecte d from <>n "• UtobiogrDphy by Thomi:l s Gilb e rt
Presid e nt Bme~itus of the Wotionel Associ 0 tion of Audubon Soci etie s,
titl e d "Adventure s in Bird Protection, 11 which throws some li ~ht sn the

· The

Pearson~

qm~nti ties

of 'Vildfowl thet existed in these territories

~s

f • r be ck a s
1

1888:
11

1\rext tb the bob-white , ,.,.ild wnter -f'owl lone: produced more
to the St~ te of .North C nrolin~ th ~n vny othe r bird or gr&up
of birds. E"rly in a utumn gee se r,nd vrild ducks would b e!rin to a rrive
from their breeding-s rounds in tho Fur North. Bln ck ducks cet..~ · :rr.on
er- ste rn Ci:>nPd A P.nd br.-. nt S'-VArmed r'J O'''Il the sen from the blef' kt wind~ evenue

4

swept headlands of Greenland. Fr9m tho Dakotas n.nd the greo.t pro.irie
provinco s of Alberta., SaskQtchcwo.nJ ?.fn.ni ~9bu, and beyond, tho mall ards, redh~c.d s, cn.nvo.sb[tcl~s 4 pinto.ils o.nd sea.ups swept sou,thoe.i>to!'1Y
a.cross the Dnit~d Stutes to the coastal wn.tQrp of the {\.tlnntic und·
soon wero t e eming in, t~e C]p.:r-q li~ sounds, I n, curr-i tuck, Albe.mlll' le.,
Prunlico a.nd Core sounds~ th~y gathered and fed in unnu.mbered logions.
11

/

0nly the wood duck breeds commonly in Cnrolino., hiding its
eggs in the hollm.-rs of trees, sometimes o.t o. distance of a. mile or
more from the wo.tor, to which the newly ho.tchcd young a.re probably
co.rriod by their . mother. Now c..nd then o. black duck was reported to
lo.y her eggs in the mo.rshes of the State but I hn.vc never been o.blo
to prove this statement. i&1rkot-hu:ntcrs for !llD.!ly yen.rs thrived in
tho so wutors. In Currituck County ulon(; in the period from 1S03 to
1909 local buyers on.id not less than ~ 100,000 o.nnunlly to the 400
duck-hunturs of tho.t :region, the fe·;;l gonerc. lly b eing shipped to
Baltimore, Philo.do lphin o.nd New York. Prices vari ed, but o.t times
gunners rocoiv::;d ~ l. 60 c. pc.ir for redhcr'..ds, ::uid ~~ 2. 75 u pc.ir for
cnnvn.s-bccks. Cc.no.do. gGo so wore ·worth 4 0 · to 50 cont s on.ch c~nd ruddy
cluclcs commanded 90 cents c. po.ir. Often tho daily bn.g of the markothunt.:::r v.r::>.s u lo.rr,c one. I lmow one gum1or Vlho took 100 duc ks in on,.,
dny. Exn.ctly sevc nty-fivo of thu sc wero rodhca.ds a.nd -b.venty-fi v o
were ca.nvc.s-bo.cks. I to.lk:Jd with two men \-rho hc.d come in from the
sound with n fuw more tho.n 200 rodhoa.ds in their skiff. They rccci vod
$140 for tho.t do.y' s work.

"Ono of the Currituck Sound duck-hunters in those dc.ys was
Cl nir Lc~var ~:. In the month of :fovcmb er , 1905, ho , vii t h thr cc
compo.nions 7 r e ceived ~1,700 for tho 2,300 ruddy ducks tho.t t hey shot
end sold f or shipment. The price for these birds hc.d gone up recently. Only o. :rovr yco.r s previously they could ho.~.re r oc.liz0d only
eighty -five dollurs for sucl u kill.

st-.

11 1\'W

popul c.r methods of shootinF; this spe cies wore n t one time
pro.otiscd. Ono vm.s to 'S2-il up' thG 'boobies' us they b .y in rLtfts
on their feeding-grounds. Gunners in 1B::ttt...irie st, which mcroly were
flo c,ting coffins with co.nw.s wing s ntta.chod, wore o.nchorod a.bout
0ighty yo.i~ds a.po.rt on o i thcr sido o:f a l:nmm1 :flyway.. Cruising sn.ilboc.ts or lo.unchos 1.yould co.use tho birds to fly b e tween the 'bc.ttorics' •
"The other method 1tm s for c. number 'or b outs in semi-circul c.r
formation to o.pproo.ch o. ro.ft o.nd grr-.duc.lly work it town.rd c. Ir.arsh.
Ruddy ducks do not like to fly over t~. bnd , so us the g;ront flock;
gra.duo.lly took -,1ing o-rery bird 1ms forced to po.ss ov0r 0r noo.r some
of the gunner.s. This pra.ctico wo.s refe rred to o. s 'ring shooting
boobies' 1 • Lo.tor the prG.ctico wc.s outl::.wcd•
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"Mr. Lewark personally shot 282 ruddy duaks in one day, which
was an unusually l arge bag. On another occasion he killed sevantyfive canvas-backsJ f!ve §Wan, fou~ Canada geese land a few other ·
ducks.~ . II?-~ arom~!t~o~ ~~ye' 9~t ~d he s~0pped shooting before the
day was gye~: ~e wa~ f~r.ing rrom a blind o~ a pain~ 9f marsh and
his dog ~e"tx:!e:ved and 1?r.~ugl!t ~o him the kil~ed and w~undod pirds 1
"Just over the _forth Ca.r.olina line He~ Yifg~n!O:-' § f~qu~ I?a~k
Bay. It avera~es about four mi l es in width and fifteen miles in
l ongth. I ts w:1tors, which usually are fresh, grow large crops of
wild cel ery which is dearly beloved by ducks.
G. VT. Williams, a duck-buyer for R. L. Dyer of Norfolk, had a
warehouse. Throughout the shooting season he would sail his
boat to the diff0rcnt ~unners who were op eratin~ in sink-boxos, batterios or blinds an: buy their ducks. These h e brought to ~1ill
Landin1;~ packed them in b::i.rrels Vii th ic e , o.nd sent them to i\'orfolk
by wagons, oft0n as many as 1000 birds at a time. In the early y ears
he pa.id 40 cents a pn.ir for most S]JGCios--four ruddy ducks vmr r:: always counted us a p~ir. Redhends 'Uld cnnvas~backs brought from
$1.00 to ~l.50 a pair. Geese he bought for 50 c ent s n.piec~. He
s eemed to have h::i.c'. pretty much o. monopoly on the duck-shipping business in Be.ck Bay from 1888 until the sale of ducks was ~rohibited by
Federal law, July 3, 1918. The harvest of deud ducks be~an for
Williams e'lrly in Octob ~,r and conti nued for six months every s eason
for thirty yeo.rs.
11

sto~age

1

At timos , of cours e, the shooting wn.s poor . Some d:iys thur e
vr..i.s no vlind and the du9ks v1ould fly but l i ttl c , which mco.nt tho.t they
woul d not com0 to the di:;coys. Cold, \A.rindy weather with a. little
rain or s l eet is best for duck-hunting. t ". :·eathcr to kill ca.rrims is
wcathar to kill m::in ' is ?.11 old prov8rb of the Hatt eras bo.nks. The
li fG of the mn.rkct- gunnor w~s filled with uncortainti~s ~nd discour ~gomcnts just us is the life of the m::i.rkct fishcrm.~ .
!

* * ;.: *

;e:

To ctcquo.int myself IJ.S tnorou~hly as possible with th·..: entire
vtlld-r"'owl hunting si tu:\tion, I took m!l.lly t r ips to th ..: sounds of tho
Ca rolinas durin~ thes e years, nnd whil6 I shot but little, I sought
to ucquir :; personal oxpari ence in the use of ::i.11 the dovicos employed by m:m ifo cfrcumvont the wildfowl. With the best of r;uid,)s
I ongngod in point shootin~ , sink-box shootin~ o.nd b~tt~ry shootinb ;
a.lso I n.ccompo.ni 0d .,.unnors who went 'duski ng' for blo.ck ducks in th:..:
woods on tho Hatteras bunks.
11

~'D::i.yli ~~ht duck- und zoo s o-huntin~ w2s carried on by USP of
decoys. A 1 st0ol' usu'.llly consist8d of a. f.JW li-vo gccso , mor e r '?l.r cly
n. few li vc ducks, o.nd p;cn era.lly fro~ a hundrc;d to t°';!o hundred v:ood.en
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decoys, or 1 idols , ' as co:-1e Carol i.na ·hunter I" called t"iem . From
as8oc;_ation with the loc al rru~_des I ::icq'.iired much -:Jf t'-ic: lore of
the professional -.luck-hunters. I b eca-:1e f ;:n ·i_liar i;;5 t'.1 the t et:t way
t o place decoys ; h·T·! to rise in the battery t'.) s ::oot t.r P:it; t ut
never to s1!m-r a head or ar·'l wh (;n flock-~hoo ting teal. I l e arned
somethin;;; of the hunUnf: to 'be e-:-:pected d:n~i11"! - ·l ays ;f di -l'ferent
i;Jeather conditions; h mi- to get t.11.e g eese jecoys to call; and how f ar
to l ead Tri th a s~ot at a flying due~. I l e arne:l to spea'.~ t::i.e l;m. ~uage
of th e "'lP.rket-hunter. I met his fa .:ri.ly a nd ate and slept in h t s 'riome.
I listened to his sorrows and to his hopes. I t0cane fa!Y!iliar 1:1_ th

his p oint of view on life .
11

:._E la:·orers
cc::~:ond th ~ coastal

hoeing their t:wef' t ·notato ri::tges in t :--,c ficld8
swa."Ips; or like men sitti:if in t!1eir offices in
far-ri.wa.y cities, the ·1arket-hun:tcr, too, . h as hopes a:i d joys a nd l:'orrows, and th€ ever .. prE.sc:mt pr~Jblcm. of m<}:dnr; a livinl for hir:isdf and
family. R·:::!ar cd under a similar· enviro n.~K nt, t he rnan in the S!:·:cet
notato fi eld and t11G worker in th<:; off~. cc· miz'ht ea:::iJ.::r havt' b u .n
-narkct-huntcrs, s o ·mch ::.l o th e accidcmts of l:irth arid. the influc·nce:s
in youth shape our lives. ·?<'or a million y6a+s, thE.J .f orr ':carF of tho
nan tod;,-• '\,"lo n ...;v .;r shoots, !.rcr c i;:Luntcr f.' of ci.r ds <md. o the r ani ~u.ls
for food. 11
Several

intcrc. i::ti.n.~

concl'.lS'..ons ';'lay be dr:i.wn from :..r. Fr:'r"'on' s

!3:.cto·~·io .,.r:iphy:

"JildfoT;l 1cr c. pl .: nt1.:f':~l fo,· · 1nn:v 3ro~-.r:s , not only in ;::..,_c ' : '";;~ . . ~~-.:.
Cnr:?'.'it°'.1ck Sound hi1t also in "'~l'!::' ·: :arl 1:, f-"ln l :i.co P.r:~l Cort Sou.11ds, a s
-:-tlld.foi.rl ~~::i.t~;::rcd ::mi .fed i:i 'mmt.rnbc-cd lr:gioi: s rind t~c :i~rv1-.f't of
de.ad d'.lch~ b egan fo:;:- ~~:;:-. ~iilli?.::'ls i n the ?fl.ck -;;;r.r -r e <>. c;'rl ·. · in
J ctobc :r> and continued for sb· months GVi.;r y sL.ason f or: th:i.rty Y'-t?.rs.

?°"le.re c -!1 cs no

-~.'):ll:- t

th -.t ".q·,rntic gr ::i.ss;::s

~i'.'cw

in

-'.'..°t''1.l" d~n c·- in

P.11 of t he so'..!nds; oth::r .,'isc , r.r.i..ld.fo"l coulc not ~·lf~V' r•;".'l~i.1..:d in
th c::sc 1.r-. +,r:::.~s for six :nont!1S ,:. ri.ch :n: Dr in nunib.. t~ r-n .~inP;: up in tho

t hou!::r::nds .
:<:t ,lS-:_ \· r '':..•.f-.: .• Q th t, G. 1rin!·: the D ..:rio d. r f <:rrro t 0 (139? to
1918 ~ ~o Hnt cr of m<'!.t1.rin.l quc.l:.tity 8ntcr d Curri tucl·: Sound through th.:
Al bcTirl ::.· ~nd. Chcsa'!J::;al~c C:>.n:tl . ::owcvc , lvide open inlets cxi.f:t cd clong
both Pamlico ::ind Cor;:; Som~ds, with n1mcrous lo~·T pl.!".CCS in the c::r ~· Lr
bench "lon~ C'.ll'r.ituck Sound and ~-:?.ck '1~-~: .'1rGas, w:1ich p•,rni tt .:] t'.°l (; i ntrusion of S! "- wa t er in :i.rni";lc ns~ qu ·n ti ti Gs dnring pr0.ctic-~lly ,- ll nor theast storms !17.viw~ Pind v <loci tics of from 30 to 40 miL:f' 'O• .r hmtr end
over . Sonc o.f the: ;:lr(: ~s WhLrG s&?- w<:t• .r r G;~ularly c ntbr Gd l·rcr• -;!'_sh -::'l '1.ts,
opposit .:.. i:2ck ·:;<>.y; ·:'J.Sh ··roods, op]Josit'- t: notts Isl <>.nd; I : imy Fill, vicinity o.f th<. si k of Currituck I nl•: t; :>.nd n point ;>..bo'1t on<: r 1 ilc .north of
Curr ituck Per ch Light~
'at ur wo:1ld flow fr ct:.ly ov:.r the bcP.ch 'lt thcs::
1
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si to s o.nd others i'or di sto.nco s c.long the be a.ch rnnging fr om onc-hn.lf to
two and one-he.If miles a.t c. site for, the dura.tion cf thG stor!!ls nnd sometimes l one;er during high vmtor in tho occa.n,;. Unquostiunr~bly, n.11 of these
we.tors maintc.inod a. high perc0ntage of salinity, decrcusing progressively
from Pamlico Sounc~, N.. c. ,- to Bo.ck Buy, Vo..·-, for hundreds of years_, until
so.nd :fcncG s ·were constructed•
·
It co.n be substo.ntia.ted by scores cf rosponsibl0 citizens; living
todn.y in both Princess .Ax1ne und Currituck counties, that durinG the period
of 1888 to 1923 r;russ grow so thick und sturdy in Back Bo.y c.nd Currituck
Sou...ri.d that it wo.s no u..."lusual sight to soc s:rnn.11 birds vrc..lking on top of tho
f.rc.ss~ o.nd thc.t this bountiful supply reocc~rcd yec.r a.ftor year, except
cm ccc::-. siono.l year ·when c. storm would co.use lurge qu:~nti tic s of sou We tor
to cverflov; the beach in eo.rly spring,_ On those occasions the sco. i:vn.tcr
would kill the grass in large o.re:.o.s a.round tho break-through for thn.t
season. iio., •1 0ver, the grc.ss i:mul d c.h7c.;y s grow bo.ck in these o.r ;.!O. S tho following year , thicker n.nd sturdier thn.i: ever before./· Conscquen.tly, it is
very evident tho.t these lc.rge quantities of s oc. wn.ter flowing in from the
oceru.1 furnished miner n.ls so ncccsse.ry for the hco.lthy growth of the various
species of a.quo.tic vogcto.tion -.7hich used to thrive so c.bundo.ntly i~1 Buc k
Bo.y a.nd Curri tucl:: Sound. E·v-cry fC'..rmor is f'o..P..i lio.r with the fc.ct th0. t
ni tro.te uf soda., ·:fl1en o.pT;>liod to certa.in plo.nts in proper quo.nti ·tics~ ':ri ll
o.ct o.s o.n exce llent fertilizer n!'ld stimulc.to <::. healthier grmvth, but, ':1he!1
applied to young plo.nts in quantities toe large it wi ll kill tho;;;. Similarly, sec. Ymter used t o stimulc.tc the gro-.· vth of grc.sz in B ~ck Bay 2. nd
Currituck Sound before it i:m.s da.r.nncd out.
Scnc.te Dc-cumont :l '.1 • 23, 7lst Cond'oss, 1st Sc s sic n, "Inl"1...1d ·.fat0rwn.y
from iforfo l k; >To.., to .2 -:..nufurt Inlet, ::.. • c.," st~ , .J S in po.rt, " In 1900
the sea. broke over v:hn.t is k:i:.own c.s Vic.sh F'lc.ts il. such lo.rgo quan-'
tities thn.t tho duck f uod n::ld fishing wo.s tclJ'.p , r::tri l y ruined. This was
such o. ser ious situa.tic;n t :c.-t c.. sl'.nd fence 1 1 500 fee t long 1::0.s bui lt by
privo.ta pi:.rtiGs. A few weeks c.ftor buildin .· sc,mc; it wn.s comple te l y wc,shod
out. Another fence wn.s built :.. fow months a ft ·3r this und wa.s successful
i n cstc.b lis!ri.ng o. high ridg0 of so.;1.d, a.n d ~r .:.m o.11 ucc0unts no.s very sue•
cossi'ul in kccp:i.nf; th<~ 0cea.n f r ...:!il ovorfLx.ri!"1g into Bc..ck B:::.y up until the
lo.st few yea.rs. ilhen this fence · .c.. s ox:::, d..:.iud in Jnnun.ry 1925, 29 br-Jn.ks
were f'ound in the f'oncc throuz_h wh:i.ch t he wo.t c r from t h e ocerm h r.d come
into Bo.ck l3n.y on 12 diffcroat times d ilr'.ng tho y onr 1924. Thes1.1 brca.ks
run from 40 feet to 600 feet in widt:~~ the Cl.E;grcg:·~te of tho vrxiou s brco.ks
a.mounted t o 3,819 foot. The Ste.to cf' Yirginia undortcok to !ilf'.kc ·t;h:..:sc
r ooC1.ir s und buiit c, s~.nd roncc c;:;n:: j_fL,in ;; u:f ~·11,, lines o:f" £once 6 f c.;:ct
::>.po.rt, the posts ·ocing oa.k posts c.":d c ..:~:or o d vii th mesh wire. The spG.cc between tho "bNc fJnc0s wn.s fillod i n 1.1 .t1" brush. lmr:lcdio.tcly th.; fence wc.s
built it sta.rtcd to sn.nd up in ~- :;. ry s:1.t isfc.ctory :;no.rn1..;r n.nd b y the fo.11
of 1925 ell hc.d snndcd up 11vi th t h..: cxccp ti on of one br·'.30..l'.:;, This 0110 gn.vc
more or less trouble l r. st yc c.r; [•nd o. cc· n nrc.ti:vcly srr. l l amount uf sea.
vm.tor did c .:>:mo thr -.m gh this br·A:i.k, c.. l thoui;h it wo.s r opn.ire d on ::-. :::mmbcr of
ucca.sions. The f'onc.:: is insp<..ctcd every ·:; Jck by :):- • . :::lt 0 rfic ld, gmi10 VT;:'..rdcn in this tcrrit:ir;}', and it is so.id t b..c.t nu o..pprucir.bl:; nmou:1t of so.lt
wo.tcr cc.mo from tho occc.n intc- Be.ck Bc.y dt:ring the yoc.r 1 925 nnd s o fo.r ·
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during this year.

The cost of this f :nee was :>::2, 244. 75. 11

Thus we hnvo a record of wh -:it i::> bcliev;;d to be 1:;,ho fir 0t att6!Tlpt by
man to drun out the 9ea water f:rom I:.:tck 13<>y e.r.d Curr:j,tu~~ flound 1
~en:tte Docurn · nt ~ro. 23, 7lst Congres:=:, 1st Session, ::-:]_so states;
__
'3 ::tl t •Tater from the ocean docs wash across at four differGnt pl~ccs dur- .
ing stocm~, viz, at Currituck Beach, Penny Hill, rfash foods, and a point
about 3 :'liles north to ''lash :.roods Coast Guard <:"tation. 11
11

*****
"luring tho period July 1, .1926 to July 1, 1927, salt water actually
did flow ov<;r thG br;n.ch nt these plac8s on five different occr>.sions. It
is ciifficul t to determine the e:x:act amoUnt of S3.lt water thd went i nto
Currituck Sound and Back Baydlri.ng each occP-sion, but, knowing tho length
of b each over which it flowed; the velocity and duration of each overflow,
a..~d the height of the tide qt the time o~ overflow, it has been computed
that during the period above, from July 1, 1926 to July 1, 1927, sufficie nt
s3lt water went into Currituck Sound qnd B~ck BRy to fill these bodic ~ to
4n per cent of their total capacity. In other words, if Currituck Sound
and Back Bay had been entirdy fresh previous to the storm,. the stl t water
from the ocean would have tho effect of making those bodies 4G pt:r cent
A.::; salt as s ea w:i.ter, or the s <:.lini ty could be stated to be 7.c..o gr -=i.ins
per ga llon, ocean water containing about 1, 900 gr"'ins of sA.lt p<-r gn.l:ion. 11
'Ihe: informr> tion on the 1926-1927 storms furnishes an r xccll.ent idea
of the quantity of salt water t..h.at used to flow into Back Eay ;md Currituck
Sound, If qu~ntities ranging upward to 40 per cGnt of the totRl c ~pacity
of Back Bny ~nd Currituck Sound flowed into the ~rcA.s, ovGn with the
p~ti al pr otection ~fforded by sand fences, it c~_n certainly b~ ~~sumed tha t
no l esser amounts flowe d in P.11 through the years during storms since the
closing of the inlets, during 1.flich time thcra was an abund:mce of grass,
fish, and wildfowl-.-and no effective sand fence&
/'_fter 1927, s and fences were C•)nst :ucted :i.t all lovr re <ches in the
ben.ch, "hich, insofqr as I am infor med, h mro successfully kt.pt st.. <'! wcttcr
out except f'or n.n occP.sion;:i.l brE:e.k in t..h.c fenc e .
Records indicP.te tli. t :. doclinc in d'lcks , fish, and ."'qur>.tic grr,ss
occurred :.i.bout 19lf:.-19l7 and "!.lj<:.in about 1 C.l~J-1924 . These d eclines ca"J.sed
a chain of cvE.nts, investigations a nd controversies involving the Corps of
EngineErs, State of North C;irolin1 Dcpartmont of Fisheries, 3oyc0 Thompson
Ins ti tutc, StP..tc of No+th Carol i na DGpnrtmcnt of Conserv8_t~_on and Development, u. S. Bure au of Biological Sur1rer, Back B.qy Game Prcst::rvn.tion
_t_ssoci.::i.tion, n~vig:-'.ltion interests, Prince ss Anne County fnrmcrs, e.nd me.ny
others, som(; of which arc being continuod to d-3.to.
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Rcp r csontati-v·es o.i. · 1ildlifo, both ~'0 dcrc.l ::i.nd stc-.te, ('.nd the .Do~rcc
Thompson Institute, stc.rting; witb. ec r 0port dc.t;:;d Apri l 19, 1917, by
J.:r. SrLnuv l r . t~ildcbrn.Tl.d of t ho u. s. :.:;uroau cf li'ishcrics, :b....'1.V"(.; cb.i;nod
thn.t the d.ocrcu.sc in pl[mt .foods c.nd c<.-nscquontly :lisL. :::.nd wildf_oi.-d wo. s
co.used b y a.n incroc. sc in salinity in Currituck Scund o.nd Be.ck rk.y, brought
a.bout by the 0pcning cf' tho o l d lu_ok ::rt Gr0ct !3r:id~o,
Tho Albew.n,r-~g a:r-d (}111.:; !'l:l,J:30a.l:e. Cano.l, l:\~d ;!,i;ick w:;cs purc.ho.130 d by the
United Sto..tes in 1913., Pr om the til'.1.c tho Gc,v crrun0nt took po3so ssi on un.ti l
Apr i l 1, 1917, there were periods during v:hic h tho l ock ga.t0s V1or0 l eft
open for purposes of stuJy of the tidnl ~ction o.ntl ourronts i~ the oana.l,
but genorC'. lly, the g;at 0 s wor e epcr o.tl3d to rr.n.into.in tb.c YTD.t.'.}r surfo.cc 3 l c vo.tion i n tho cana.l o.s high o.s po ssible. After Apr il l, 19 17 the l ock
wa. s loft op on o.ncl not oporn. t'"d until ncvv locks were constructed und put
int o oporntion on August 101 1 932. ·

'""

It is pr obo.b l e ti":.:::.t ::::. r eport -by ":r. s ...'km~r,. of the Boyce Thoi:ip son
institute fer Plc.nt R·- s:.!'..rch, Inc., d~~ted l·~.r")~ 1929, plo.yod the la.~ ;; ...,st
pa.rt in i'1..flu oncing C0r_3r:::ss t o authorize t:1..: r o stcrn.tion of t he urJa.t ·
Bridge l ook. Thi s rer> or t ~-ms be.sod Oli. s :.;P.Jic s 2.:ld fi eld inv..J sti '.?;::. tions
c::-.r piod on 07er a. peric·d cf a.bout tbrc:: '.'"o.r s, 1 925-192 9. In this r eport-·--·
Dr. Bourn stc.tcs, "Ev8ry ~- - 3u lt cbt'.:l.~.--;.c.d during tho ccu.rse :.:;f this study
p oints C(inolusivcl~r to tho 1.'.:-...ct th:-.t tl-.0 Afo8J!1.'\rlc c..nd C.11cs0.pcc.kc C~no..l ·is the immcdie.to co.use fer th-:: di::;r~r,,-,
from
- ' ., ::u-nnce vf th0 du.ck- food. ul:-.nts
:..
Bo.ck Bny rmd Curri tuck Sound. I:-. t~1is ccnn..: ctii...n t\;r0 i njuri.::.us :factors
di spovcrcd hn·,rc been t he inor ..}".::;cd sn.l tiness of the -.m.t-3r o.nci la.rsc
growths of hydr oid s covcri n~ t'.10 p l ants. It is · t he p ur:t::>(·SO uf this p::1.n.Jr
to dC; scribc c..nd disc uss th ~s-:· f u ·t or s 1 "tt.. sh1..·:1 thc.t tho Albv1:n:c l e o.nd
Chesup 0cJ::c Ca na l is resp ~inriplc "!·,_.;:- t hem, :ind. to p0int out tho onl y r e medy
which we: believe will full f roster the no.turn.l conditi ons to this 'lr'.st
region.

** ** *
"Tl-turc is onl y · one r •.::m0dy for th~ cor.p l ctc r-Jst~rr.t i...n of natural
c . .mdi tL.m.s t o tho s0 inl n.nC. 'ilt'.. tors, c.rd for this t:i;Jr o is n;:•t o. sub stitutc . The remedy lies in thv clo s ing c:f tho Albemarle c.nd Ch.'.)Sc~p .... uko Ca.nal
with sui t c.blo lucks to inpcdo the scuthv1o.rd fl ow of vm.t0r from !fo.ripton
Roo.ds. This is the most l o,;;ico.l c.nd th0 :r.iost r0as•;n::i.b l c r c!7l.od;,r thc.t ca.n
be su ggested , nnd bcc c.u so cf the ec0nonico.l si gnif ic::,::i.00 i t shoulC::. 21 ~ t be
l onp,::or de l o..ycd.•

** * **
11

1""Jhi l c th0 r esults o: t hrco-yoc..r study of tho conJi t _i ons in Jc:c:!::: B2-y
::tnd Currituck S.:mnd h0..YO been pr"sontc c1 in c. s01:i.owho.t go::.1or8..l y,;;.y, we
bcliov<:i these o.ro suffic i ent t<:> shov1 the ho.voe ·wr ought by tne opon
.AlbcF.;..'U'lc c.nd Chcsa.p c::i,l:c Cc..nnl, thc..t this c~m.l is sol e l y rosp0nsib l 0 fu r
the d0struction of t.ho uqu::i.tic duck-f:...od pknts , :-..nd that to it is due
the p0cu l io:r oc:.;l cgico. l onvircn.r.iont of the so v1a.t o.r s which pr c~,-onts further·
plo.nt propo.g:::.ti on and grovrth. Alr0c..dy gr;;a.t n.roo..s of plc,nts ho.Yo boon
dcstr::iycd in thoso wnt:J r s. This conditi0n hc..s been shown t o ini'lict o.nnun.l cncrm0us cccno!irl.c l osses upon t ho pvp ulc.ti>.:-11 invt.o l7cd. Tho onl y
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reasonable and logical remedy for the disturbances in the natur:il conditions of these inland waters tho.t could be offered is the restoration of
tho looks in tho Albemarle and Ches:Ap0ake Can:il."
From a roview of his report and other d9.ta i t C'"l.n bo concluded that
Dr. Bourn's prime purpose wo.s to restore tho lock n.t Gr"o.t Bridge, which
hud been so greatly advocated by sportsmen, fishermen nnd rcprosonto.tivcs
of wildlife, since Mr. ;{ildcbr c.nil. in his report hud blc-mod the op~ration
of th,; lock for the d ecline tlnt occurred in duck food 7.tnd fish in 19161917 .

I cn.n readily agrao with Dr. Bourn that the only r e.'Ucdy would be the
complete rcstoro.tion of natural co." di tions, for which ther,J is no substitut ~ . Howcvor, it c.ppc11rs to mo ::ift :,r r cv:i,c:vtlng th.: history of the .
sounds tlmt all of those: i·:ho so stron~ly advocn.t..:;d tho restoration of the
lock :md i:;ho so cmpho.tically cla.imad thrtt its restoro.tion would cure all
of the trouble, ~ntircly ovc,rlookcd or failc-:i to brin~ out m!'.l"\Y othr-r
fo.ctors wh:i. ch Yl·'.)r::: .:md sti ll :i.r o r ot:Ardin,: th,_ 0rowth of aquo:tic duck
foods.
.__..

Timo in its :;lf h::-..s prov•;n th'.1.t the ab~.ndonm-.mt of th ., old lock in
1917 wo.s not tho cause of' the d :...clin.J in duck food, ~d in fact th.iro is
substantial cvicl,:nco th~t i t h . . lpod the growt~ of som.;: of -th...i mo.in sp~ cies
of gra ss .JS rn.ther th~m kill or r -'.:?t::i.rd it. It h'.'.s new· bc.:n ::i.pproxim:ituly
19 y cc.rs since tho lock w:is r :;storcd, ~n.d yet none of the v1rious Si:"'I CCi...)s
of gr~sses havo o.nywher ~ gro~~ back in tho healthy qu:lntitics th~t fo!"!Ilcd
the beautiful b ods of f·)C:ding ground which existed prior to t!1c <iamming
out of the s::i.l t vntor.
It o.ppo::i.rs o. l i ttlc iron:i.cJ.l to m::i th::it Dr. Bourn of' th(; Boyc\.1
Thompson Institut0 in his r vpor t of' ;·arch 1929 mentionod that in AuGust 1
1925, tho s:J.lt content of the we.tor in th;.; cana l n.t the mouth of'
Blo.ckwo.tc r Ri v~:r was 56 . that of thu Atl~tic Ocean and 14.6% th...: followinr month n.t the sn..'110 station, but f'.1.ilcd to mention th:; a bunda.nt supply
of grass that ~xistcd durin~ this period, which inform:ition must hQve b een
avail ·.blc.. to him 'ls can b 0 soon from tho £'ollowi.ng .
The

follo'J.i.n;~

a.re ..:xtro.cts fror.i. d,c.ta. compiled by \7illi.·'JT1 Crocker nnd
'.'.l.ftor invosti:;~tions r.in..do by

~. Denny of tho Boyce Thompson Instituto
t1wm in l925.

F,
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HTVE~TIGATION

OF

TH~

COH0ITIQ;·· OF

nvcr·: FEEDS IN BA_CK BA'[,

VIRGilUA, CURRITUCK SOlr ~o , rrm:rr:.r CAR0Lr1 \.,
,..M'E''.S T~URUT!\.RY TO THE.'>E

A.ND IlJ \I IRr p:r:_

"We inv ~' sti~:-..t.::d the duck feed si tun.tion in Buzza.rd Ihy, B~ck
Bay, North Bay, 'lnci conncctin•:.- waters, and in Knott 1 s Chn.nn.11,
Currituck Sound, North Lo.ndini; River and connoctin::; wo.t:Jrs. Tho inv0stigation covered tho seven day period, Au'.'ust 26 to S0pt.;mb .:. t l,
1925. r:.:: dot:.;rmincd th.:; s c..lini ty of' the wut-.r, tho kinds and
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distribution of the grasses and studied the probable factors involved in the condition and distribution o~ t he plants in the various
rerions m~ntioncd.

* * * ·;; *
11

DIS'IRIBUTIO . OF PLA..llTTS E-J RELATION TO SALT CO~T TS~T

1

1\'!c found throe speci e s of duck f ee ds appar ently doing wull in
very high salt content north of I.J:undon o.nd a.bout Pungo Ferry. The~e
wero vd ln colc:-y (Vallisncria), widgeon :< ro.ss (Ruppia), o.nd red-head
f: rD.ss (Pot.3mogcto::l perfoliutus). These were thriving i n w-:.tcr tha t
ranged (while -..VC-Wor :.: ~:ro) from 32 to 56 per c ent of sea wat0r. It
is hardly conceivable th~t the s e plants cu.n b o injur0d by such slir,ht
amolmts of sul t ['_s exi st in rforth Bay, Ship ts Bay~ Bu.ck Bay, Buzzard
Bay, Y..nott Channel, and Currituck Sounr, namc..ly, 7 p or c en t s oa water.
:rin contrast to tho plnnts n:un 8d o.bovo we never fo n!id so. :;o pondweed (Poto...~o~cton pectinutus) in strong s~lt wo.t or . It i5 th dominunt plant in t>c water nort h of' Greo.t Mnrsh. Our obs<::rv'.ltions in
this r c?:ion a.s well a.s r::lports in th .:- lit e rature ,. i:tdicat :.; thr.t this
pl~t v.ill not stnnd n.ny considorabla conc ontra.tion of so.l t.
It mo.y
be tho.t it .1ill not ondur e much over 7 p0r cc:mt c.f Sv'.l 1·.:-:--~ kr; It is
conspicuous by its absence in tho 1•:?,tors south of Gr,;a.t <nrsh nnd
Y.nott Islnnd. It is also not v.:;ry nbund::mt j_n 2'11.ott Ch·ulIL:l.
"VARIETY AND DISTRIBUTION OF PL..O.YTS B

'.::i ·~ ;.- iillIOUS .

ATERS

"Currituck Sound is ma.rkcd by ::i.· vo.rioty of pl'l.n+s sho :•i n:r in
g oncral a e:ood mixed st::t.YJ.d of colery, vdd~; eon grass, w1ter vrccds
(Elodea.), (n~gg_~ 1.1'.°..?1) (Ch~), redhea.d gra.ss, soft mus•: gn.ss
(Ni tc.lla), and som-c oth : rs. This vuriety of' grasses ma.y be who.t
mak ~ s Currituck so famous as a. duck fi eld.
The ducks co.n got u good
full meal from soup to nuts; o.lso, if one kind of plant has n. b'.ld
yca.r, others ~nll b e there to furnish food.
"Knott Chnnncl shows n fairly ~ood variety of pl ffilts, but widgeon
griss is the domino.to plant there v.ri th considcra.blo c 0l ory.

"Tho wn.tors north of Groo.t Marsh do not show s uch ::i. va.ri0ty of
plo.nts or such good mixed stands as ::i.rc shown in Currituck, Her c
so.go pondweed is the dominun.t_ ]?lo.ilt 1'1i th . some 1-il.ld- c!:lery -ond s ome
widgeon gro.ss and o.t loo.st one good po.tch of soft musk gro.ss. We fee l
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that it is rather dangerous to have sago pondweed the dominant pl,qnt
here. This is e specially true since all the evidence indic~tes th~t
it is relatively sensitive to hi~h salt content aid may be t emporarily
wiped out by a great increase of salt.

"It would b§ well if more wild cc:;lery and widgeon grass could be
induced to grow h.::Po, also if nigger wool (Chara) could be introduced
and. the soft musk grass (Ni tella) could bc"""iii'Or'C generally distributed,
I believe tha t the delta potato might be made to grow in the more
~hallow waters he r-e.
~fo briefly mention in a later section the possibility of doing some s eeding. ~edhcad grass of Slightly different
appearance thrives well in the Hudson B.iver where the salt is more
than twice as concentrated as in these waters. ~re also found it
growing hero :md then south ,.,_nd west of the marsh where the water is
very salty. Nowhere: do-vm there did it thrivl; <'!S it docs in the
Hudson !°tiver. One might try plantinrr the Hudson L"iYer strain down
there to sec if it will do b.:::tter thn.n the str<?.in thA.t is the.<"e. It
i8 -,:, ifonderful duck f eed.
11

HA1J'~ fl.?FBCTED TEE DECLIPE IN FEED EJ THE
:-JATErtS NOJTII · O! GrlEAT !1Aill3H

FAC1'0:1.S TH:AT EAY

"It is impossibla to d Gt r. rmine from such .::i. brief study all the
factors involved in tho r ec 8nt dcgcner~tion of duck f eeds in ?.n:l
about Back B~y and the relative import~ncc of the scvcr~l f~ctors.
1. ·;e feel that the building of the ce>.uscway ID"'-Y h::i.vc stopped
the .free movcmont of l-re.ter A.n:l. tho dead water resulting mf'y be 2.
fA.ctor in the decline. The new c ." .ntl h:is overcomG this dif!'iculty.
11

11

2. The grc.:itf!r turbidity of the waters of Duzzctrd B-:'r ;:md
the west p:-i.rt of :Back f;ay are v ery notice.::i.blE:. This rc;d'.lces the
necessary light t fi -:t must r each the plants for food making. It : >. lso
aids in forming th e 1 slur' that injures t"c pl:mts. Besi ~ es the
sediracnt the 'slur' contains two simple forms of plc>.nts, di:>.toms and
desmids , as well as some molds ::!.00 bacteria. · lherevcr soft musk
grn.ss covers the bottom the water i s comparativ~ly clear .;.nd .free
:from turbidity. ·"'ild ct:l-ery, s;i.go pondweeO., and widgeon grass grow
up through this grass and do well. 'lhcrt-) is a large area just east
of th e Pocahonta!' Club covered by this soft musk gr.<i.ss ( 7·1 itGll~). If
it were more generally distributed it would h'.'.v c a good effect in
cu.tting dm·JI1 the :turbidity ..
11

J.

It is possible that periods of high salt content due to

the ocoan blm·!ing over -rash

Fl~ts

h t•.ve had bA.d e ffects in the past,

espcci-:Uly with sago pondweed, thG

dornin~_nt plant north of Grc ~t
Marsh. Unless there was enormous a.mounts of this wrtter coming ov,.r
it should not intor;fere with wild celery ;ind widgeon grass.
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4. It is possible thut a dicoaso is interf0 ring; with the
grovrth of sago pondwaed e.nd widgeon gro.ss. He rather douot this.
This is discussed in the last section of this report·,

"It seems very doubtful whether tho pres<::mt so.lt c ,.nt0nt t.·f the
w::::.tcr s n0rth of Greo.t ::Ur sh o.nd Knott Isla.nd hn.s n.ny injurious ef•
fe ct.s on the grr.sses, in thc.t region. A.ftcr o.11 tho s::::.lt co:::itont
hero is •rery low, a.bout 7 per cent of sea vm.tcr, hardly cc.pable of
being tustcd. A considero.blc:o incr0c.so wculd prcbo.bly kill sago pond•
weed, but a. very large incr8ase woultl be necesc;ru-y t o injure ·::i l d
celery or '.'fidgoun gr£'..ss . This r;1,,Yicrul Yiew is further eviclcncecl by
the. excellent feeds i n Knctt Chunnel vrhich a.l·.:mys runs just n. little
higher in salt than the re gion further north c.nd tho fine .feed in
tho west pa.rt of Currituck o.nd North Li:mding River r cgi o~ which is
subjected to CLlileidero.blo fluctuations in se.lt cont::. mt C.ue to the
so.lt fr om the Ship Co.nc..l. .Accordinr::; tc tho r '3sidents of this r egion
grass W['.S never good in ~c south part of rforth Landing Ri-.,or and
tho vm.tcrs west of thi.s until tho Ship C~. l was opened a.nd a.llou1...d
s:i.lt to come in there. It is e:. question Y1hethor o. :nodcra.tc a.mount
cf sa.lt is not benoficic.l ro.thcr thun detrimental. There :mn.y b~ l?l.uch
in the clo.im of tho o ld duck hunters of the r egion thn.t so.lt h-::: lp s t c.
keep clov,n the 'slur t •- It ..,·rill c.l:sc h .."1.vc so::i.0 clcc..rini; offoct c..n the
1
:mtor a.nu i;ri ll help to k eep dovm. the or &l:'..nisns tlui.t enter into the
1
slur'•
11

SE.::DING THE "\ ;-ATEJ.S l'JOR'.r1i OF 11...1.Ei.\.T • AR.SH

11

This region lc..cks Yi:.ricty of plo.nts. In s eeding it Juoro -Jti ltj.
celery o.n<l i.-..'iclgeon i;ra.cs ought to be introduc0d in a.11 robions. It
·would be well i f nig:or vro u l (Charo.) a.nd soft musk grc~ss CO'..ll:i be
seeded in the shn.l lowor wo.t'3rs ..,ri~ c..nd. onc-hc.lf fee t or 1:3ss in depth.
\Ta.t0r i;rcod might also be plunt~d on tho sn.n<ly b<.,ttoms. ~~ good strain
of rcdhec.d g;rc..ss should bo intrcduccct. In introducing this one should
bq sure t o get I:'.. stro.in tho.t is thrifty c.n<.l tho.t will grc..w vvcll i:J.
so.lty water. It is p 0s sible that the dolt~ pctutc woul d thriv..:: here.
It will endure we.tor th.."..t :i.s not sn.lty cmoui;h t (: oc di stinct l::,~ to.stcd
c.nd this is truo of the vro.tcr s in this regL.:.n. All tho so p l u:nts
except redher..d gra.ss nnd tho dcltn. poto.to ;:;row in the. roi:;icm nnd C[L'l'J.
be pln.ntv(.1 fr ~ ·:::i. :materials o.:t hn.nd . .. The rodhoo.d ,gre.ss Q!ld delta. pc-·u.to o.r0 on tho market. In pln.atinr, the delta. poto.fa; one should be
sur e th::..t :the soil in which it is p lc.ntcd is no m0rc sn.lty thr.n the
w::..tor in Be.ck Bn.y.
"Bulle tins 205 c.nd 465 of tho U, s. Buroc.u of Bh.logica.l Suryey
gi·..ro full d.ir::ictions for plo.nting. Thoro nro some pr ob l oms en tho
hc.nc.llini;, store.go a.nd troc..t:mont of seeds of duck feeds tho.t no8d
scientific study, .'de a.re no...-• working on those i n our l o.borc.tury c..nd
hopo f or rcsu],ts b y sprinc.
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r.:rE ' SO-CALLF.D DISEASBS OF THE GR~SSES

' 1 '{e mr.>de n car-eful study of the _blackeninf!. of the stems of S "' f!O
pondwP,ad, ~tid~eon gress, rnd redherd grnss r,t the soil surfc ce, ~ls o
tl-\e blr·ckening Pr..d de ~ th of cert0i:p. :regions of the underground stems
of these pl!'nts. So far we h f> V O not been eble to show thrt this is
cr.usP.d either by funo-i or bocteri l:l . 'Ye i: r e inclined to believe thP.t
th~ ~ ef'l th of th~ underground stem is n n~turu l dyinr. of old pRrts.
'Jhe de >i th o f the upri11;ht stems Dt the surff'lce of the soil str rts v•i th
n
reddening of the- outside cells of the stem ~nd no funri or b n cterio
r r e involv~d in this eP rly st~ Ec~ In the l •:ter st""ses fur...-i are found
in the dend zone. 'Ih~y s eem to come in .<Js r. result of pr .~vious
wenkcning . Our P"'tholo?,ists f!re m11kini; fur+her study of this in.jury~

'Ihis condition exists in Ynott

Ch~ nnel ~nd

in Currituck Sound : no is

ofte n most mf?rked when tho st" nd is best. The e vidence ot pre sent
indic<1 t e s thrit i t is n ot a di sec s e. Even if it were, it is ho rd to
see hovr o ny r em'Jd i r·l tr e~ tmr:mt for it could b 3 used, Tho r e'1l.edy in
~ r..y e r.so is ~ gre ~ ter v r. riety nnd b e tte r mixed str-nds of plpnts
broup;ht r-bout by secdinr.. It is niso desir r- ble t o >J.voic1 such possible
sources of injury e s extreme s1lt ch~nges ~ nd too p.reat turbidity
of the •,vnter.

"In this r eport s o" wnter is fiflir •3d c s contrining 3.223 per
c e nt totnl c~lorid P, S figured ns sodium chlorid P,. ·
:Jilli~m

Crocker ·
e nd

F, E. Denny
130YCB TR'O' -PSON . INS TT TUIB FOR PL.P.1''T RESE.~ Rcr-r, D'C •
Yon!ccrs, N . Y."

~
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Tho r e port of T'e ssrs. Cro ck er r.nd Denny, whc:in unbi r. sedl~r r~vien.•-.;3d in ~
conjunction with· oth'9r f ..,ctv.e l d r> t '1 " nd the historic"l b:: ck~round of th e
sounds~ ".) Str blishe s v"'!ry conclusive ly thnt the increi:ise in s n linity c r us e d
by the r emov" l of the old Grer:-t Bridp.:e lock did not kill the gr•ss,'} S. In /
fnct, it subst>,ntintP,s th,... t the r em.ov-:1 h e lped tha r-;rovrth of grfl SS r c:th e r
thnn destroyed it.

ast~blishc1

c~n

m~ny

~

It is nn
f ,. . ct th"t
b e v e rifi ed by
people t h< t
no g:rr- s s in r:ny qu~ nti ty grew in t.11.e vicinity of' ?~unden , v~ ., n nd Pungo
Ferry n ft0r tho closing of Currituck Inle t ( r pproximr. t ely 1 829 -1834) until
the ol'l lock wos remov~d in 1917 , During: this period of r: pproxirn., t ely
88 to 93 ye r> rs~ the Wr t.er "'.VI'S too fr e sh !'. nd d::-rk from SW!'!mp drr iri-:ig:e for
n qu~tic V9~etcti on to thrivP. ,
the s~ne ~s it is tod r y since tho restor ~ tion
of th e. 1 0ck. After tho olCl l ock w:-i s re'~ovnd in 1917. r·nd s ~lt wrter w-· s
:- llowed to f lO"{ through the '· r e" , bec. utiful grr-SS b eg1~n to !"TOW-1 rnd it

1

l

j'
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grew in abundance until the lock was restored in 1932. To the latter
statement, I can personally testify and prove by numerous responsible
citizens now living.
It will be n~~~d ~~~t . lessrs, Crq9ker a~q p~pny ~ep0~~ ~hat three
kinds of the .leading duGk f~od gr.~sse~ wer.e growing in the Vicinity Of
Pungo Perry and Munden, Va., at the time ef thei!l investigation in 1925,
namely, widgeon i;rass, redhead grass and wild celery~ These grasses were
said to be doing very ~-1ell while the water ranged from 32 to 56 p er cent .../"'
of sea water~ They stated further that it was hardly conce"i•.rable that \
these plants could be injured by such slight amounts of salt as existed
(7 ner cent sea water) in !forth Bay, Ship's Bay, Back J3ay, Buzzard Day,
Knott Channel, and Currituck Sound.
It is of forther interest to note that in 1925 sa::o pondweed was
growing in Back Bny while tho water was 7 per cent of sea wat er, and
Currituck ~ound was mqrked by a variety o: plants, showinr- in gener .<>l A.
good mixed sta11d of celery, widgeon f'):'ass., water weeds, nigi:;P.r wool,
redhead grass, soft, musk grass nnd so~e othcrs, while the watt:":r ranged
f.ram 6 per cent as salty as sea water in the; southern part of tl1e sound
to 56 per cent ~t Pungo Perr<J.
It is a well-known fact tlu'.t crabs do not and c:mnot live in fre.° 'h v
water .:mq., in--• rdcr to thrive in abundanca, must havo water r;i.nging at
least from 5 to 10 per cent as salty as the Atl;ntic Ocean, or gr eat er.
During the period that the lock was open, and as f a.r back as I c?..n remember, as well <!S some of the oldest citizens, crabs were e. l ways plt,nti ful
in both the Back Bay <>-• d Currituck Sound r1.reae:. M".lny citizens earned
their livelihood by crabbing. In fact, I mn reli?..bly informed th~t a
crab f-ictory used to exist in Back Bay, in the vicinity of the present
game warden he~dqu.1rters.. All through the y c<).rs when cr abs wer e plentiful there was a lso beautiful stands of grn.ss. Th.G w>,ter beca11lfl so fr esh
aft er the construction of the sand fenc e s ::md the closing of the lock
that both crabs and grRss bc.cmne very scarce .

·

The f'1ct th;i.t all of these grasses wGr c thriving during th0 time of
the investig~.tion of Messrs, Crocker and Denny, when tho w!'!te r ranged
from 6 to 5A p er cent as s alty as s ea water, subst-'3.Iltiat cs beyond nny
doubt tha t these aqu!'tic grasses grew in Back B::i.y :md Currituck Sound in
inuncnse qurnti tic s, while open inlets e xisted '."LTJ.d wri.t<Jr .f lowed fr u ly over
the be::i.ch, as cl .,imcd by old.or citizens :.nd verifi ed by tho f ::>.ct th '.lt
thous3.nds of ducks 'lnd guese us.:xi to remain in the ar0M for fi vr: to six
months each season.I The quantities of food he-d to be gr•· at or it could .
not have fed so mRny thous ands of ducks for such extended p ~riods~ From',
,·
evidenc e a lready pr c~ented, there c an be no denial of the fact th~t ducks . l /
in unnumbere:d thousands did rG:.1ain in these ," rnas for sevt r al months c:ich j
season, RS far back as th u mcnory of m:m for sev!:)r al goncrr>.tions oxt ends.
Ther e is much more inform.' 1.tion th;-i t I could pr r::scnt to verify that
grasses gr.:w in a bundance only ·1hen s ea wat..=ir was pcnni ttc.d to f low frl.ely
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into 3:1.ck .C:n.y c.nd Currituck Svuncl tbr (: ugh inlets, low ::troc. s in the.. beach,
or both. Hcwcvcr , having proven it t ... my ow::1 so.tisfuctior. by r~sourch
a nd v-c,rificc.ti on by o l der c i tiZ\..ns, "..ncl ho.ving; h-Jrein pr c sentc. ! tl-ie hist orical background :1.nd othc.r de.ta, 1:. ;hich I b: lio hJ sh~u l•: bo sufficient to
co1rriYtc0 <:iiren th.:; mo st skep tic. 1 P-""rsvns, if t11ey i:;ill b oth0r t ... r oe>.d a.nd
c.r1u lyz 3 the f '.!.:::ts, I will nvw pr v cooJ t pr..,scnt other f'~ctuo. l '~ata t o
shvw w!~at I b e l ie.re.. r ec. lly co.u so 1 th.:i clecli!ic in uquo.t ic e;rc.sscs e.n l consc qu0ntly t'h·v fis h .... nd wildfvwl.

G.: be; br.ck for a. hundr ed or so yea.rs ·.:::; must r c..cognizc that there hn. s
bo<J;~ an occD.si0na.l ycn.r or yoo.r s ·;1h~n the er ops of grass wuulJ not

cJ x;c.ys

:r ~··r C\.S

vi. c t.r uusly n. s in o t her yc_u-s. This co.n bo underst., o<l '.;h .:n : it is
t hc.t t ho hca.lthy growth of th0sc grasses dcp.:md s up on tho wn0unt
of sc.linity, the period of sunlight hvurs during u i;r ou:.ng son.sen, tl:c t urbulc nc .; of tho w::i.tors from wind a.ction dnrinc co.r l y 'A'CJGlcs cf' ,t;r 0,·rth, th•)
r.1•.vu!lt of rainfo.11 a.n.J run-cff, o.nd p rubn.bl~r C'thor influcnc i nf fc.ctors due
t c the -:-lc:mo nts. In '- t hor w~r G. s, the a.quo.tic ::ro.ss cr op hl'.::l i -cs gvod s c u•
sons a.ncl i+ s bo.d s on.sens, just us it :!.s v1ith any other crops ;,;rv·m by f o..r:!Ilors., SL!:lvtim0s f ::-..rmo rs lusc o. crop fr .. n n. ho.ilstorm or o xccssi7o r u infn.11 ;
i.:1 like :roc.r....Yl.er, tl'...' gr tis s v.;o.s s.)mctimcs ldllecl by tho intru <>icn ~:" tcu
much s ·J:.i. wo.tcr ~t 0nc time i !l the sprin:;, C ['i us :d b , - n. vi ol 0nt stor ::-'l.. I.ow.:nrnr , '.:l. gvod cr vp c,f g-o.ss usun.ll:r '°'r ev: yoo.r o.it o r yuc.r v:i t;!:1 the f m·. c xcep ti u:ns sto.totl 0.'!)ovc, unti l o. v vr y n oticcubLi cicclino occurr ·"1d about 1816-17 ,in Curr i cuck S0und , o.buut 1923-24 in E:.ck Llo..y;. o.n l o.:;n.ir.. i :1 1925 in
Currituc k S'-·ui __: . :'rom th~ lc.tter cloc lincrn ir~ Br.c!-:: B~.:r o.ul Curri tuck Sound,
thv gr ~.ss has never roco•;erocl in the ho::tlthy n.bu:nC:r.nco thc.t f ormerly
oxistod .
c0ns i dcr~d

P~.rt o.no of the 11.r....TJ.uc.l :-tctiort of tho Chief of En0 i no ·rs, u. s ••...r;~:y,
f or t:io y(,f.rs 1914 thr .. ugh 1919 indicr.tcs t n:-..t c:xt~nsivo J.r1.,:l,:~ing cp0r o.-

-·

t j ons woro c n.rr icll un in 1'Jort!1 Lc.ndinG Ri -r<.r b ;\' tho ;~ o vcrmrr0nt <luring tho
period 1914-191 9. ? o.rt nc 0f tho s-::!.."ilC r eport f or the y ... o..rs 102 5, 192 7,
o.nd. 1928 ind ico. tus th..:.t tlroJgiab opcrn.tion-s ' '!Oro cc.rri vr~ on in-Currituck
Scu:r'0in~ 1 9~ ~ ~<tl in ~~h: .~i....:.~E- L.".~!l~_Ri _::c_: _n_:id Cu7~ i t~c2t::~ c·~1:'~ 2:2-~ 7
nnol l S2G. R..;c ur us · o.Is .... indico.to tho.t u:i.."tvnsLrc, <lr0.:!;:i.ur C'T.l.)t"~ ti C.:is were
pcrfC';;:Z:..l i n .-i.:rth Lnmling :.U<ror .:mrl Currituck Svund Jurin~ 192 9 c.nd 193 0.
It i.s ~ ls' c. fr.ct thut :r.:r . ~~ Cc r ~y ( ,:.:; c ... ::-. s c d) hc.tl r n t h0r c xt·: msi v:.d r01.." gi!i1· operations c o.rriod on 0-ror o. l unr- i1c riccl of tine i r: th0 Buel-: B'.ly
"-r c c. , c 1. .:-a1..ncin::, <J.r vun~ 1 9 23 - 24•

L.-.. . .-

It i s rt r ~c .:;nized f:::.ct thn.t, ·..rith r. fow exceptions, o.11 li ·1i :'..:; :·:;:.ttcr
i s dcp 1..m do11t upon rc.dic.n t .:mcr gy fr,.n:J. th0 sun for oxist'.JJ1c o. Thor f~r J ,
vrhcn sunli ,sht wo.s bl::-..nlccU. vut frv:.1 the 1:ro.ss by mud :::.nC. othe r nc1ttor co.used
by rlrc:!.i;in r c·pcro.tic.ns, tho gro.ss no.tur'.:'..l l y •: .i 0d ir~ l uq;C; o.r..:n.::;. It i s not
mormt thn.t the r:ruJ and si lt caused by the l r odgins c ovar C; .i the vrh.... l c suund,,
but t hc.t l;horc is nc doubt it d i l c 0-.rcr lc.r.;o r.r.Jl'.S in the vi cinity of
th.:: dr ,xlging oporo.tions. Hhcn th._ ;;rc.ss cli.,d., it p0r; 1itt0•1 a. turbul 0nc ...
t c. b e .:;ct up by wind s which in turn sprco.cl mull ::-.nd silt tc· c tlior ;::r" ssy
a.r c '.'..s, thus ldllinG tho gro. ss unti l th... r~ j (> ri ty ~ f it .-:a.s ,wstr -. ycJ. .
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After the dredging oper~tions ceased in 1919, b eautiful crops of g r uss
retu:rncd, in North Ls.nding ru. vcr o.nd · Curri tuck 8ound 1 and continu -.Q_ co.ch
yea r until dredging wn.s oom.rnenced in Back; Bay in 1923-24, in Currituck
Sound in 1925, and in ~orth Landin ~ R!vyr in 1927.
It will be not e d th'.:'.t the 1914-191'} period of dredging coincide s with
tho r eported de c l ine i n gro.ss, and cons c qu ntly fish and wi ldfowl, i''l
Curri i..uck Sound in 1915-19 16, wb.ich Vi 'J.S inv.Jsti "'.:1ted :md r nportcd on in
1917 by Fr . Srunu :l F. Hild0brcmd of th,J D. s. Bureau of Fish~ ri es . Also
thn.t the 1923-1924 p 0riou of dredr.:im; in tho Bn.ck Bo.y n.rco. an'~ th e 1925
period of dr0dbing in the Currituck Sound area coincides wit~ th~ declin ~ s
r c port(;d in Bo.ck B'.'l.y i n 1923-1924 nnd Currituck Sound in 1925, which
decli nes ;;sre c·xtcnsi vc l y inv 1.. sti~'1.tad by the Boyc e Thompso:i. Insti tutc
and th.., Corps of Engin eers ov r n. p ·:)riod of approximately t hroe. y ours,
1925-1928.
~

It is int or ,; s+ing to note; tl1'.lt the District ;-::igine•,•r who

irn.'~ B

Li gur,:d

~the si tu:i.ticn cxt ~:-isi ..::ily durine~ npproxi::w.tcly the s nmc p oriod ~ .s

Dr .. Bourn of tho Boyce Thompson I nsti tute could not find su: ficL.:-n t evi denc e that sn.lt wn.t'J!" intruding through the c:m'll wJ.s thL co.us -J of t h e
declin.:.. i n ducks to r ecorri.mend the r osto ro.tioL of th·::: lock fl.t Gn 'lt J ri dg c ,
whi ch "°"i. ; W was supported by the Di vision Enr: in e·~ r, BoarJ. of Ehr;ince rs ,
and t he Chi e f of &tgincers in their report on t hl;} InlmlJ ?;fat or w·J.;v f r om
lforfolk, '!_'1. ., to Bv'lu fort Inl ot, ~ T. C., i n 1929 (Senate Docui:i1:mt 23, 7lst
Cong r e s s, 1 s t Session).
Sinc e it h~s boon clec.rly shov:n t hr1t th .:: s t a rti ng of the decli!lt..l in
vei;c t~ ti 0:1 correspon ds with th·~ per iods of dr odt;ing op c-r::d.ions
and t :!i.at this ·:l)['"•t(\tion ho.d a l v:o.ys before:. groY'"!: in 'l.bu.."'1.d-mc 0 evm" ;vh n
wide op.:::n il.l vts existed ::i.nd S(tl t wn.t c r 1'loi,rcd fro0ly over t h o bv:i.c.h,
is i t not more: l o~ ic 1l to 1ssu.11c th:tt the F' r:t ss w:ts h o.rmed by dr1..d . i :l,;
a...'ld cons ~quenti n.l turbuLmce r :.lth ...~r thu..1 from n:::i incr 0n. s o in sn.lini ty
through tho Alb0m·1rl.:.) and Ch ::: sn.paake C:uiu.l.
o. qu~ tic

:kc ords do not indicate that t h : Ba.ck Bn.y o.r 0u v·o.s s oriously o.~ fcct.::d
during th· d.::cli:'.1. .:: i n g r a s s in Cu rrituck Sound durini:; t ho d.roda-ing operations of 19 14-1919, ~nd it w~s only after dr0 i:ing operati ons we r e st~rtod
in t h e cQck Buy u r cu in 1923-1q24 t h'.lt g r~ss inuncdi ~tcly b egan to docli~o.
Tho : .r a.ss i n Currituck Sound ful ly r ccoi.ri~r e:d o.ft ~r th drod ~in~ that
occurre d duri ns 1914-19 19 , 'L~d only after dr cdgin~ oporntions cu rri Gd on
in 1925 did it s t a rt to noticeab ly d~clin ~ l~ain. Now, her 8 it mus t b e
r emcmbur ::id thn.t the §;r ass r covorod in Currituck Sound nftur tho dr edging
during 19lh-Fll::}, Yrf.. th no l ocks i n o pcn.tion '.1~ Gr0at Bridge , with the
wate r fl0winr fre e l y throu:;h t~1._; c o.nn.l . Ag::tin, is it not l ogi c n.l to '.l.S sumo t hat tirn gr:tss would h~ve r<.covorcd in both Currituck Sound mid
Bn.ck Bo.y 0ft or a ll drod:_;ing op orations c cn.sed h:ld th ;;; s.:i.l t W".tor not b e en
shut out.
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Durinb the p e riod from 1927 to ~pproxim~tcly September 1950, th ~ s"l!ld
fences wer e , in g~ner~l, very effective in keeping sea water out of both
Buck Buy 'lild Currituck Sound. The new lock constructed at Great Bridge
hn.s cffecti,e ly k ept salt water out of Currituck Sound from th~t source
since August 10 , 1932, e xc0pt for a brief p e riod ufte~ a l evee br ~ak
caus e d by th0 storm of 1933. Conscquontly, the only sourc es of s::i.lt in
both areas sinc e the closin~ of the lock has been from Ore;on Inlet, Qlld
the small qu:iuti ti .:; s that :mve been washed in by rains from the d, pod ts
in the low bc::ich 1.rco.s :ind the m:::.rshcs.
After rovicwin~ tho history of the a reas and available data on aquati c
plan.ts, there is no doubt in my mind that tho c;rass v10uld h::i.ve compl •)tely
rccov c,red i n b o t r. BA.ck B:iy and Currituck Sound after drcde;in~ o p ..:r'.:':tions
had Ce'ls cd, if thv sand fencos and the lock h::i.d not beon constructed.
After the effective damming out of sea wate r in 1927, Bo.ck Bay bocrunc
too fresh for aquatic pl:mts to :_s.row in -':tbundmc e . It is true th':.\t s ome
small quantiti...;s of t;rass have grovm cc.ch s c~son o.t certain location.:; , but
the only r · ·ason that they h::i.vE: g rown is bt::causc during heo.vy rains a c c:> rto.in
cimount of salt is being washed out of the sn.l t deposits in th..::· flat areas
of the b ~ach and mn.rsh..::s, finding its way into tho Bay at the: mout h s of
sma l l creeks, sloughs, etc. Also a little is added during dry p e rio ds
from Or egon Inl et through Currituck Sound. Howeve r~ existing conditions
do not permit salt to ontor in suffici ent quantities to b e of much h ...:lp
ins ·.:>far a.s tho full restoration of !lguatic vegct~ tion is conc cr n ,,d .
St·,,rting in September 19501 t osts conducted by the Corps of En in.::r rs
i n Curritu ck Sound and B'lck B':ty indic:i.tc tho.t. the w::i.tJr h:is ;;r .n tly incrcn.s ,:,d in so.lini ty. Raccrds indicntG thnt tht• average perc t- nt:->.: ;· · of
s::i.lt as compo.r0d to sea v.rat .Jr si!lce Se ptc..rr. ber 1950 to August 1951
been .:i.s follows:
Virights
Memorial
Bridge

't!utcr
Lily

12.87%

4.42%

South End
Knotts Island

North End
Knotts I sland

3-39%

h~ s

Marth
Bay
2 .. 76%

Prior to Soptcmb,3r 1950, back to January 1949, the a•1crag:o percentage
of sul t ::ts compared to son. v1atcr at th0se s:::une locations w?..s 'ls :follows:
Wrights
Memorial
Bridge

4.76'/..

i"Iatc,r
Lily

South End
Knotts Island

Iiorth Ehd
!fuotts Isl!l!ld

North
Bay

2. 15%

1.865'~

1.93%

1.37%

Th o increase in salinity since Septemb er 1950 W"\S c :rns ud by br ca.ks
that occurred in the beach approximately 1-1/2 miles north of Currituck
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In Au1mst 1951, there W'"'r e four or five small br ~ u ks, _rr· ng~ 11, , I t
is und 0rstood th~ t seo W8 ter h~ s b een entering t.~e So\l.lld ·during the p~ st
ye ri r on •' 11 hie:h wP.ters of 4 f eet or e"rei:i t c r, wh~:m strong northn <> st or
er- sterly winds ocQurre d n t hip.-h ''IP t e r in th•3 oce<'n• ,
Ber.ich Light.

ing from 50 to 150 feet in lenfth, or qpproximPtely 600 f e et in

The pr-3tti e st str?nd of grn ss th... t h n s 1=Jxiste d since the lock w·.· s
clos e d some 19 years ngo h r s grown b~· ck in Currituck Sound this SUl"ll'llP.r,
with the he~vi8s t growth on the eu st side of the Sound in the imme dia t e
vicinity of th n brenk . '.l.he gr~ ss h" s '1 lso improved in othe r p1 rts of th0

Sound r s well r.s in Br ck

Bry~ .

Jt s e"lms to me thLt one could not wish for more conclusive evi d Ance
th' t l'!l.Ore Sl' lini ty is n eed ..d before gr r: ss c ~ n e:row back in r.burid"nc e n.s
it us Jd +o do. · qowe v Jr, some of the peopl 3 in Currituck County h Pv e b c :n
so inriocubt-3d -,_rj_ th the vic-:r t M t s e lt is hnrmful t h-,t they 'I T •) now r f' ising funds "nd building s and fences "·t the brcnks, evr:m i n the f f c e Of tl-i·JSe
imor ov~ d conditions of th~ grnss.
un~~u:t..- n<l .t~;i:j;_s..oma__o f the p.f< Ople..._
r r -; fci:i rful thr- t bh".ck b r ss will b e de stroyd _;j f th~iBity -l...§__ r, llovr')d
- - incref! s <:i;-;mcrther cbv b e h •, fmful to s port fishi fT
to
f _thqy woul d only
~ 1:t--I1ttl&z:;,,... son · nd review
e con 1t1ons exis t i ng ivhenb1CIE-1:fr:-ss__ _
r nd othP. r fj~h--;re~e ten or fi ft~on tjmP s mor;~1fu"'.lth~n~·:.z:..e_
~t~dr-y;f" ll'!l_~un~ thn t t hey could SP.".l t h" t nothinl! c oul.Q. _b.n_...fe.dili.i.1.r.. . f~

---

(r

---

_th:_ :~~J~

It C"n re"dily b e seen why o certr'in ".mount of scr- -·•<> t f?. r is '1bsolute ly
for thP- {!'rm'lth of £:qur: tic pl::-nts P. nd m'1rine nni m<> l s, '.'lh '}n tho
composition of s e~ wo ter is on~ lyz~d - nd und e rstood. '.Ihe com~ositi on of
Ser"! wrte r is egu11lly P.S complicf• ted a s th'9 compos i tion of soil us e d to
~row r~ r~ produce.
Eve ry soluble substnnce on l nnd even tur lly is c ~ rri e d
to th,... seP.. In "lddition t o the s nlts solubl".l in "'/Tl"'ter ,. r n in wr- t e r i n
pPs sing t hrough th~ ntmospher e nbsorbs · cids ~ These ~ cids JDPb l e t h e
l"" i n wc t e l' to dissol v~ the ~inerr. ls of the e~ rth into solubl 0 c ornpound s,
whi ch r. r e cnrried to t h_ s eo •· 'Ihcse min!'!r .o ls eithe r remn in i n soiution or
form insolubl.., compounds ··rhich sink to the botto!'l of t he s e11 1 1'110 tot•· l
r mount of thes ~ dissolved s olids in s e~ water h ~ s be en desi ~n- t~d ~ s
'' sr lini ty . 11 Tt is sometimes expressed in ter.n.s of chlorini ty, or ~mount
of chlorine in S '3<i wr. t e r f Averrge ser. W'l t e r is s r id to c onbin '1 pproximr> t-1> ly 35 P'"' r ts P"'r thous '1nd of solids in solution. The t°'•ro princ ip" l
solj rls in solutio:ri . r~ sodium chlorid e , whi r.':. comprises "pproximr. t~ly
27 P" rts of +hG 35 p::rts per thous ,m-'J; ~nd rn" gn'.)siu..rr. chlo"ridc , which is
r bout 3, 8 p ··rts. There !ff<~ n lso r:l!'ny other s <: lt co"lpounds i n the font
of br01'1i nes , f luorides, iodi1e s. r nd c ·:rbon s tes. Some of the se s r·lt col'lpounds <l r "' ne~iiP"ibl e in qu:>n tity und e r chemicnl r. n ulysis .
necfl s s~ ry

.
Som0 of th') cor.i.pounds i n SO') Vl'.!tor r. r e f\bsorb 3d by n~ r ir: '" nnimi. ls,
plnnts, r nd or11;F~ nisms; ot hnrwise they could not '1nd rould not exi st. Sen
W"t er " lSO COr. t • ins gr? S8S r nn nume rous OT?;"DiC COr.ipounds . -·os t nOt"°bl'3
of the s 0 gns~ s is oxygen, which is so n e e essa ry for l i ~e's existonc 0 .
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From the e.bove, it can be s 02n that the term salinity means a great
deal more than is usually presTu'"!'lcd ty the average person, when tht; term
s alt water is mentioned.
Tha sea water that used to enter> into B;!ck Bay and Currituck Sound
through inlets ;:i.nd the bCITrier beach all t hrough the years .fl.ffordcd a
bountiful supply of m.tnerals in solution, which acted ~s fertilize rs do
to farm land e.nd stimul<tted the growth of the P.qua.tic plants rui.d m::u-inc
life. Without ~h e se soluble compounds, the various types of e.qu,qtic
plants for which Currituck Sound · ~...nd Back B~y so long h~ve be en f 9mous
cannot t :hrivc and grow, as well as the majority of the VP,ri ous species
of fish thP.t h<'-Ve inhabited these areas all through tho yc<"..rs, until sea
wat.:Jr was d1I:l!lled out.
r·Jhile the lack of a healthy growth of t!).c v'=lrious type s of gr:>.sses c:m
be directly attributed to the closing out of sea water, ther e nr e m~ny
reasons for the decline in fish and other marine life which ere directl y
~ttributabl e to the s-1.ITle thing.
Therefore-, P.. return of the f i sh in
quantitit.s that used to c:xist C"..n.not be hoped for until th8 initi ~.1 cn. 1s e
(the: dam.mine: out of. sc 'i water) is corrected.
1

It is "· well-known f :ict that bl?.ck baf's B.rc· considered to br fresh
wot cr fish and th::;y arc found inl"lnd hundreds of miles from sr-,lt or
br..,,ckish water. However, it c:mnot be liter a lly construed thnt it is
strictly "'.. fresh water fish ?.s, in truth, the lc:.rgcmouthed bnss or "chub!'
r egularly :i.nd pr0sumably by choice h<!.s always frequented brackish water
1llong the Atlantic Const. It c~n be substantiated from r e::eords th.:i.t black
bass have thrivc::d in br:.tckish waters, tho specific gravity of which WA.S
as high as 1.0058. In tsrms of salinity thi~ would be the equive l cnt of
ci.pproxi.m::i.tely 8.0 parts pur thousruid or abo11t 2t.: per c ent c:i.s s .".lty :ts the
sea wat0r 11.long the coast.
Tho~c who are so f earful thnt an increase in s ~lini ty would de stroy
th 0 bass should.inform themselves of the conditions th~t used to 8xist
when blacl< bass as well as other species of fish were many times more
plentiful thm they are today•.

For mMy, mmiy y c 'll's hundrods of people made th<3ir livelihood fishing with dr<i.g nets in Back Bn.y and Currituck Sound, when, :?..s pointed out
above, sea water flowed freely into these arens before it WA. fl df1.Illl'll.-,d out.
Some of the lctding sp0cics of fish caught and sold in l "rgc quantities
were black bass, bl'lC nose perch, yellow fin perch, pike, stri.ped bass,
or rock fish, c::ltfish, sunfish, herring in sp·!Wni.ng ti:ne, ce-rp, mullets,
and s everal other species. At the time all of these fish wore plcntifal,
th&rc. was ."l. n .J.bundt>.nt supply of :i.qu::.tic vegstation. For s ev eral generations, my forGfathcrs c:tught black bass in these w~t~rs by the h~ndr~ds
of pounds , wl.!ile the sea water flowed over the b ench during strong
cast.::rly winds.
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In 1921 c.nd. 1922, I fi shod for a. li vin;; '.Ti th a. :.lro.6 net in Bo.ck Bo.y,
During this poriotl, there were ut loo.st . 60 to 70 othor crcvrs, fishing in
this bccy. It wus nothing unusuo.l for o. crowt s do.ily catch in the doud
vrintcr .nonths t c c;vcro.gc fror.i 75 tc 150 pounds of blc.ck b c.ss; 200 tc
300 pcunds of b~uc nose porch, yellow fin p·.)rch, o.nd carp; 100 t o 200
puuncls cf scrc.p fish, which consisted of sunfish, catfish, etc. In tho so
clo.ys fishini; sea.sons · c c:mncnccd in co.rlJ' fo.11 o.ncl continued for fiyc er
six nonths. l)urint; the months of Pobruru-y, · 1:.'..l.rch, a.nd April it wo.s not
unusunl for o. crew tc c2..tch from 1, 000 to 2, 000 pounds of blue nose Derch
a.:µd/C'r· herrini; a day.

·."Jhc:n it is r cnchbe red thn.t there i:rcre from 60 to 70 c;r-m7s fis,h.ini; five
days o. week for fi 70 t.r six nonths co.ch yco.r, it cc.n be s een the. t P.11 vf
the vo.ricus species uf fish ha.d to be plentiful. For ip.sto.nce, using only
o. do.ily c.vcro.ge cc.tch of 40 pounds Gf b c.ss t o o. crew, 300 1 000 p0untls or
narc wore co.ught unG. solcl curing; a. sea.son from Ba.ck B::.y o.lone. It is
well lrn.o~n by ~nny of the olGcr citizens th£.t this bountiful suop l y vf
fish re-occurred your r.ftor year., ~s fc.r buck as c r.n be rome:mbcn 1cl for
sovorul gonorc.tions.
=~cro I would like to in,;i to v.ttontic·n to the fnct th::'. t in 1921 c.nrl
1922, while I f'i shed in 3c.ck Bc.y:, 000.utiful stc.n<ls of gr::-. ss covered tho
ontiro buy, sc thick in r.,a.ny plc..ccs tho.t smr~11 bird.s coulu wc.lk on it;.
It wets ('.iff'ic ult n.nG. in somo locc.tions ·inpossiblo to pull a. clro.i; npt
thrcugh t~o gro.ss. Also, it is r ccn. llcc thc.t. during this period n<, lock
existcJ a.t Grout Bridge, a.ml n:'..tcr flv:md freely over the bench in mr.ny
I1lo.cos during st0rms whoro bruuks cxisterl in the sund fcncos. '.i.'n<.. r 0forc.,
it is onl y rcr,scno.blc to nssm:10 thc.t tho sa.lini ty in the bl'..y -.;;c.s o.t
l ea.st equi~r::'.. lcnt t o thc.t fotL'lcl b y :'fo ssrs. Crocker c.nd Denny of' th0 Boyce
Tho:r.ip s on Insti tuto, in 1925, which 1:m s about seven p er cent us sa.lty c.s
sec. ·w c.tcr.. In the f c.cc of n.11 thi s evidenc0 which cc.n be pro,rc n by scores
of r~sponsib lo citizens cf Princess illmc n.ncl Currituck Ccuntios, how cn.n
o.ny one clo.in or o rem doubt tho.t blr:,ck ba.ss vwuld n ot . thriv·.; if thu so.lini t y r:n.s increased t o proportions t h: .t used to exist, vrhi.ch is nGccssc.ry
if '.:;r t'. ss :i.s ov0r to gr ow. c.gci.in in o.bunc.hncc.•
~~s hereinbeforc stated, there c.rc scv-crc.1 rvus uns vrhy fish bocc...rao
sca.rco y;h0n o.qur.tic plc.nts diso.ppoo.rcd.. \'n1cn o.r::plo salinity vms n c..rr.,itted
in tho c.roo.s, grns s thrived nnd !:).'OW in a.bun~o.nco. When there wo.s pLm.t y
of <~rr.ss, it kept d ovm turbulence. , vihich in turn kept thv n .'..tcr clc.:i..r,
uncl sunshine could pcm)trc.te tho w:--.tcr. Thus, with clo::i.r ~'la.tor, rich in
:mincrc.ls, (.n icloo. l conJ.ition existed for gr owing fish. "Jndcr trwso
fo.vorc.J;ilc com:i tions, :mn.ny spec i es of fish spc.<'mcu c.nci. rr.isccl in ila.ck
Br.y v.nd Currituck Soun.!. Th.:: i:;rc..ss n.ffortlcd sh<.,ltcr c.ml hidin; pla.ccs
for those fish, o.nd furnished an exce llent br eeG.ing placo f or m..-:.ny t ypes
of r.i.n.r inc c.nin"..l s c.nd bugs f er the f' i sh to food on. Cons::ique11tly, thou.sc..n~1. s of p uunds c f fish wore rcplu!tl shocl ca.ch yco.r.
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For the past 19 years, Buck Bay and Currituck Sound h.avo been t00
fresh for aquatic plo.nts to grow in qua.nti ty; consequently, fish ha.ve also
become very scarce.
V'lhen the sro.ss disa.ppec.recl, the wo.ter became very turbulent and muddy
from 1'v:i ::J.c1 o.nG. consequcntio.l wave uction. This condition G.epri ved tho
young fish of sunshine, destroyed their food .. clogged their .:;ills with
mud and destroyed the mo.jority of them, except in sheltered places niong
the mo.rshes and cre0ks whore sOB3 gro.ss still grew. 11.lso fish eggs vmre
similc.rly destroyed,. The result hus beon tho.t only o. few young fish hn.ve
survived each year in a few sheltered locations. With thi s conditivn existing over a. period of s0voro..l yea.rs, is it a.ny wonder tho.t thore is now
less thun ten "?er cent of' the fish in Be.ck Bo..y und Currituck Sound tho.t
used to exist.
As further evidence that brackish water ".'li th salinity content ro.nging
fror.i 5 tc. 10 per cent of thnt of coc.sto.l sGn. · wo.tar will not ho.rm blo.ck
bn.ss, but instea.:i, for reusons sto.tcd herein, will :rm1k0 them rcpro·~~uco o.nd
thrive, I would like to stn.tc further tha.t b a ck in 1921 n.nd 1922 a.nd n.s
fo.r back a.s I can remember it wa.s not unusua.l tc co.tch qua.ntitio s of s:mn.11
spot, puppy drum, und occc..sicna.l s~nll croakers . This, it would seem, is
a.mplo ovi<loncc tho.t the salinity content did range bctivoon 5 o.nd 10 per
cent uf sec. wa.tcr, while black bo..ss a.nd other fish -.-roro brcodin[~ o.nd
growin0 in quantities unhon.rd of i!l any other wn.tcrs in tho "Jnitcd. Stutes •
Tho sustained high wo..tor levels, which ho.ve prevailed durini.:; summqr
:months, in Be.ck Bc.y and Currituck Sound in r.:rncnt y8o.r s n.mi which the
farmers cln.im ho.vo caused o.nnun.l dn.rngos of thou sands of dc,lla.rs, can n.lso
be ~ircctly o.ttributod tc tho lo.ck of the bou!ltiful grc..ss crop thn.t for merly existed in these vmtcrs.
Tho first cla.ims of farm cla:mn;cs fr o:!tl high water levels were nn.dc
o..ftcr tho rcstera.tion of' tho locl:: a t Grco.t Br idbc in 1932. Since that
tir.10, fo.rncrs hn:vo pcriodicc.lly r citorut od thoir cln.ims anC. ho.vo bl:.med
the comlit ion on the r cstoro.tion of tho b c k. Thoir o.sslll!pticm ca.n b o
easily unG.crstood, as prior to its c onstructi -..·n in 19_32, there is nothing
to indic a te tho.t they were troublou with periodic J:-i..igh wa.tor levels.,
within the ~cmory of sovqrn.l ;cnern.ticns .
· There a.re hunclrods of o.cros of fa.rm lnncl s in Princess 11.nnc County.
b9tv;een tho tvro n.nd on o--bn.lf o.nd f our-fc:ot c ontours, r:>forrod. to
rr:co.n sea. lc-;c l 0 Those lc.nds wore cleared by the first settlers cu1.d 1?rof'itably culti v.-qt od by many gcnero.tions, going ba.ck to the th:ic bcfcrc the
closing cf the inlets-.
l~,rint;

Pamlico and Core Soun· ~ s dro.in dir0ctly into the Atla.ntic Ocoan
through sevcn.l lo.rgo inlets, which include Oregon Inlet c..nd th,, sc south
of it. The inlets a.re cf sufficient co.po.city t o co.rry cff tho ·,mt-Jr dra.ining into these sounds,. Consequently, tho noun -we.tor lcYel in the so1inds
corr.Jspont".s very closely wi. th ho.lf ti de l eve l in thL. ocea.n, or c..pryroxiIDD..tc ly
m0an sea level.
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A r e port on Oregon Inlet; <luted Docemb<Jr 10,.. 1948 by tho Corps of
Engineers, V'!ilmington, N. C. District, indicates th::i.t the meo.n wn.tc r lcvol
b c ti.vecn 1941 and 1947 was thr oe-tent hs foot a.bovc muun s :::a.! l evel o.t the
heud o f Pungo River (Wilke rson Creek Bridge). Records of the Norf ol k
District, Corps of Engineers, o.lso indicate that the mean water level in
Buck Buy in tho vi cini ty o f Ol d Little Islnnd Con.st Guard St~tion wa.s
0 ..35 foot above mcc.n s en. leYcl during the peri od J uly 3, 1926 to ;:In.y 27,
1927, ·n.nd was 0. 21 foot i n the vicinity of old Falso c~pc Con.st Guard
Station bdwoen J uly 8, 1926 n.nd Ap ril 30, 1927. In Currituck Sound in
tho vicinity of Currituck Light, the sxne records indico.te that tha mean
water l evel, b etween July 1, 1926 and June 12, 1927, was 0.25 foot above
mean s ea l evel. A brief period cf r ecords at Munden, Vo. •. ( a bout 5 months)
in 1931-1932, prior to the closing of the lock, indicn.t Gs t he m<,a..YJ. w1t . r
level c•t this l ocation was 0.07 foot ~boYo mean sea level.
From t he above it may bo concluded thut the mean wat nr leve l in
Pamlico Sound ro.ngus from two to throe t enths foot above mc1!1 sea l evel,
and d~ring the p eriod of racord cit ed (1926-27) Back Bay und Currituck
Sound water leve l s corrcspondod very closuly with the mean W:lt <.. r level
established for Po.mlico Sound as cited above.
Since the v.-:tter l evels in P:unlico und Core Sounds o.rc: ;no.i ntuincd o.t
o. raenn of from two to three tonths :ibovc nican sea. l evel, by dr::tinago t ' :rough
the various i n l ets to the oc 0an, it appe ars logic ~l to ::i.ssumc th~t B~ck
Bay :md. Curri tuck Sound ~\lso mo.i ntain,:d the same rolo.. ti vc wa.t.. r L ,v, 1 of
from tv10 to three tenths foot above mean se::t l ov0l, prior to th.J closing
of Curri tuck Inl J t, and other inl ~ts north of Oregon I nlet, ~s well as
for t he period thr1.t the lock was 0pon at Grc11t Bri dt!; O (1917 to 1932) • .Gauge roc ords n.t ::undcm,.. Va., for the period from August 1932 to
Doc enb -r 1941, during which t ime the lock was clos 0d, indicate th.'.lt the..
mean vr:::.tcr l ·~vc l fo r this p oriod was 0 .44 foot !lbov,:i moan· sco.. l e vel, . 8.nd
fr om Jul y 1949 t o ~:ay 1G51 tho mean water l cv..)l WQS 0.42 foot a"!:>ov0 mJn.n
s c:o. l evel.
0

Fr om th0 records i t could b e conclud0 d th['.t onl v '.m i r croaS\l of f rom
one. to thr0. e - tcnths Fo;t"h;'Saccurrcdl.rr-th-71iican~_;~-l;;;1- of' '"t1-ic .. ' · ··
. Curri tUClc ·s;;~-ict-m -t-B~ck B;"_,7-ar.- J.s- s1nc-._;··tr~c--;lo";iil~- ;!"°-th-:_;·- lo~ic ~ - .Also,
1f one stoos h .., r,:, i t could. logicu lI -be· ~S SU!7l1"d t.h~-c ·n_o ;u;..t~~j_:\l ch'\Ilp.: o has occurr.:.d in th0 waf: orTevo s th~..t-Y·0UP'"1:'irrl ~tl'::mr::r~·s
':t~~ ·
"J.!il'J.'tls-; ·:Ioi;.:,ver 1 ~i:filon "t fie '""r ;c'Oros Ull d . otn~·r f'o.c;ts"-u;::-: 'irto'i:o ci0°s : 1v: --~
exCTT'~in c~ by onu fo...111iliar v;i. th tho ovor1ll si tll'.l.ti on , such is not t :u cas e .
Upon examination it is fou.-rid th~t consid-:rabl c changvs havt: '.)Ccurrvd since
compl etion of tho sand f onccs 8...nd tho closing of thi.. lock in 19 32 , 'which
have rro.teri 'llly dan1;ed tho) farme rs, ruined th0 ~qu'ltic YOG;oto.tion :i.nd
consequently groatly n.ff'0ctcd fish a...'1.d -:~ l d fo·wl '.ldvcrs .:ly.

to
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Clo ser in spection of the w~tcr 1 0v~l records reveals that the w~tor
l evil now rises quickly with even moderate southe rly \,inds (10 to 12 miles
p e r hour). Durin ~ spring and summer months, when the wind rul e s to tho
s o utherly, it prc ss os th.:. wo.t c r up to 13l ovat.ions ranging from c i:;ht-tcnths

.foot to 18 inches nbovo mean s ea leve l and main to.ins it within this range
o.s l on "; as the wind rules southerly. Vihcn the wind $hifts to th_ north £.rly
it co.uses o. drop in wutE.:r l evel within a few hours• Hov.rcv0r, sine.:: it
a lso r ises quickly wh,.m tho wind shifts southerly--o.nd thl., wi nd g cn or:illy
prcv1ils southerly du"ing the summer months~-it co.uses f~rm drunagc to occur.
V/hen h eavy rains occur duri ng- p e riods when t h e wat e r l ovcl is r ulin::r
hi""h
0
b ,
it flo ods thG lowlands which 1r e retarded from draining; b y tl:c pro o.i linE
high ·wo.t or l ove:ls. Th'.: condition thus croat.:::d keeps the w1tor t-J.b l o up
ncoo.r the s urfac ..:, which in turn keeps the lowlands so snturn.t.~d t h::i.t fa rmers :::.re ofter. ur..nbl e to culti, ·a.te thtm~ and/or hn.rvest the c ro~ s. This
c on di ti.on is furth er o.ggravo.tod Yrhe1" extr i:me high wat e rs nnd h '.:a vy r c infall occur concurrontly.
Ther e is no evidence to indicate that ~ fa:r:'tl.~!:§ :!'/e r e ever troubled
with .hi ~'l1- vi0.t €:r ~ ~o;.- poor ·a:r'ninng.~conartf
prior to the 'ciosi'iig
the
·l o ck.· In fa.ct, o.11 of the ol d peopl .:. "that "1 h::i.vc talk ed id t h state flatly
-ena't such conditions never existed before th0 closi~b of the lock, wi thin
their or thdr fathers' memori e s. The very fact tho.t t h;:, land now subj r>ct to frequent drun'.l.ge wa.s cl eared, in many insto.nc os boforc the last
inl e t wn.s closed, and has b oon p rofi to.bly f::i.rm..;d •..ii thout complaint for a
hundred y ear·s or mor e , until 1932, indi c:ltc s th~t tho 11nd w1s not sub jc:ct
to the presently existinG high water conditions .

;-n:;
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Attention is invite j to thu fa.ct that vrhen tho lock was r .;c onstructe d
n.nd put i nto operation in 1932 it mur c ly r e stored o. c ondition, i ns:>f'.l.r
-as draino.ge is concerned, which ha-i existed.for almo st a hundr.Jd y c'tr s
(1'329-34 1:hcm Cur rituck Inht closed, until 1917 ''lhen th.J old lock ,· 11s
left open ). From the facts evolved, it is v ory c l ear th~t ov en if t he..._
draim:t'.1;C' was holpe:d v•hil c no lock exist0d b etvrncn 1917 and 1932, or even
mai~1to.inc d l ow w::i.ter lovcls, it h:id no b ee.ring on the dro.i n1gc bc~wocn the
tim0 Curritu ck Inlet closed nnd 1917. Also, sine~ th.J furm~rs ~ere not
troubl{ld with high. wat ors durinq; this puriod 'l!ld since t h0 r ... stor'.l.t i on of
the lock in 1932 m.-Tely r .Js t orcd c ondi tions to thosu p r c:::viou sly exi st::.ng
for many y s n.rs, then c crt n.inl y it wo ul d follow th::it tho r e storation of
•the l o ck i n i tself di1 not c1usG the hi gh. w~tc r s whi ch ho.vc existed since
19 32.
This brings us to tho ques ti on of wha t di d c aus e th ~ chuibo in w~tcr
;t ovels in the B3.ck Bay ~rc:a during s umnw r months. There arc s 0m1.. who ho.vc
thought tho.t tLe land may have settl e d, o.nd others thQt the sea 1 0vel has
r i s en. Thor c is nothing to s ubs t ~ntiat6 -that eith~ r hus (ccur r cd t o such
on extunt as to caus e the trouble exp e ri enc ,;d by th..:: farmers.
To further clo.rify the va.ri ou s r cfor ,;nces t o mc m s ·Jo. l cvol in this
r eport., I ·will hero exp l~in that t h e m8l'Jl son. l e're l rofcrrcd to hcrGin is
a mean sea l ev e l datum, r ef err ed to the 1929 gcncr o.l ndjus t:i.~nt, which is
a fixed pl ane. Actua lly, t h..: mean sea l evel of th3 Atl antic Oc •:llil vari es
from y ear to year, b.nd it has ris en about 0 .32 foot b ctw~cn 1928 and 1950 ,
inclusive. Howeve r, sinc e th.J trouble has b een co.used by i ncreas e s in
wat e r l evels, ranging from 0 . 3 foot to 1 8 inches and up to two f eet ,
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certainly the small rise of 0.32 fcut in s oa. lc~r·.Jl cn.nnct be t he mu.in
en.use. IIowovcr , it mo.y be conc luded thn.t n. p orti on of the snr.11 rise in
the n-,rnrc.g0 vro.tcr l eve l in Back Bny o..nd Currituck Sound sinc e t~10 closi ng of tho lock ca.n bo attributed to the small rise i n SOQ l uvel, since
tho wat er 10vc ls in tho s ounds in gonero.l follow c l cso l y to soc. k1c l in
the oco::m, influencod of cour so by the n.mc;_mt of wu.ter drai ning into the
sounds.
There is only one condition thn.t is :nr.tcrin.lly different today fr0m
that which used to exist between the tine of the cl~ sing of Curri tuck
Inlet und 1917, ~nc thn.t is tho so..nd f ence s a.long the barrier beach.
These fences hnvo c f fecti voly kept sa.lt vmter from f l owing into Bo.ck 3o.y
o.nd Currituck Sound since 1927, until o. recent sr~ll brea.k occurred
wi-bhin the lust yon r or so, north of Currituck Light, the Gffocts of •·1hich
vrill be exp lained la.tor .
The effe ctive do.TillT'.ing out of the sof'. wutcrr kept the D.(!ua.tic vogot a.fron · cro~~ng buck in these ~~to rs in the quantiti es thut used to
grov1 after it wo.s rctc.r ded by dr edging 0pcr a.ti ons in the 1920' s.t c.s previously 0xp l o.ine f. in this r eport.

ticn

Tho n.bscncc of tho nbunda.nt quc.ntitics of a.quo.ti c ?l~nts h[\.S in
turn pormi ttcd o. fr~c flew of wo.t c r, cnuscd by wind n.cticns. Since the
wind pro-mils in u s outherly d ir octi.:m <luring the spr i ng and su111'T.cr months,,
the wn.tar is blown up in t ho northerly end of Cur rituck Sound r.nd Ba.ck Bn.y
::me: ho l d thero for l ong perioc~s. This '.'las n ot possible vrhcn Currituck
Sound c.nd Be.ck Bay viero slicked o•r0r with gruss tluring: sumncr r.icnths,
y ..:.mr nfter ycc.r 7 before tho s0~ we.tGr WT'.s dD.Ilh":led out.
Every hyclr£>.ulic ongine o:r is £a.mi lin.r with tho r etn.ru i ng offoct thn.t
vcgctct ion c.nd nquc.tic plc.nts hc..~o on river flow. Friction l osses f r om
such ;rcgcta.tion :CTUst be considered in co:r.:~_:mting r iver cli scharge ::t.ntl predicting riv0r sta.sos. One of the formulc s c owr,only uscc fer such c 0mputo.ti ons is the ilhnning Forraul n , ~.s f o llows :
V =

1 .486

R :.--3

S~

All rot~rdin; factors such us friction nr c included in tho •..rnl u0 N. The
-va.lu0 of this N f:1.ct0r usuC'..lJ.:,r r~ng<:Js from 0.035 in l arge, clean, stra ight
r i7ers to 0.150 in stre~ms obstruct ed by gr~ss, brush, trco s, ~nags, etc.
For o.n cqua.l sizo stroo.m with cqunl s l op.c s the flL:w ·would be nppr o xi~tcly
25% u s grcn.t when cm F vuluo of o.150 is o.ppliod. i n th0 f 0rr.ulo. , in lieu
of N vn.luo 0.035.
The La.nni!1g 1''ormuln. is used pr i:mn.rily fur computing; river flow when
the movomcnt of Vl:'.'. ter is inf luonccc~ by ri-.rer slopes and. grnvity. Since
nc bcttom slop0s or gro.d~s arc invu l vcd in t he Bo.ck ~a.y a.nG Currituck
Sound 2..rcn. s c.ncl onl y su~h slopes 0f the ·we.tor exist as o.ro cr oa.tetl by
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wind velocities_, tm formuln is not opplicobl e, It is only mentioned here
to show the effects of friction losses c~used by growths of veget~tion~
From rrry knowledge of the nbund~nt supply of e.quntic pbnts th-- t used
to exist in these weters, nnd by oompP-rin~ this with pictures showing the
density of growths used in deter~inin~ the v~rious N v~lues for ret ~ rding
the flows,_ I believe thot the grGsses which previously existed h r d mFmy
times more retnrding effect on the flow of w~ter in B11ck Bety r: nd
Currituck Sound th?.n even the l'lrgcst N vr>.lu.e norma lly ~. n.plied for cor.iputing riv0r flow with comn.only used hydrnulic formulas~ Since the flow
of wnter W"S r.ot influenced by slopes or the pull of gr·~vi ty.,, it is r.p~
perent thnt it w~s very feeble r-nd slu~f.ish with prnctic"lly no movement
nt ~11 under norm~l wind conditions.
It ~lso follo'.'TS tl-int wi:ter cnrnot pile i.ip or creo te o he!).d unless
there is ~ movement or flmv of the wr.ter. Since Bnck: B11y ri nd Currituck
Sound ~re nontidc l, only wind ~ctions or drc incge (run off c~used by
hec.vy r!:!ins) produce flows or currents in these wnters. Flows of wnter
r.re cre'-' ted from wind action which breAks the water up into WP.Ves rmd
blows or pulls the Wf\VOS elong nnd thereby crertes f' :movement of the wr:ter.,
VThen the <'?ind prcvrils in P. given direction for sever ~ l hours or d!"ys., it
sets up r: flov.r fo1lo''Ting in gener0l the direction of the ';nnd f1nd wvves
which crentes ~ pile up or heed on the opposite shore from the wind direction ..
It is clenr

th~t

wnter piled up

~goinst

o shore in a

~r.nner

described

~ust esc~ pe by re~son of the pull of ~r~ vity.
Bec0use of the pull of
gr~vity, pil$d up wnter therefo r e ten~s to re~ch o st~te of 9quilibrium

by set ting up currents in the opposite direction from the he2d, thus a
two-wo.y current is created~ 3y '1Ctu0.l knowle de;e, vm ich C'.1n be substr:nticted by older peoplo in the n r eo, nornml or ~vern~e ~~nd velocities did
not produce W'8V'3 !"' ction in Bnck Br-y, When it wns slicked over with
nquntic ve~etotion in qurintities th <> t us e d to exist, vmve •i ction w.'1s only
possible during winds of storm velociti es. Consequently 1 no matcri~l
J"lovement of w~ter existed durin~ norrn!'l doy-tod~y wind velocities, Sinoe
no wove nction existed normrlly* it follows th. . t no flows of v.rct-~r ·3X isted , which in turn prohibited nny 1'?1.F.:t0ri.r :l cht>ng:cs in w:~ter l eve l. Even
during wind s of storm velocities which vrere usuAlly of short pur~tion,
the ~quntic vog0btion so restricted the flow of w;ter, until only nomiml
chrngos of only ' l f<?'!v tenths foot occurrnd.

'i'\'hen B;ck Bay s:?nd Gurri tuck Sound were slicked over wi t1i. h~avy
growths of Aqur:tic ver:et r:tion~ tli.<:ly could be likene d into n liquid con- •
sistency of' mudt hnving r : n in plnce 'iensi ty of cbout 1100 t;r C!l'llS per li ter 1
or ~ specific grr-vity ].. .10. In wnter h:.:-v'ing solids of this d e nsity, the
wind would hnve D tendency to pr: ss over the surfrice of the wnter, 'Il thout
Pny mnterinl pulling effects ~na consequently would c~ use very littl e,
if ::.i ny, movement of the wnter! 1Vhen h er:vy slicks of gr::i ss existed, c
simil ~r condition WJs cre~ ted ~~s the grPss wns firml y rooted to thP bottom
r.nd the wind ·Nr:s uri;ble to pull the top surf>ce of the wnter nlong- through
the p-rl'\ss. Consequently~ quick chrmges in w11ter level were not possible.
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These bq~:e bodie s of water when anchored by uquntic ve!!:etf!ti.on mDint nined t: n Aver nge water level which corresponded very closely with the
me~n weter level in Pl)mlico Sound~ which r~nges :f'rom two .to three te~ths
above meen seB level depending upon th e nmount of wnter dr~ining into the
arc11s ~ With the !'lovemer.t of the water r e stricted, the In.'1in fluct.uotion
was cu1Jsed from r e infr.i ll which would r nis e the woter lev~l 1:1 f ew inche s
from time to time~ dependinv, upon th e qunntity of precipitation~ With
the pile up of water from winds prohibited' by vegctction1 the sii~ht
ris e s in wnter l evel from precipitction would slowly filter throuf.h the
grtss r nd drrin out_ nnd thereby ~enerrliy m~int~ in o wn.ter level equiv8•
l ent to the l'le"n l evel of the lower sounds.
It is believed thq t the ff'ctu~ l
following su~~c tion and conclusions:

d a t~

pre sented h ere in justifies the

( n) Br-ck BJy ~nd Currituck Sound h~ ve b een subj ect to the intrusion
of s en wnt cr for hundred s of years, and hr-> ve n lwr:ys m~intnined f' sl"llini ty
content r anging b.-3tv.reen 7 :::nd 50 pe r cent of 000 sb:il see wntor until the
ocerm wa ter Wf.IS d11m.med out by S'?nd f ence s.
(b) Aquf, tic veget,,tion nlwoys grew in nbundnnce yeor nfter yepr
until it wns tempornrily rcta rde.d by dred ging opern.tions und kept in this
retardP.d stnte by tho damming out of se~ ~e ter .
(o) Wildfowl ond fish, including bl11ck boss, wer e plentiful os long
as cqufltio vegetntion grow in nbundc.nce.
(d) Formers wer e nevnr troubled by high water l evels until aqui:itic
veget 1 t ion wo s de stroyed f\nd the lock 11 t .GreRt Bridge ''ff'S rest ored.
( e) The r e storotion of the look me rely r estor ed drD'infJfe conditions
which h c. d existed for a l mo st n hundred yePrs, r- nd therefore did not cAus e
the hi gh WPter le vols• l-!owev'.1r 1 during the period thfl t no lock wo s in
oper ntior. (1917-1932) w~ter l~ve ls !nf:Y h Dve b een r educed.
(f) The incr c~se in s ~linity cnus ed by the remov£:1 of the old lock
could not have destroyed the gross, ns clrimP,d by r cpr c sP.nt11 tive s of the
u. s, .dure'°!u of· Fisherie·s rnd otlv=?rs.
(g)

· ~ean sea l e vel hes not ris en sufficiently to cnus e the damn g:e s

suffere d by the f::ir"'l·:::rs •

(h) Water l evels in B~ck Bny cmd Currituck Sound ':VFff e stabilized
while <l quntic vegetPtion gr ew in obund'1ncc; cons equently, formers did no t
suffer d')mages from high -,m ters~
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When all of the facts ar·:: considored there co.n be no doubt that for...mor conditions would bo restored in both Currituck Sound and Back Bay, if
the breaks in the beach were allowed to remain in the Currituck Sou.""ld area
and an additional oquivalent break created in the Back Bay area.

While there is no doubt in my mind that the adverse conditions now
existing would be corrected, it appears to r.ie, when it is roo.liz -:d thr.i.t
farmers now stiffer an o stimat·e d annu".l.l drunag:e of c.t l east ~ 150, 000 in ad..,.
dition to ~he many thousands of dollars less by fishing ~nd hu..~ting

interests,. that the CJ\.1Jcnditure of

~10;000

or

~ 12,000

would be a cood in-

vestment, if only on an experimental basis; in the fuce of a ll tho evidence
th3.t all of tho trouble would be eliminated if a.quo.tic vegetation W( re
restored .
I can only hope that the inforrr..ation herein o.ssomblnd will help those

whoh:wc so long been advocating the vtrong ccrr<)cth·e measures to see the
true co.use for the high wGtors and other c;.dversc conditions which ha\.·e
existed for the past several years. Also, th ~t th ~y will support appropriate P..ctions to correct tho s:i:tuntion nnd restore these: v.-fl.t c rs to their
former om.incncc, and thereby pass on :::i. precious hcri tn.gc to the prcs er,t
u.nd futuro g.:m8rat.ions.
The conclusions stated herein c..rE: my ovm "-!ld :~n~ based on detailed
knowledge of the o.rcu, local condi tio!1s, o.nd inform('_tion ~o.incd throu(:"h
years of Government vrcrk o.nd association with the: probl:Jm . They do not
necessarily reflect the views of the District Engineer or ot her m ~mbcrs
on his stn.ff.
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EXECUTIVE SUMMARY
Flooding is a major source of economic loss to individuals and homes in Virginia Beach. Between
1977 and 2016, there have been 5,876 flood insurance claims totaling $250.8 million in building
damage and $15.9 million in content damage. The highest number of claims in any single year occurred
in 2016, with almost 1,500 claims reported in the City. The majority of these claims were associated
with the impacts of Hurricane Matthew, and many of them occurred in areas of the City that had never
experienced flooding before. Although flood insurance is a legal requirement only for homes with
federally backed mortgages situated within the Special Flood Hazard Areas (SFHAs) mapped by the
Federal Emergency Management Agency (FEMA), flooding does not always stay within these
boundaries. Looking forward, sea level rise and the increasing frequency and intensity of heavy rain
and coastal storm events will increase the likelihood of impacts unless significant action is taken to
adapt to changing conditions and mitigate risks across the City.
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and Recurrent
Flooding Study in recognition of increased flood risk and the need for a strategic adaptation strategy.
This report contributes to this effort by developing estimates of the proportion of buildings in Virginia
Beach that carry a National Flood Insurance Program (NFIP) flood insurance policy today, and by
identifying opportunities for, and the potential benefits of, increasing coverage in anticipation of
increasing flood hazards.
The analysis found that the overall flood insurance penetration rate across the City of Virginia
Beach is approximately 11 percent. Of that coverage, 55 percent of policies are concentrated within
the 100-year floodplain, the SFHA on a FEMA Flood Insurance Rate Map. Given that these areas have a
1-in-4 chance of experiencing flood impacts over the life of a typical 30-year mortgage, the remaining
45 percent of homes in the SFHA left unprotected represent a significant risk.
The analysis also revealed substantial variability in penetration rates across different regions of the
City. Interestingly, policy penetration rates do not always align with the actual annualized flood losses.
Almost all of Virginia Beach’s flood risk is not on the open coast, but inside the City’s coastal perimeter.
However, flood insurance purchasing trends show that residents who live along the oceanfront exhibit
the highest uptake of flood insurance. For example, neighborhoods in the Oceanfront Watershed have
the highest policy penetration rate within the SFHA, at 85 percent, but actually have the lowest
annualized flood losses, only accounting for 2 percent of the overall City-wide flood risk today. In
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contrast, neighborhoods in Lynnhaven Watershed have a much lower policy penetration rate, at 54
percent, but make up more than 74 percent of the overall City-wide flood risk today. These
discrepancies highlight a potential gap between perceived versus actual risk and demonstrate the need
for focused flood risk outreach and education. Residents and businesses of Virginia Beach need to be
armored with the knowledge to adequately understand existing and future flood risks and
vulnerabilities to increase the likelihood of flood insurance uptake.
Several scenarios of increased policy penetration in Virginia Beach were explored. These scenarios
were designed to compare how guiding the uptake of flood insurance, in various areas, or for
vulnerable structures, could provide enhanced flood protection to residents and businesses. The
various increased policy uptake and future condition scenarios were evaluated through residual risk,
which represents the potential loss remaining after applying flood insurance coverage and considering
deductible amounts. The top three effective strategies include increasing policy penetration within the
SFHA, encouraging uptake of flood insurance for low-lying structures, and increasing policy penetration
within the flood risk focus areas that are being used to guide development of sea level rise adaptation
strategies in the City. It is important to note that areas subjected to ponding from rainfall/stormwater
flooding are often not included in the SFHA. While not part of this analysis, which focuses on coastal
flooding, such areas offer opportunities to focus increased policy penetration.
In addition to showing the importance of targeted outreach in areas prone to coastal flooding, the
analysis also revealed the importance of maintaining a City-wide flood insurance policy base that
reflects changing flood hazards. This outcome can only be achieved through effective messaging on
changing flood hazards and regulatory changes to floodplain maps that drive insurance requirements.
It will be especially important that the City actively educate residents on how the existing FEMA
floodplain mapping and risk rating process may underestimate risk.
The results of this study can be used by the City of Virginia Beach to make strides toward
addressing multiple action items identified in the Virginia Beach Sea Level Rise Policy Response Report.
The City has recently been accepted into the National Flood Insurance Community Rating System (CRS)
program, which was identified as a high-priority action item. Under this program, the City may receive
additional CRS credits for providing flood risk data to the public, leading to flood insurance premium
discounts for residents and businesses across Virginia Beach. Affordability will be especially important
as changing flood hazards increase the cost burden of flood insurance. The outputs of this analysis can
be used by the City and its partners to develop targeted outreach to encourage flood insurance uptake
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in high risk areas, in advance of future threats. Existing platforms for public outreach could be
leveraged, such as the Get Flood Fluent campaign that was recently launched to educate residents of
the Hampton Roads region on the benefits of carrying flood insurance.
This analysis could also support several of the floodplain regulation action items. The current
conditions analysis revealed that residual risk today and under future conditions could potentially be
mitigated by re-defining the “regulatory floodplain” (i.e., the area where there are flood insurance
requirements and floodplain regulations). In fact, the newly mapped floodplains that were developed
using robust numerical modeling framework demonstrate that the existing Flood Insurance Study for
Virginia Beach (effective 2015) underestimates flood risk especially in the southern portion of the City.
Strategies, such as these, will help protect the welfare of residents and businesses in Virginia Beach so
that they are insured when a flood occurs, able to afford the coverage, and informed about what they
can do to reduce the likelihood of flooding impacts.
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Glossary of Commonly Used Terms
Average Annualized Loss

Average Annualized Loss (AAL) represents the average expected loss for
any given year as considered within a large series of years. This requires
understanding of the frequency and severity of loss events within the
series as a whole.

GIS

A geographic information system (GIS) is a system designed to capture,
store, manipulate, analyze, manage, and present spatial or geographic
data.

PII

Personally Identifiable Information (PII) includes any information that
can be used on its own or with other information to identify, contact, or
locate a single person, or to identify an individual in context.

Policy Penetration

A measure of the amount of insurance policies to the amount of
insurable assets, typically structures, with a given area. This study uses
two ratios primarily to measure policy penetration. The first is a ratio of
policies to structures within a given area. The second is a simple
percentage of the structures within a given area that have at least 1
associated policy.

Relative Sea Level Increase

Increase in the mean sea level related to a local reference land level,
which can result from a combination of land subsidence or actual mean
sea level increase.

Residual Risk

Represents potential losses to assets remaining for a given scenario,
after applying any applicable flood insurance coverage and deductible
amounts.

Special Flood Hazard Areas

The land area covered by the floodwaters of the base flood is the Special
Flood Hazard Area (SFHA) on National Flood Insurance Policy (NFIP)
maps. The SFHA is the area where the NFIP's floodplain management
regulations must be enforced and the area where the mandatory
purchase of flood insurance applies.

Under-Insured

For purposes of this study, this refers to structures or assets that have
protection in the form of federally provided flood insurance through the
NFIP, but not a significant enough amount to overcome modeled loss
projects, leaving them at risk.

Uninsured

Refers to structures or assets that lack protection from loss in the form
of insurance. For the purpose of is this study, this refers specifically to
assets lacking federally provided flood insurance through the NFIP.
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1. INTRODUCTION
A major component of preparing a community for increased sea level rise and recurrent flooding is
ensuring that residents and businesses have the means to recover from a flood event. Flood insurance
is highly recommended for properties located in flood-prone areas and is required for all homes with
federally backed mortgages situated within the Special Flood Hazard Area (SFHA). This requirement can
be fulfilled through purchasing a flood insurance policy through the Federal Emergency Management
Administration’s (FEMA’s) National Flood Insurance Program (NFIP). Successful adaptation planning
necessitates understanding existing policy coverage as well as identifying opportunities for
encouraging the uptake of flood insurance in advance of changing flood hazards. Flood insurance will
become increasingly important as sea levels continue to rise and rainfall events become more intense
and frequent.
In 2015, the City of Virginia Beach initiated the
Comprehensive Sea Level Rise and Recurrent
Flooding (CSLRRF) study to produce information and
strategies to enable the City of Virginia Beach to
establish long-term resilience to sea level rise (SLR)
and associated recurrent flooding. The study was
phased over three key elements consisting of an
Impact Assessment, Adaptation Strategy
Development, and Implementation (Figure 1). As
part of the impact phase of the study, the City of

Figure 1: Three elements of the CSLRRF.

Virginia Beach, supported by Dewberry and sub-consultant Syndeste LLC, conducted an economic
analysis of flood insurance under current and future flood conditions and regulatory change scenarios.
The purpose of this analysis was to equip the City of Virginia Beach with planning and flood risk
communication tools to encourage flood insurance uptake in advance of changing flood conditions.
The City’s recent acceptance into the National Flood Insurance Community Rating System (CRS)
program provides flood insurance premium discounts for residents and businesses across Virginia
Beach. This program provides additional opportunities to focus on flood risk outreach and education.
The City may receive additional CRS credits for providing flood risk data to the public. Through this
educational outreach, the City has the chance to increase its CRS score and further reduce insurance
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premiums for all NFIP insurance holders within the City. It is recommended that the results of this
analysis be leveraged to enable focused educational outreach and risk communication within specific
neighborhoods in Virginia Beach.

2. APPROACH AND OUTCOMES
This effort was carried out in the four primary tasks outlined in Figure 2. Together, these tasks will
support development of long-term strategies to increase flood insurance policy penetration
throughout the City to reduce loss exposure and enable better recovery following damaging flood
events.
Data Management Plan
•Approach: Develop a data management plan for transfer and storage of flood insurance policy
and claims data.
•Outcome: Ensure proper management of any Personal Identifiable Information associated
with FEMA flood insurance policy data.
Current Conditions Analysis
• Approach: Analyze current flood insurance policy penetration in Virginia Beach.
• Outcome: Understand the current adoption rates of flood insurance offered by the NFIP, both
inside and outside the FEMA SFHA. Also allow for identification of concentration of claims and
under-insured areas.
Future Conditions and Regulatory Change Analysis
•Approach: Evaluate various flood insurance uptake scenarios to help identify areas that could
benefit from increased flood insurance policy penetration today and under future conditions.
•Outcome: Provide a community planning tool for testing strategies for encouraging flood
insurance uptake, especially for properties outside of the current SFHA that are estimated to
be located in "future floodplains."
Flood Insurance Affordability Analysis
•Approach: Leverage the socio-economic data to analyze flood insurance affordability across
Virginia Beach.
•Outcome: Identify areas that are likely to be impacted by increased cost burdens of flood
insurance.
Figure 2: Key tasks for the flood insurance economic analysis for the City of Virginia Beach.
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3. DATA MANAGEMENT ACTIVITIES
Given that this effort involves analysis of sensitive FEMA flood insurance policy datasets, a data
transfer, management, and infrastructure strategy was completed in the initial stages of this effort to
ensure proper management of any Personally Identifiable Information (PII). See Appendix A for more
information.

3.1. Data Management Plan
Subsequent to general contract setup and coordination, a PII Data Management Plan was
established to support transfer of the following datasets:
•

Existing Policies in Force (PIF) database

•

Historical flood insurance claims database

PII data received was set up in a secure infrastructure in Syndeste’s private cloud, and user roles
were assigned for data access as approved in the PII Data Management Plan.

3.2. Data Collection
In parallel, Syndeste worked with Dewberry to establish additional data needs for the analysis,
including conducting geospatial layer quality assurance and ensuring that all data attributes needed
were present for the following datasets:
•

Building Footprints

•

Reporting Geographies

•

Land Parcels

•

5-Foot Resolution Digital Elevation Model (DEM)

•

Multi-Frequency and Future SLR Scenario Estimated Flooding Extents

•

Multi-Frequency and Future SLR Scenario Estimated Flooding Depth Grids

•

Structure Specific Multi-Frequency and Future SLR Scenario Estimated Structure and Content
Loss Estimates

•

Average Annualized Loss (AAL) Estimates
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3.2.1. Building Footprints
This effort leveraged a common set of building footprints and land parcels developed under the
CSLRRF study, including 147,726 structures and 134,631 parcels. This dataset represents all building
footprints that are considered “valid”—meaning that those buildings are considered to be occupied
structures. Therefore, buildings such as detached garages, sheds, or other various outbuildings were
not included in the analysis. Military buildings were also excluded.
3.2.2. Reporting Geographies
Reporting geographies allow for the building and address-specific flood insurance policy
information to be summarized to various geographies areas listed below:

Planning
Subdivisions

Strategic
Growth Areas

Stormwater
Drainage
Basins

Watersheds

Census Blocks

Census Block
Groups

1,500 ft Grid

500 ft Grid

These reporting entities allow the study team, as well as the City of Virginia Beach, to create
visualizations for a variety of audiences and stakeholders. It should be noted that several of the
reporting entities do not cover the entire City. This means that the roll-up totals of any metric for each
set of reporting entities will be dissimilar by a small order of magnitude.
3.2.3. Policy and Claims Data
This analysis leveraged the latest FEMA NFIP policy and claims datasets available at the time of the
analysis, which included:
•

Policy Database – December, 2016.

•

Claims Database – August, 2017.
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3.2.4. Flood Loss Estimates
The economic flood loss data, developed using FEMA’s HAZUS software as part of the economic
flood risk analysis under the CSLRRF study, was leveraged to calculate residual risk (i.e., the economic
loss remaining after an insurance payout is made following a flood insurance claim). These modeled
losses include building and content damage estimates for the 10-, 25-, 50-, 100-, and 500-year
frequency events as well as average annualized losses (AAL) attributed to building footprints. The
modeled loss values represent dollars of damage projected to be experienced at different flood depths
for each structure, assuming certain flood depths correspond to particular modeled flood frequency
events.

4. CURRENT CONDITIONS ANALYSIS
4.1. Introduction
The analysis of current conditions will enable the City of Virginia Beach to understand the current
adoption rates of flood insurance offered by the NFIP, both inside and outside the SFHA. The analytical
and mapping outputs will identify areas of policy and claims concentration, compared against residual
risk estimates.
Residual risk estimates represent potential loss remaining for a given scenario after applying flood
insurance coverage and deductible amounts. These scenarios can be specific to particular flood
frequencies or annualized to represent expected average loss per year across a large time frame.
Residual risk estimates provide a window into liabilities remaining after insurance has played its role in
a loss scenario.
Together with examining current policy adoption at a structure-level, the current conditions
analysis identifies specific under-insurance issues across the City of Virginia Beach. This analysis may
also be used for obtaining CRS credits by leveraging the outputs for risk communication within specific
neighborhoods in the community, while honoring the privacy of PII data.

4.2. Methods
The subsections below provide an overview of the various steps involved in the analysis of current
flood insurance penetration rates within the City of Virginia Beach.
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4.2.1. Setup for Computations Based on Current Conditions
A geocoding engine was developed to match the individual addresses provided in the NFIP policy
and claims datasets to specific building footprints. The geocoding was performed using the Texas A&M
Geocoder, with some manual clean-up of geocoder outputs. Out of 17,532 policy records and 5,982
claim records, 17,429 and 5,876 could be reasonably located, respectively. The result was a
comprehensive dataset where existing policies were matched to individual structures/parcels.
Subsequently, building footprints were mapped to each of the parcels in which they were located.
Several deficiencies were found between the footprints and parcels, which were corrected where
feasible. Only 54 building footprints remained unassociated with parcels.
A key assumption in this analysis is that all policies assigned to a given individual structure act in
aggregate in the case of a modeled loss. Deficiencies in the attributes of input data on NFIP policies
prevented the study team from distinguishing multiple policies tied to the same individual structure or
parcel. As a result, the analyses were conducted by treating multiple policies mapped to a single
building or parcel in aggregate. As an extension of this concept, it is important to note that all
calculations within the analysis have been conducted at the highest possible resolution, which is always
either a structure or parcel. Care was taken to avoid aggregation of liabilities that would have resulted
in coverage or losses being incorrectly shared between any multiple structures or parcels.
Not all of the existing policies could be tied to structures, even where the address on the policy
received a reasonable geocoding result. In the interest of allowing these records to be included in the
analysis, they were classified as “orphans.” Orphan policies here refer to those that could not be
mapped to a structure, even after manual cleanup. Out of 17,429 policies successfully mapped, 1,145
were found to be orphan. Likewise, orphan buildings are those that have no associated policies,
although they have been included in the analysis and could have associated modeled losses. These
policies and buildings are accounted for in the study results, although the methods differ as to how
they are rolled up. Specific details of these roll-up steps are presented below.
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4.2.2. Calculation of Policy Penetration
Policy penetration can be calculated using either of two primary methods:
1. A ratio measure of the number of policies within a given area to the number of structures
or housing units, or
2. A percentage of structures within a given area that have one or more associated policies.
The appropriate choice of methods depends on the land use and structure occupancy
characteristics of given areas. For example, in reporting areas containing both single family and multifamily homes, a higher policy count to structures ratio may look favorable on the surface, even though,
if those policies are concentrated in multi-family homes, the single family homes may actually be
unprotected. In such a case, a percentage of structures with at least one policy may be a more telling
metric. Conversely, a high percentage of structures with at least one policy may conceal a lack of
policies associated with structures that have multiple housing units that perhaps should each have an
associated policy. Summary tables presented in this report will include metrics calculated in both ways
for comparison.
4.2.3. Calculation of Residual Risks
The modeled losses, along with the policy coverage
amounts and deductibles associated with individual
structures, provide the input needed to calculate
residual risks. The modeled losses, broken down across

Oceanfront
2%
Southern
Rivers
17%

Elizabeth
River
7%

the four major watersheds in the City of Virginia Beach,
are presented in Table 1. The percentage of total Citywide annualized flood losses for the current condition
scenario are shown in Figure 3. Residual risk for this
analysis was calculated for building and content loss
values separately and then combined to obtain a total.
The computations were first performed for buildinglevel residual risk, followed by a composite parcel-level
residual risk analysis.

Lynnhaven
74%

Figure 3: Concentration of annualized flood losses today
within the City’s four major watersheds.
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Table 1: Aggregate modeled losses as an input for the residual risk calculation, broken down by watershed for the 100- and
500-year events, as well as for Average Annualized Loss (AAL) for existing conditions.
Watershed

Location
(In/Out
SFHA)

Lynnhaven

Oceanfront

Southern
Rivers

500-Year Event Modeled Loss

Contents

$6,633,819

$4,130,150

$40,890,665

$26,081,021

$389,974

$265,038

$0

$0

$17,098,599

$10,505,178

$102,606

$63,061

Total

$6,633,819

$4,130,150

$57,989,264

$36,586,199

$492,580

$328,099

Inside

$97,861,405

$43,360,629

$246,377,667

$155,455,608

$4,938,326

$2,431,241

Outside

$2,905,205

$573,348

$101,801,172

$41,933,966

$640,135

$257,668

Total

$100,766,610

$43,933,977

$348,178,839

$197,389,574

$5,578,461

$2,688,909

Inside

$2,982,736

$652,269

$7,589,421

$2,788,194

$154,737

$37,873

$73,709

$6,018

$6,780,356

$1,726,381

$41,345

$10,413

Total

$3,056,445

$658,287

$14,369,777

$4,514,575

$196,082

$48,286

Inside

$14,238,428

$11,562,185

$29,512,415

$23,993,863

$744,729

$539,422

Outside

$3,826,560

$3,142,029

$20,631,359

$16,555,988

$206,704

$160,023

Total

$18,064,988

$14,704,214

$50,143,774

$40,549,851

$951,433

$699,445

Outside

Outside

Building

Contents

AAL Modeled Loss

Building

Inside
Elizabeth
River

100-Year Event Modeled Loss

Building

Contents
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Building-Level Residual Risk
Building-level residual risk was computed to reflect the modeled losses that remain after applying
flood insurance coverage and deductible amounts, as follows:
Building-Level Residual Risk = modeled loss for building - (total coverage - total deductible)

It should be noted that orphan policies not assigned to buildings through these means are not
included in the building-level summary statistics, but they will be rolled up to parcel as described in the
next section.
Parcel-Level Residual Risk
Parcel-level residual risk can be calculated in one of two ways: composite residual risk or raw
residual risk.
1. Composite Residual Risk: Composite residual risk is the result of rolling up all building-level
residual risk associated with a parcel, plus an accounting for the orphan records associated
with the parcel (either policy records or building footprints), as follows:
Composite Residual Risk = sum of building level residual risk for all buildings on a parcel +
[sum of losses for all orphan buildings on parcel - (sum of coverage for all orphan policies on
the parcel - sum of deductibles for all orphan policies on the parcel)]

The important assumption made in this approach is that orphan coverage acts in aggregate for
the entire parcel, separate from the parcel’s associated sum of building level residual risk.
Without ability to assign the orphan policies to specific buildings, and given the relatively low
occurrence of this phenomenon, this approach was the best way to include the impact of
orphan records without losing high resolution insights available for a majority of the buildings.
2. Raw Residual Risk: Raw residual risks at a parcel-level can be calculated by simply aggregating
all coverage and modeled loss associated with the parcel, and then performing the calculations
for the parcel as a whole using the same method as for individual buildings, as follows:
Raw Residual Risk = sum of losses for all buildings on parcel - (sum of coverage for all policies
on the parcel - sum of deductibles for all policies on the parcel).

This method of calculating residual risk is not considered an ideal method, but its inclusion in
the data model might help highlight the pitfalls of the practice. By using aggregates of
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protection provided by all policies within a multi-structure parcel, it would accidentally “hide”
risks by allowing coverage from less risky structures to be shared with other riskier structures
within the same parcel. Ultimately, the result would not reflect how insurance actually works.
In either case, similar to building calculations, structure and content residual risk calculations are
performed separately and then combined.
It should be noted that in some instances the “in SFHA” and “out of SFHA” residual risk totals
added together will not be the same as the “total” residual risk for an entity. This is due to the
accounting of the orphan policies. In some cases, an orphan policy may be in the SFHA, whereas
structures contributing loss to the parcel for the scenario may be located outside of the SFHA, or vice
versa. When looked at as a whole, the mitigating effect of the policy on the parcel’s loss will be
accounted for; however, when looking solely inside or solely outside the SFHA, there are instances
where the loss will be on one side of the line and the policy on the other—in either case leading to the
mitigating effect of the policy being lost. It is also important to note that being in or out of the SFHA for
orphan policies was determined by the flood zones on the policies themselves.

4.3. Current Condition Analysis Results
This section presents findings on policy penetration rates, historical flood insurance claims, and
residual risk estimates to enable an understanding of current conditions across the City of Virginia
Beach. It is important to remember that these results are based on the FEMA policy database dated
December 31, 2016, and the FEMA claims data dated August 31, 2017. Current conditions may have
changed slightly as of the date of this report.
Results in this report are summarized at the City-wide, watershed, and planning subdivision levels.
These geographies were chosen given that these scales are large enough to view differences while also
protecting PII data. Given the large amounts of data evaluated through this analysis, the full set of data
is available in the geospatial database or Excel spreadsheets exhibits that were developed as part of
this effort. Please refer to Appendix B for a description of these supplemental materials.
4.3.1. Policy Penetration
As outlined in the methods section, policy penetration can be reported as either a ratio or a
percentage. As a reminder, the ratio is a measure of the number of policies within a given area to the
number of structures or housing units, whereas the percentage compares the number of structures
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that have at least one policy within a given area to the number of structures. When evaluating policy
penetration at larger geographic scales (City-wide and watershed-level), these values are typically very
close, given that the signal of local land use and structure occupancy characteristics are diminished
when summarized at these scales. At smaller spatial scales, such as at the planning subdivision-level,
comparison of these two metrics can provide insight into characteristics driving local penetration.
City-wide Policy Penetration
The total number of existing NFIP policies, number of buildings with policies, and computed
penetration rates for the City of Virginia Beach are presented in Table 2. The overall NFIP policy
penetration rate across Virginia Beach is approximately 11 percent, which represents all NFIP policies
regardless of location. Within the SFHAs of Virginia Beach, there is an approximately 55 percent
penetration rate.
Table 2: Policy penetration rates for the City of Virginia Beach (Based on non ‘orphan’ policy base)
Total Buildings
City-wide

Total NFIP
Policies

Total Buildings
with Policies

Overall

Inside SFHA

Outside SFHA

147,726

16,284

15,541

10.52%

55.25%

7.56%

Policy Penetration by Watershed
The overall policy penetration within each of the four major watersheds in Virginia Beach, as well
as penetration rates inside and outside of the SHFA, are presented in Figure 4. Figure 5 provides a heat
map of policy concentration across the City’s watersheds by showing number of policies.
The Oceanfront Watershed has the highest overall rate (25 percent), followed by the Lynnhaven
Watershed (11 percent), the Southern Rivers Watershed (9 percent), and lastly the Elizabeth River
Watershed (7 percent). A comparison to the actual overall modeled annualized flood losses reveals
that the highest risk areas do not correspond to the highest flood insurance uptake. For example, as
shown earlier, the Oceanfront Watershed only contains approximately 2 percent of the total City-wide
flood losses, but it shows the highest overall flood insurance uptake.
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Within the SFHA, the Oceanfront Watershed also has the highest penetration rate (85 percent),
which is almost 30 percent higher than the City-wide penetration rate within SFHAs. Penetration rates
within SFHAs of the Southern Rivers Watershed (59 percent) are also higher than the City-wide rate (by
4 percent). Penetration rates within SFHAs of the Elizabeth River and Lynnhaven Watersheds are
slightly lower than the City-wide rate.
100%

Inside the SFHA
Outside the SFHA

Current Flood Insurance Policy
Penetration Rate

90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Elizabeth River

Lynnhaven

Oceanfront

Southern Rivers

Figure 4: Overall policy penetration rates by watershed, separated by inside and outside SFHAs.
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Figure 5: Number of policies shown using the 500-foot grid.
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Penetration rates within the four major watersheds, broken down by occupancy type (e.g., singlefamily, multi-family, non-residential), are summarized in Figure 6 and presented in Table 3 through
Table 7. For these tables, the simplified land-use code mapping outlined in Appendix C has been used,
although the full source data land use code set can be seen in the raw data outputs.
Across the City, single- and multi-family residential properties show the highest uptake of flood
insurance policies. Mixed use properties also have a relatively high coverage, especially in the
Lynnhaven and Oceanfront Watersheds.

Current Flood Insurance Policy Penetration Rate

Single Family

Multi Family

Mixed Use

Non-Residential

Non-Residential - Business Only

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Elizabeth River

Lynnhaven

Oceanfront

Southern Rivers

Watershed

Figure 6: Overall penetration rates by watershed, broken down by occupancy type.

Tables 3 through 7 below demonstrate the policy penetration breakdown for each watershed by
occupancy type, both inside and outside of the SFHA. The penetration rates here reflect the ratio of
total number of buildings with at least 1 associated policy (non-orphan) in a specific occupancy
category to the total number of buildings in that occupancy category. In very limited cases, policy
penetration rates exceeded 100% due to geospatial irregularities between the building and policy data.
Penetration rates were capped at 100% in such instances.
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Table 3: Policy penetration rates by watershed, separated by inside and outside of the SFHA, for single-family structures only.
Watershed

Overall

Inside the SFHA

Outside the SFHA

Elizabeth River

10.7%

54.1%

6.9%

Lynnhaven

13.1%

57.5%

9.1%

Oceanfront

29.9%

86.3%

25.9%

Southern Rivers

10.7%

65.9%

8.6%

Table 4: Policy penetration rates by watershed, separated by inside and outside of the SFHA, for multi-family structures only.
Watershed

Overall

Inside the SFHA

Outside the SFHA

Elizabeth

2.0%

0.0%

2.0%

Lynnhaven

22.9%

64.5%

9.7%

Oceanfront

29.0%

90.0%

27.9%

Southern Rivers

7.6%

100.0%

7.4%

Table 5: Policy penetration rates by watershed, separated by inside and outside of the SFHA, for ‘other residential’ (e.g. mixed
use) structures only.
Watershed
Elizabeth
Lynnhaven
Oceanfront
Southern Rivers

Overall
2.2%
6.1%
18.0%
3.7%

Inside the SFHA

Outside the SFHA

100.00%
41.8%
83.7%
100.00%

2.1%
3.5%
16.0%
3.6%

Table 6: Policy penetration rates by watershed, separated by inside and outside of the SFHA, for non-residential structures
only.
Watershed

Overall

Inside the SFHA

Outside the SFHA

Elizabeth River

2.5%

30.0%

1.6%

Lynnhaven

2.7%

16.7%

1.3%

Oceanfront

9.4%

75.0%

7.9%

Southern Rivers

0.4%

2.2%

0.2%

Table 7: Policy penetration rates by watershed, separated by inside and outside of the SFHA, for non-residential - business
structures only.
Watershed
Elizabeth River
Lynnhaven
Oceanfront
Southern Rivers

Overall
1.3%
4.7%
15.6%
2.1%

Inside the SFHA
17.4%
35.7%
60.0%
12.7%

Outside the SFHA
0.9%
2.3%
13.8%
1.4%
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Policy Penetration Rates by Planning Subdivision
Policy penetration rates within the planning subdivisions within the City of Virginia Beach are
shown in Figure 7. Darker areas represent higher policy penetration rates. Several areas across the City
of Virginia Beach have high concentrations, including a majority of subdivisions in the Lynnhaven
Watershed, and subdivisions in the North End, Sandbridge, and along the Elizabeth River.

Figure 7: Policy penetration by planning subdivisions, calculated as the ratio of buildings with at least 1 policy to total
buildings.
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The ten planning subdivisions with the highest number of NFIP policies are presented in Table 8,
alongside a count of total buildings in those subdivisions, and a count of the number of buildings with
at least one associated policy. Total coverage levels for buildings and contents are also provided for
these planning subdivisions.
Table 8: Ten planning subdivisions within the City of Virginia Beach with the most NFIP policies in force.
Total
Buildings
with
Policies

Total Building
Coverage

Total Contents
Coverage

Policy
Penetration
Ratio

Policy
Penetration
Rate

Planning
Subdivisions

Total
Buildings

Total
NFIP
Policies

NORTH END

2,077

1061

826

$305,248,900

$94,288,400

51.08%

39.77%

3,364

729

694

$145,761,000

$29,966,600

21.67%

20.63%

718

585

567

$143,098,000

$37,294,500

81.48%

78.97%

1,542

489

483

$100,893,600

$25,272,700

31.71%

31.32%

OCEAN PARK

499

483

352

$124,473,700

$21,403,000

96.79%

70.54%

THE LAKES

699

350

335

$60,951,300

$10,376,800

50.07%

47.93%

435

315

303

$72,535,700

$13,461,100

72.41%

69.66%

1,048

254

180

$122,343,200

$31,555,500

24.24%

17.18%

PUNGO

2,327

251

224

$58,318,900

$16,612,600

10.79%

9.63%

OCEAN
LAKES

2,575

221

218

$46,194,300

$17,879,200

8.58%

8.47%

PRINCESS
ANNE PLAZA
SOUTH
SANDBRIDGE
WINDSOR
WOODS

CAPE STORY
BY THE SEA
RESORT
AREA

Interestingly, there is some discrepancy between the policy penetration ratio and policy
penetration rate within some of the planning subdivisions. For example, the North End has a high
policy count to structure ratio (51 percent), which appears favorable on the surface. However, many of
these policies may be concentrated in multi-family homes and duplexes, which are common in this
area, potentially leaving some single-family homes uninsured. In this case, the policy penetration rate
(40 percent) is likely a more telling metric. The Ocean Park planning subdivision is another good
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example of this phenomenon, with a much higher policy count to structure ratio (97 percent) than
percentage of structures with at least one policy (71 percent).
4.3.2. Claims Data
The historical claims database provides records from 1977 through 2017. Claims statistics were
evaluated at the City-wide, watershed, and planning subdivision reporting geographies.
Claims Across the City of Virginia Beach
At the City-wide scale, there have been 5,982 loss records, totaling approximately $252 million in
building damage and approximately $16 million in content damage since the date of the earliest claim
in the set, April 7, 1977. Of these records, 2016 had the most claims of any single year with 1,487
claims. Figure 8 below shows a distribution of claims made per year. The spikes in 1998, 2003, 2009,
and 2016 correspond to the timing of Hurricane Bonnie, Hurricane Isabel, the Mid-Atlantic nor’easter
(also referred to as “Nor’Ida”), and Hurricane Matthew, respectively. A map showing the concentration
of claims across the City is provided in Figure 9.

Figure 8: Claim counts per year for the City of Virginia Beach
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Figure 9: Concentration of historical flood insurance claims in Virginia Beach between 1977 and 2017

Claims by Planning Subdivision
The distribution and magnitude of historic claims within the City of Virginia Beach, broken down by
planning subdivision, is shown in Figure 10. The distribution of claims follows a similar pattern to the
distribution of policy penetration. This observation is not surprising given the distribution of NFIP
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policies. High areas of concentration where more than 400 claims have been made over the period of
record include South Sandbridge, Princess Anne Plaza, The Lakes, and Lynnhaven Colony.

Figure 10: Claim count by planning subdivision.
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Claims by Watershed
The claims data were also summarized within
the four major watersheds in the City of Virginia
Beach. The percentage of total flood insurance
claims by watershed is shown in Figure 11, and
further broken down by location within and outside

Southern
Rivers
23%

Elizabeth
River
4%

Oceanfront
5%

of the SFHA in Figure 12. Table 10 provides value of
assets, damage totals, and loss ratios within each
watershed. The Lynnhaven Watershed has the
highest number of total claims and associated total
losses reported from the claims.

Lynnhaven
68%

Historical claims follow a similar distribution to
the total modeled losses presented earlier
(Section 3). The Lynnhaven Watershed has the

Figure 11: Percentage of total claims within each of the
City’s four major watersheds.

highest number of historical claims and associated losses, with almost 4,000 claims over 40 years
totaling over $239 million in building and content losses (Table 9). More than 75 percent of the claims
were concentrated within the SFHA. The Lynnhaven Watershed also has a high ratio of historic losses
to the total value of assets in the watershed, meaning that this area has historically experienced higher
losses as compared to the value of the building stock.
The Southern Rivers Watershed shows the second highest concentration of claims in the City, with
almost 1,400 claims in 40 years totaling over $21 million in building and content losses. More than 68
percent of those claims were concentrated within the SFHA. Claims reported in the SFHA in the
Southern Rivers Watershed also have a notably high ratio of historic losses to the total value of assets,
meaning that this area has historically experienced higher losses as compared to the value of the
building stock.
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2,997
ELIZABETH RIVER

INSIDE SFHA

OUTSIDE
SFHA

LYNNHAVEN

161

OUTSIDE
SFHA

122

66

191

423

920

996

NUMBER OF CLAIMS
INSIDE SFHA

INSIDE SFHA

OUTSIDE
SFHA

INSIDE SFHA

OCEANFRONT

OUTSIDE
SFHA

SOUTHERN RIVERS

Figure 12: Number of claims inside and outside of the SFHA, broken down by watershed.
Table 9: Historic claim losses summary by watershed, including claim counts, aggregate loss amounts, value of assets within
the watershed, and ratio of aggregate loss amounts to aggregate asset values.
Watershed

Elizabeth
River

Lynnhaven

Value of Assets
(Building + Content) from
Building Footprint
Database

Location
(In/Out SFHA)

Ratio of Total
Losses from
Claims to Value

Claims

Total Losses
(Building + Content) from
Claims

Inside

0.70%

191

$ 408,774,089

$ 2,867,862

Outside

0.00%

66

$ 9,875,221,417

$ 343,268

Total

0.03%

257

$ 10,283,995,506

$ 3,211,130

Inside

5.23%

2,997

$ 4,001,991,888

$ 209,335,554

Outside

0.08%

996

$ 38,740,543,767

$ 30,017,720

Total

0.56%

3,993

$ 42,742,535,654

$ 239,353,274
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Watershed

Oceanfront

Southern
Rivers

Value of Assets
(Building + Content) from
Building Footprint
Database

Location
(In/Out SFHA)

Ratio of Total
Losses from
Claims to Value

Claims

Total Losses
(Building + Content) from
Claims

Inside

0.30%

122

$ 253,830,994

$ 755,728

Outside

0.06%

161

$ 3,348,527,856

$ 1,925,094

Total

0.07%

283

$ 3,602,358,850

$ 2,680,822

Inside

2.01%

920

$ 796,929,158

$ 15,991,024

Outside

0.02%

423

$ 23,669,950,996

$ 5,450,862

Total

0.09%

1,343

$ 24,466,880,153

$ 21,441,886

4.3.3. Residual Risk
Residual risk estimates represent potential loss remaining for a given scenario after applying flood
insurance coverage and deductible amounts. Residual risks were summarized at the watershed and
planning subdivision levels. Residual risk calculations at the other reporting geographies may be found
in the geospatial database (see Appendix B for more information).
Care was taken during the analysis to ensure that building coverage values within the policy data
were only applied to modeled building losses for the sake of determining residual risk, and likewise for
content coverage and modeled content losses. The effect of this is that, in instances where modeled
losses result in both building and content loss but the structure has no associated coverage for one or
the other, then any losses to the uncovered assets will show as residual. In other words, there may be
building-only or content-only residual risk results for these properties. This may result in areas of high
policy penetration, which also have remaining residual risk.
Residual Risk by Watershed
Results of the residual risk analysis were summarized by watershed for the 100- and 500- year
events, as well as under the AAL scenario, and are provided in Table 10. The analysis found that the
Lynnhaven Watershed has the highest residual risk total, followed by the Southern Rivers Watershed.
However, the Southern Rivers Watershed has the highest residual risk remaining as compared to the
total modeled flood losses (before applying insurance coverage and deductible amounts—presented
earlier in this report in Table 1, as shown in Figure 13). A breakdown of residual risk as compared to
total flood losses is provided as follows:

Economic Flood Insurance Analysis for the City of Virginia Beach | 23

•

In the Elizabeth River Watershed, residual risk represents 52 percent of the total flood
losses.

•

In the Lynnhaven Watershed, residual risk represents 39 percent of the total flood losses.

•

In the Oceanfront Watershed, residual risk represents 33 percent of total flood losses.

•

In the Southern Rivers Watershed , residual risk represents 68 percent of flood losses.

These high percentages emphasize the need for increased policy penetration to mitigate these

$8.27

Total Losses

ELIZABETH RIVER

LYNNHAVEN

$1.13

$0.08

$0.24

$0.43

$1.65

$3.29

Residual Risk

$0.82

RESIDUAL RISK AND LOSSES, MILLIONS

residual risks.

OCEANFRONT

SOUTHERN RIVERS

Figure 13: Residual risk compared to total annualized losses under current conditions.
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Table 10: Aggregate residual risk by watershed for the 100-year and 500-year events, as well as the average annualized loss
scenario (AAL), separated by building and content loss amounts, as well as by inside and outside SFHA.
Watershed

Location

Lynnhaven

Oceanfront

Southern
Rivers

500-Year Event Residual Risk

Average Annualized Loss
(AAL) Residual Risk
Building
Contents

Building

Contents

Building

Contents

$1,820,526

$2,565,052

$12,853,962

$16,388,726

$120,172

$163,658

$0

$0

$14,643,075

$9,305,348

$87,871

$55,771

Total

$1,820,526

$2,565,052

$27,497,037

$25,694,074

$208,043

$219,429

Inside

$27,040,531

$30,511,233

$78,640,421

$114,992,302

$1,236,584

$1,530,299

Outside

$1,861,219

$427,925

$83,661,741

$35,915,401

$511,933

$213,077

Total

$28,901,750

$30,939,158

$162,302,162

$150,907,703

$1,748,517

$1,743,376

Inside

$534,652

$356,630

$2,329,580

$1,897,407

$28,479

$24,154

Outside

$47,793

$6,018

$3,127,174

$807,457

$19,198

$4,889

Total

$582,445

$362,648

$5,456,754

$2,704,864

$47,677

$29,043

Inside

$8,646,562

$10,278,410

$15,131,649

$18,879,507

$422,286

$456,030

Outside

$2,272,282

$2,671,312

$14,460,026

$13,824,251

$133,555

$132,829

Total

$10,918,844

$12,949,722

$29,591,675

$32,703,758

$555,841

$588,859

Inside
Elizabeth
River

100-Year Event Residual Risk

Outside
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Residual Risks by Planning Subdivision
The ten planning subdivisions with the highest AAL residual risk totals are listed in Table 11. The
Pungo area stands out as having the highest total residual risk while all other subdivisions in the top 10
are in the Lynnhaven Watershed.
Table 11: Ten planning subdivisions within the City of Virginia Beach with the highest calculated residual risk amounts for the
average annualized loss (AAL) scenario

PUNGO

$58,318,900

$16,612,600

$256,075

$296,528

$429,550

$126,978

$552,603

OCEAN PARK

$124,473,700

$21,403,000

$154,748

$321,038

$534,827

$958

$475,786

$145,761,000

$29,966,600

$175,685

$189,868

$364,846

$100,042

$365,553

$47,185,600

$8,285,500

$126,223

$145,778

$271,905

$96

$272,001

$100,893,600

$25,272,700

$81,125

$75,137

$86,629

$69,633

$156,262

$72,535,700

$13,461,100

$67,094

$75,159

$141,742

$511

$142,253

$14,577,100

$2,903,500

$104,841

$34,128

$34,140

$104,829

$138,969

THE LAKES

$60,951,300

$10,376,800

$82,342

$44,781

$48,675

$78,448

$127,123

MAGIC HOLLOW

$18,138,300

$5,492,300

$76,178

$37,396

$16,920

$96,654

$113,574

KINGS ARMS

$9,086,400

$945,800

$48,439

$22,354

$70,793

$0

$552,603

PRINCESS ANNE
PLAZA
LYNNHAVEN
COLONY
WINDSOR
WOODS
CAPE STORY BY
THE SEA
SCARBOROUGH
SQUARE

Annual
Residual
Risks Contents

Annual
Combined
Residual
Risks -out
of SFHA

Total
Contents
NFIP
Coverage

Planning
Subdivisions

Annual
Residual
Risks Buildings

Annual
Combined
Residual
Risks -in
SFHA

Total
Building
NFIP
Coverage

Annual
Combined
Residual
Risks
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5. INCREASED POLICY AND FUTURE CONDITIONS ANALYSIS
5.1. Introduction
The purpose of evaluating increased policy penetration is to understand how guiding the uptake of
flood insurance in various areas might reduce the overall residual risk of the City, today and under
future conditions. Two types of increased policy penetration approaches were explored, including:
•

Set Target Policy Penetration Rate – This approach
aims to increase the number of policies within a
specific area by establishing a target penetration rate.
Target penetration rates of 1.25 times or 1.5 times the
current rate were identified as reasonable goals for
Virginia Beach, as discussed with, and agreed to, by the City. In
this case, the existing ratios of policies to structures serves as
the baseline for which to multiply the target penetration rates.

•

Fill in Missing Coverage – Adding missing coverage for all
properties currently carrying content-only or building-only
coverage. This approach reduces the protection gaps for those properties.

The following sub-sections outline the specific scenarios evaluated, describe the methodology and
assumptions used for calculating increased policy penetration, and present the residual risk results of
the scenario analysis.

5.2. Scenario Controls
Two control scenarios were established in order to facilitate comparison of benefits (i.e., reduction
in residual risk) across the various scenario approaches. These two scenarios serve different control
purposes, explained as follows:
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Baseline Control: No Change to Policy Base
An extension of the current conditions analysis, this baseline control scenario represents a policy
base that remains unchanged into the future. Homes that currently have a policy maintain that
coverage, but no new policies are added even under the future SLR scenarios. This control will be used
to compute percent reduction in residual risk across the increased policy penetration scenarios.
Alternative Control: Current Buying Trends Remain Constant
This second control scenario represents a policy base where current buying trends continue into
the future at existing rates, in response to changing conditions. Today’s policy penetration rates
(i.e., percentage within and outside of the SFHA) are extrapolated to create an equivalent future policy
base within and outside of the future condition SFHA. In other words, this scenario reflects a future
where residents react to increasing flood hazards by buying policies at a similar uptake rate as today.
This scenario will be compared against the baseline control to reveal the importance of continuing to
encourage uptake across the entire City—not just within targeted areas.

5.3. Increased Policy Penetration Scenarios
The following five scenarios were identified to evaluate the benefits of increasing policy
penetration within specific areas in Virginia Beach, or filling in missing coverage. Each scenario
evaluates the resulting residual risk today (i.e., current conditions), as well as under the two SLR
scenarios (1.5 and 3 feet). The full list of scenario names that correspond to the geospatial deliverable
database is provided in Appendix D.
Scenario 1: Increased Policy Penetration Within the SFHA
This scenario examines a situation where policy penetration targets (1.25x and 1.5x the current
rate) are achieved within the currently defined SFHA. Targeting increased uptake within the SFHA is a
relevant starting point given the mandatory purchase of flood insurance for homes with federally
backed mortgages located in these high risk areas.
Scenario 2: Increased Policy Penetration Within the 500-Year Floodplain
This scenario examines a situation where policy penetration targets (1.25x and 1.5x the current
rate) are achieved within the currently defined 500-year floodplain (not including increase within the
SFHA). Targeting increased uptake in this band is logical since it represents areas beyond the SFHA
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most likely to be impacted by flooding. Within the City of Virginia Beach, there are more than 8,300
buildings in the current 500-year floodplain—a number not far below the number of buildings within
the SFHA.
Scenario 3: Increased Policy Penetration Within Identified High-Risk Areas
This scenario examines a situation where policy penetration targets (1.25x and 1.5x the current
rate) are achieved within the six high-risk flood areas identified by the economic flood loss analysis
conducted as part of the CSLRRF study. These focus areas are being used to guide development of
adaptation strategies and, therefore, are logical places to encourage increased policy penetration.
Scenario 4: Increased Policy Penetration for Low-Lying Structures
This scenario examines a situation where policy penetration targets (1.25x and 1.5x the current
rate) are achieved for structures whose finished first floor elevation is lower than the current Base
Flood Elevation (BFE). During a flood event, these structures are more likely to experience damage and
therefore would have increased protection through the purchase of flood insurance.
Scenario 5: Added Coverage Among Structures That Currently Carry Either Content-Only or
Building-Only Coverage
This scenario examines a situation where owners of properties currently carrying content-only or
building-only coverage purchase the lacking coverage, thereby reducing the protection gaps for those
properties.

5.4. Methods
The analysis of increased policy penetration for the above listed scenarios required calculation of
estimated flood insurance premiums and coverage amounts for hypothetical policies (i.e., those for
structures without an existing policy, or those with an existing policy but that have a zone change
under the 1.5- and 3-foot SLR scenarios). Estimated NFIP premiums were also calculated even for those
structures that already had coverage in the policy base. However, it is important to note that for
structures with existing coverage, the total of existing coverage was used in the residual risk
calculations.
Estimated NFIP premiums were calculated for every valid structure within Virginia Beach using the
rating guidance established and documented within the October 2017 FEMA Flood Insurance Manual
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(FIM) (dated October 2017) and the April 2017 FEMA National Flood Insurance Program Specific Rating
Guidance (SRG). Premiums for structures were estimated individually using either the FIM or the SRG
based upon the current FEMA flood zone and the structure’s first floor elevation (relative to the BFE).
Coverage levels and deductibles for all added policies were based on local Insurance to Value (ITV)
ratios and local average deductibles for the same occupancy type. In both cases, for adding coverage
within the SFHA, local existing policies within the SFHA were used to determine these values, and
likewise non-SFHA policies for adding coverage outside the SFHA. “Local” here means Census Block
Group when enough policies were present to provide comparison; otherwise, it refers to the 10
nearest policies of the same type (location in/out of SFHA and occupancy). These limitations ensured
that added policy coverage levels and deductibles mimicked established local trends rather than being
randomly assigned.
Appendix C provides additional details on the data inputs and associated assumptions common to
both FIM- and SRG-based premium estimate calculations. It should be noted that coverage amounts
provided in the raw policy data from FEMA are reported in 100’s, meaning that multiplication by 100 is
necessary in order to read the actual coverage limit. In some instances, this led to values higher than
the permitted coverage limits. During investigations, it was found that some of these outliers actually
appear to be valid instances where the structure was rated using Residential Condominium Building
Association Policy rating guidelines, which can allow for some very high coverage limits. As such, the
coverage limits from the policies have been used for this study “as is” once the 100 factor has been
accounted for.
The following guiding principles/assumptions were used for calculation of the increased policy
penetration, future conditions, and regulatory change scenarios.
•

All increases in policy penetration that take place within defined floodplain mapping
areas (i.e., SHFA, 500-year, structure elevation relative to the BFE) have been enforced to
occur within the current definitions of those areas.
For example, increases to the policy base within the SFHA would take place within the same
SFHA area that is currently delineated on the effective FEMA floodplain maps. This decision
was made to limit the number of potential output permutations and to ensure that the
output provided would be actionable and easily considered within a current spatial
framework for decision-making.
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•

Additional policy uptake within the identified geographic areas takes place locally, and by
random selection, when adding to the existing policy base.
Added policies within the target areas expand from existing uptake rates and mimic the
deductibles and coverage to replacement cost ratios of existing policies within those and
nearby areas. This approach intends to respect current buying trends and assumes new
policy holders would exhibit similar insurance coverage (as compared to the replacement
cost of their home) and deductible choices as their neighborhoods.

•

Counts of additional structures to be included when increasing the policy count were
always rounded up to the nearest whole number.
For example, if an increase of 1.25x the structures with policies to structures ratio within a
block group indicated that there should be a total of 8.35 structures with policies, that
number would be rounded up to 9.

•

All target area scenarios are independent of one another.
It should be noted that, in this analysis, each series of residual risk calculations was
performed stand-alone. That is to say that the analyses consider only a single event of the
frequency in question for a policy term, for example, the residual risk from a single 100-year
event, the residual risk from a single 500-year event, or the residual risk remaining after
applying annualized losses. Should multiple events occur within a given year, the
calculations would be presented differently.

•

Within a given scenario, as policy base is increased, it is also maintained into the future
SLR scenarios
The 1.25x penetration scenarios inherit the penetration from current conditions prior to
being increased, and the 1.5x penetration scenarios inherit the increased penetration of the
related 1.25x scenario for their target area.

Residual risk was calculated for each scenario at the building- and parcel-level scale and then
aggregated to the same reporting geographies as the current condition’s analysis (watershed, planning
subdivision, census block group, and 500- and 1,500-foot grids). Given the large number of scenario
outputs and ways of analyzing the outputs of this analysis (at the various reporting geographies),
results are presented in this report as residual risk summaries at the City-wide level.
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5.5. Increased Policy Penetration Results
A comparison of the City-wide percent reduction in residual risk for each of the focused increased
policy penetration scenarios, as compared to the baseline control scenario, is shown in Figure 14. Not
surprisingly, the percent reduction decreases with increasing flood hazards. Increasing the policy
penetration target rate (more than 1.5 x) may be an effective way to mitigate the ever increasing risks.
Several strategies consistently provide high returns on all flood hazard conditions. Over the next 20
to 40 years, increasing policy penetration within the SFHA provides substantial reduction in residual
risk. Encouraging uptake for the lowest-lying structures also provides large reductions in residual risk.
Interestingly, when looking at longer-term strategies to mitigate residual risks in the next 50 to 70
years, focusing additional uptake of flood insurance within the six high-risk flood areas becomes
increasingly important.
1.5x in 500-Yr
(Scenario 2)

1.5x in Focus Areas
(Scenario 3)

1.5x for Low-Lying
Structures
(Sceanrio 4)

Add Missing
Coverage
(Scenario 5)

6%

6%

10%
3%

4%

TODAY
(EXISTING CONDITIONS)

15%

13%

18%
11%

15%

3%

12%

27%

% REDUCTION IN RESIDUAL RISK

34%

43%

1.5x in SFHA
(Scenario 1)

20 - 40 YEARS
(1.5 FT SLR)

50 - 70 YEARS
(3 FT SLR)

FLOOD HAZARD CONDITION SCENARIOS
Figure 14: Comparison of reduction in residual risk across increased policy penetration and flood hazard scenarios.
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In addition to targeted increased policy penetration strategies, the analysis of scenario outputs also
revealed the importance of maintaining the current buying trends across the entire City, in response to
future conditions. As shown in Figure 15, maintaining current buying trends in response to future flood
hazards provides a 15 percent reduction in residual risk under the 1.5-foot SLR scenario and a
22 percent reduction in residual risk under the 3-foot SLR scenario, when compared to simply
maintaining the current policy base with no further policies added.

Figure 15: Comparison of residual risk reduction between baseline and maintaining current buying trends control scenarios.
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6. INSURANCE AFFORDABILITY ANALYSIS
6.1. Introduction
The purpose of evaluating insurance affordability is to identify areas that are likely to be impacted
by increasing cost burdens of flood insurance.

6.2. Methods
To evaluate flood insurance affordability, policy premiums were compared against the median
household income data as provided by the latest available U.S. Census American Community Survey
5-Year Summary Data. Ratios of estimated premiums to median block group household income were
computed for each building in Virginia Beach. The averages of those ratios were used to aggregate the
data to the following reporting geographies: census block groups, planning subdivisions, and the 500and 1,500-foot grids. The result of this analysis is a sortable affordability index for the entire City,
provided at these geographic resolutions.
Given the challenges associated with estimated median household income into the future, this
analysis assumed that the average median income at the census block group remains constant
throughout time. For the 1.5- and 3-foot SLR scenarios, the estimated NFIP policy premiums, that were
developed for the increased policy and future conditions analysis (taking into consideration the
floodplain and BFEs during the SLR scenario), were compared against today’s median household
income to provide insight into possible affordability concerns in the future. This also assumes that
building stock remains constant and unchanged and that their premiums can reliably be based on the
floodplain characteristics provided in the SLR scenario data.

6.3. Insurance Affordability Results
A higher percentage of premium to median household income represents lower affordability,
whereas a lower percentage of premium to median household income represents higher affordability.
For example, consider the scenario shown in Table 12 where there are two houses that hold the same
type of policy but with substantial differences in household income. The $800 policy premium is more
affordable for the household with the $150,000 median income as compared to the household with
the $50,000 median income.
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Table 12: Example affordability ratio comparison for two hypothetical houses.
House

Median Household Income

Policy Premium

Affordability Percentage

1

$150,000

$ 800

0.5%

2

$50,000

$ 800

1.6%

Not surprisingly, the average affordability percentage across the City increases (i.e., less affordable)
under the future SLR scenarios, as shown in Figure 16. As the median incomes are held constant but

TODAY

1.3%

1.0%

AFFORDABILITY PERCENTAGE

2.0%

the flood risk increases, thereby increasing modeled FEMA premiums, the percentage increase.

1.5 FT SLR

3 FT SLR

SCENARIO
Figure 16: Average flood insurance affordability percentages for Virginia Beach, today, and under future SLR scenarios.
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The ten planning subdivisions with the highest ratio of premium to median household income,
under existing conditions, is presented in Table 13. These subdivisions represent the areas of lowest
flood insurance affordability.
Table 13: Ten planning subdivisions within the City of Virginia Beach with the highest calculated affordability ratio.
RANK

PLANNING SUBDIVISION

AFFORDABILITY PERCENTAGE

1

REEF COURT APARTMENTS

20%

2

JUDEO-CHRISTIAN APARTMENTS

15%

3

VILLAS @ LINKHORN BAY

14%

4

INLET COLONY

12%

5

CAPTAINS WALK CONDOMINIUMS

12%

6

NORTHAMPTON APTS

11%

7

THE SANCTUARY AT FALSE CAPE

11%

8

OCEAN TRACE CONDS & APARTMENTS

9%

9

BAYLAKE ASSISTED LIVING FACILITY

9%

10

FREMAC SHORES

9%

Looking forward, the cost burden of flood insurance is expected to increase with respect to
affordability, especially given no changes to the median household income. A map showing the flood
insurance affordability ratio in response to future flooding conditions is provided in Figure 17.
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Figure 17: Flood insurance affordability ratios under the 3-foot SLR scenario.
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7. CONCLUSIONS
Successful adaptation planning necessitates understanding existing flood insurance policy
coverage, identifying opportunities for encouraging the uptake of flood insurance in high-risk areas,
and identifying where affordability will need to be addressed in order to meet those uptake goals
today and in the future. The outputs of this analysis can be used by the City to develop targeted
outreach campaigns to both encourage residents who already hold flood insurance to maintain
coverage, as well as encourage increased uptake in high-risk areas, in advance of future threats—a
high-priority action item identified in the Virginia Beach Sea Level Rise Policy Response Report. The
City’s recent adoption into the National Flood Insurance CRS program means the City can obtain
additional CRS credits by providing flood risk information to the public, leading to flood insurance
premium discounts for residents and businesses across the City of Virginia Beach. Affordability will be
especially important as changing flood hazards increase the cost burden of flood insurance.
A logical first step for targeted outreach would be to focus on increasing policy penetration within
planning subdivisions identified as having high residual risk today, such as Pungo, Ocean Park, Princess
Anne Plaza, Lynnhaven Colony, and Windsor Woods. Within these high-risk neighborhoods, public
outreach should focus on increasing penetration in the SFHA and for low-lying structures. Another
highly effective strategy would be to focus on increasing policy penetration within the high-risk focus
areas identified for adaptation strategy development under the CSLRRF study. It is important to note
that areas subject to stormwater flooding are often not included in the SFHA. While not part of this
analysis, which focuses on coastal flooding, such areas offer additional opportunities to focus increased
policy penetration.
In addition to targeted outreach in specific locations, the City should encourage all residents to
purchase flood insurance. This analysis revealed the importance of maintaining a City-wide flood
insurance policy base that reflects, at a minimum, the policy base that exists today. This outcome could
only be achieved through effective messaging on changing flood hazards and regulatory changes to
floodplain maps that drive insurance requirements. Unfortunately, FEMA flood hazard studies are
typically updated on average, only every 10 years, and the base data under the maps that drive the
floodplain boundaries are only updated on average, on a 30-year cycle (Batten et al. 2008). This can
lead to underestimation of flood risk. In fact, the newly mapped floodplains that were developed using
robust numerical modeling framework demonstrate that the existing Flood Insurance Study for Virginia
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Beach (effective in 2015) underestimates flood risk, especially in the southern portion of the City.
Although FEMA recognizes changing flood hazards, sea level rise is not yet incorporated into the
floodplain mapping or risk rating process. The significant uncertainty related to the future of floodplain
mapping poses a significant risk to the City. Therefore, it will be especially important that the City
actively educate residents on how the existing risk rating process may underestimate risk, and the
importance of flood insurance in existing and future high-risk areas. One tactic for accomplishing this
goal includes expanding and redefining the “regulatory floodplain” (i.e., the area where there are flood
insurance requirements and floodplain regulations), which is an action item identified in the Virginia
Beach Sea Level Rise Policy Response Report.
Encouraging maintenance and uptake of flood insurance can be accomplished through targeted
outreach via numerous mediums (radio, newspaper, digital ads, etc.) while providing educational
background on the importance of flood insurance and who exactly should buy it. Partnership with
FEMA can also provide pre-made marketing materials and data to reach high potential insurance
buyers. Insurance outreach and engagement can be supported by FEMA regional staff members, and
marketing materials may be available through FEMA. Existing platforms for public outreach could also
be leveraged, such as the Get Flood Fluent campaign that was recently launched to educate the
Hampton Roads region on the benefits of carrying flood insurance.
Strategies such as these will help protect the welfare of residents and businesses in the City of
Virginia Beach so they are able to afford the coverage, are insured when a flood occurs, and are
informed about what they can do to reduce likelihood of flooding impacts.
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APPENDIX A: DATA MANGEMENT
The data provided by FEMA to the City of Virginia Beach, Virginia, is expected to include address,
policy number, and some financial details such as premiums and claim amounts. These data contain
Personally Identifiable Information (PII), as the values within could be “used to distinguish or trace an
individual’s identity or could be combined with other personal or identifying information which is
linked or linkable to a specific individual, such as medical, educational, financial, and employment
information.” (GAO Report 08-536).
Proposed project activities involve accessing flood insurance policy and claim data that contain PII.
Prior to receiving the PII data, involved parties have conducted an evaluation of their infrastructure
and strategies for handling PII data. This evaluation follows the recommendations as set forth in the
Guide to Protecting the Confidentiality of Personally Identifiable Information (PII), Special Publication
800-122, National Institute of Standards and Technology. This document subsequently summarizes the
evaluation outcomes and provides proposed methods for handling PII during the project lifecycle.
Nondisclosure Agreement
All project team members who will have access to PII throughout the project, aside from City of
Virginia Beach personnel (assumed to already be under either an explicit or implied Nondisclosure
Agreement (NDA) by virtue of being shared data by FEMA as a trusted party), will be required to sign
an approved NDA that binds them to following through with the agreed upon PII handling strategies,
creates a legal obligation, and compels said parties to maintain security.
Privacy Impact and Data Breach Responsibilities
Per documented best practices relating to PII, it is imperative that the project team evaluate the
harm that might be experienced by individuals if this information were to be used inappropriately by
the team during or after proposed project activities, or were it to be unprotected from breach and
subsequent access by others. Individual harm includes the potential for identity theft, embarrassment,
or blackmail. Potential harm to FEMA, the City of Virginia Beach, and/or the project team includes loss
of public trust, legal liability, and the potential high cost of handling the breaches. Entities that could
potentially attempt to benefit from a breach of this information include insurance organizations,
banks, government agencies, the general public, and special interest groups. In the event of a data
breach, the potential harm to individuals or organizations is anticipated to have a limited adverse
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effect. However, the obligation to protect confidentiality, and the likely negative impact that would
occur should a breach break public trust, could have a serious adverse effect on the organizations
involved.
The potential impact of a breach will be evaluated by the definitions provided in Special Publication
800-122 as follows:
•

LOW - the loss of confidentiality is expected to have a limited adverse effect on individuals
or organizations.

•

MODERATE - the loss is expected to have a serious adverse effect.

•

HIGH - the loss is expected to have a severe or catastrophic adverse effect.

In the event of a breach of PII, federal law requires that affected agencies report all incidents to the
United States Computer Emergency Readiness Team (US-CERT) within one hour (OMB M-06-19). For
the sake of the proposed project work, were a breach or suspected breach to occur, project teams
must immediately notify the City of Virginia Beach (as stewards of FEMA data) and take reasonable
actions to prevent further breach. The City of Virginia Beach would in turn notify FEMA as the affected
agency. With respect to potential identity theft-related breach incidents, the Identity Theft Task Force
(Identity Theft Related Data Security Breach Notification Guidance) recommends that (1) Agencies
should preemptively identify a core response group that can be convened in the event of a breach,
(2) If an incident occurs, the core response group should engage in a risk analysis to determine
whether the incident poses problems related to theft identity, and (3) If it is determined that an
identity theft risk is present, the agency should tailor its response to the nature and scope of the risk
presented. While the potential for breaches of PII data resulting in identity theft is believed to be low
for the proposed project activities (no Social Security Number data are present), project management
staff will confer with the City of Virginia Beach prior to any data transfer to determine preferred
practices based upon the suggestions of the Identity Theft Task Force.
Table 14 summarizes the baseline confidentiality impact evaluation of an access breach to the
project data. The confidentiality impact level is scored, and then the appropriate policy, procedure, or
control is listed.
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Table 14: Baseline Confidentiality Impact Evaluation
Appropriate Safeguards Based on Impact Level

Evaluation
Factor

Confidentiality
Impact Level

Distinguishability

LOW

Aggregation and
Data Field
Sensitivity

LOW

Obligations to
Protect
Confidentiality

MODERATE

101

102

Access to and
Location of PII

LOW

102, 103

103

Policy &
Procedure

Training

DeIdentifying
PII

101

102

204

Access
Enforcement

Transmission
Confidentiality

Auditing

204, 501

103, See table
for all

201, 401, 501

303, 501

204, 501

See table for
all

202, 203, 206,
501

303, 501

204, 301

Project PII Control Group and Management Strategy
For the purposes of protecting PII on this project, the following control groups are identified:
•

Project Management (PM): These members are responsible for the overall project
management of this project (maximum number of people = 2)

•

Control Officers (CO): These members are responsible for the overall confidentiality control
within this project (maximum number of people = 1)

•

Control Team 1 (CT1): These members are the only staff that will have working access to PII
data within this project (maximum number of people = 1)

All data storage practices and work efforts will be in keeping with the basic privacy principle of
minimizing the use, collection, and retention of PII data to the greatest extent practicable. In all cases,
only the minimum necessary personnel will have access to PII data, up to the point where it is returned
to the City of Virginia Beach and/or destroyed via proper sterilization of storage media. At times
during the lifespan of the project (as determined by requirements and conditions agreed upon
between the City of Virginia Beach and the project teams) both raw data and that used for analysis will
be stored on access-controlled storage media. Replication of any PII within the designated media will
be minimized throughout the course of analysis. No copies of PII data outside of the designated access
controlled media will be allowed.
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Relating specifically to the use of external geocoding resources, only de-identified data consisting
of unique completely non-inferable key values and related address strings would be allowed to pass
between the project team (CT1) and the external resource(s).
The following procedures are outlined to appropriately protect the project PII data (Table 15).
Special considerations have been given during key transitions throughout the project where data are
transmitted, accessed, shared, or analyzed by team members or the City of Virginia Beach.
Table 15: Project Procedures for Protection PII
No

Procedure

Control

Responsibility

101

Identify project roles and sign project NDAs.

Policy
Procedure,
Access
Enforcement

PM

102

Update CT on PII confidentiality and the procedures for this project.

Training

PM, CO

103

Establish secure digital storage areas and CT access credentials.

Access
Enforcement

CO

201

CO receives PII data from the City of Virginia Beach or their agent via
registered mail (signature of CO required).

Transmission
Confidentiality

City of Virginia Beach, CO

202

CO copies data into secure vault folder. This folder will contain all
original data (secured original source folder).

Access
Enforcement

CO

203

CO copies data to secure CT1 folder (secured working folder).

Access
Enforcement

CO

204

CT1 creates unique identifier for each data record and then deidentifies all data EXCEPT address. This dataset is called the ADDRESS
INDEX and only includes the address fields and the unique identifier.
This de-identified data will serve as input for any geocoding
processes. Re-identification information will reside solely within
secure CT1 folder.

De-identifying
PII

CT1

205

CT1 performs geocoding using pre-determined (by PM group) engine,
resulting in GIS point locations.

Access
Enforcement

CT1

206

CT1 joins geocoded GIS point locations with original data within the
secure CT1 folder, creating a master spatially enabled dataset.

De-identifying
PII

CT1

207

CO sends original media back to City of Virginia Beach, or their agent,
via registered mail.

Access
Enforcement

CO
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301

The City of Virginia Beach (or their agent), PM, and CO determine an
appropriate spatial resolution for reporting aggregate results (e.g.,
census resolution, heat map cell size, etc.), such that the resulting
summarizations can be shared with other relevant project groups as
needed, without concern for PII exposure.

De-identifying
PII

City of Virginia Beach, PM, CO

302

CT1 performs scoped work as outlined in approved work order.

De-identifying
PII, Access
enforcement

CT1

303

CT1 prepares address specific and aggregate tabular data for delivery,
and transmits data to CO.

Access
enforcement

CO, CT1

401

CO transfers address specific and aggregate tabular data to PM and
to the City of Virginia Beach or their agent pursuant to agree upon
deliverable schedule.

Transmission
Confidentiality,
Access
Enforcement

PM, CO, CT1

501

At the end of the project all PII data will be destroyed including all
raw data within the vault and CT1 folders, and a letter of destruction
will be submitted to the City of Virginia Beach.

Access
Enforcement,
Audit

PM, CO, CT1

The following risk analysis is presented for the project procedures (Table 16). The PM and CO will
maintain heightened awareness and care during these periods.
Table 16: Risk Analysis
No

No of
Copies

Location of Data Copies

No Staff w/
Access to
PII

Access Controls

201

1

Mail transmission.

0

Registered mail

202

2

Original media, secure project vault.

2

64-bit OS with domain credentials

203

3

Original media, secure project vault,
secure CT1 folder.

2

64-bit OS with domain credentials

4

Original media, secure project vault,
original in secure CT1 folder, deidentified ADDRESS INDEX in secure
CT1 folder.

2

64-bit OS with domain credentials

4

Original media, secure project vault,
original in secure CT1 folder, deidentified ADDRESS INDEX in secure
CT1 folder.

2

64-bit OS with domain credentials

204

205

Economic Flood Insurance Analysis for the City of Virginia Beach | 45

206

207

301

3

Original media, secure project vault,
spatially located de-identified
ADDRESS INDEX joined to original
data in secure CT1 folder.

2

64-bit OS with domain credentials, registered mail

2

Secure project vault, spatially
located de-identified ADDRESS
INDEX joined to original data in
secure CT1 folder.

2

64-bit OS with domain credentials, registered mail

2

Secure project vault, spatially
located de-identified ADDRESS
INDEX joined to original data in
secure CT1 folder.

2

64-bit OS with domain credentials

2

64-bit OS with domain credentials

2

64-bit OS with domain credentials, registered mail

2

64-bit OS with domain credentials

0

64-bit OS with domain credentials, registered mail

302

2

303

2

Secure project vault, spatially
located de-identified ADDRESS
INDEX joined to original data in
secure CT1 folder.
Secure project vault, spatially
located de-identified ADDRESS
INDEX joined to original data in
secure CT1 folder.

401

2

Secure project vault, spatially
located de-identified ADDRESS
INDEX joined to original data in
secure CT1 folder.

501

1

Deliverables to City of Virginia
Beach via digital media, registered
mail.

This management plan pertains to work completed under task orders issued to Syndeste, LLC for
work associated with subcontract S/C-VABCH-PWCN-15-0014-SL for contract PWCN-15-0014A work
order 3A.
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APPENDIX B: SUPPLEMENTAL MATERIALS
The full set of data analysis results, including both current condition and future condition/increased
policy penetration scenarios, are provided in a geospatial database. The data dictionary that includes
field names, field name alias, and descriptions is provided in Table 17. The future conditions database
is also accompanied by a table of naming convention and descriptions of the future
condition/increased policy penetration scenarios, which are also provided below in Table 18.
Table 17: Geospatial data dictionary for the flood insurance analysis results.
Field Name

Alias

Description

block

Census Block
Group
Block

bm_objid_text

bm_objid_text

Building Footprint ID

g1500_id

1,500-foot Grid

1,500-ft grid ID

g500_id

500-foot Grid

500-ft grid ID

parcel_uid

Parcel

Parcel ID

subd_id

Subdivision

Planning Subdivision ID

subd_desc

Name of Planning Subdivision

watershed

Subdivision
Strategic
Growth Area
Storm Water
Drainage Basin
Watershed

bldg_count

Buildings

Count of Buildings within a given Reporting Layer

pol_count

Policies
Buildings w
Policy
Total BLDG
Cover SFHA
Total CONT
Cover SFHA
Total BLDG
Cover NSFHA
Total CONT
Cover NSFHA
Total BLDG
Cover
Total CONT
Cover

Count of Policies within a given Reporting Layer
Count of Buildings that have at least one Policy within a given Reporting
Layer
Total dollar amount of buildings coverage within the Special Flood Hazard
Area (SFHA)

cbg

sga_name
swd_basin

bldgs_w_pol
tot_bldg_cov_sum_sfha
tot_cont_cov_sum_sfha
tot_bldg_cov_sum_nsfha
tot_cont_cov_sum_nsfh
a
tot_bldg_cov_sum
tot_cont_cov_sum

Census Block Group ID
Census Block ID

Strategic Growth Areas ID
Storm Water Drainage Basin ID
Hydrologic Unit Code (HUC) 8, name of watershed

Total dollar amount of contents coverage within the SFHA
Total dollar amount of buildings coverage Outside the SFHA
Total dollar amount of contents coverage Outside the SFHA
Total dollar amount of buildings coverage within a given Reporting Layer
Total dollar amount of contents coverage within a given Reporting Layer
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Field Name
b_comb_rr_10yr_sfha
b_comb_rr_25yr_sfha
b_comb_rr_50yr_sfha
b_comb_rr_100yr_sfha
b_comb_rr_500yr_sfha
b_comb_rr_aal_sfha
b_comb_rr_10yr_nsfha
b_comb_rr_25yr_nsfha
b_comb_rr_50yr_nsfha
b_comb_rr_100yr_nsfha
b_comb_rr_500yr_nsfha
b_comb_rr_aal_nsfha
b_comb_rr_10yr
b_comb_rr_25yr
b_comb_rr_50yr
b_comb_rr_100yr
b_comb_rr_500yr
b_comb_rr_aal
c_comb_rr_10yr_sfha
c_comb_rr_25yr_sfha
c_comb_rr_50yr_sfha
c_comb_rr_100yr_sfha
c_comb_rr_500yr_sfha

Alias

Description

Building RR
10-yr SFHA
Building RR
25-yr SFHA
Building RR
50-yr SFHA
Building RR
100-yr SFHA
Building RR
500-yr SFHA
Building RR aal
SFHA
Building RR
10-yr NSFHA
Building RR
25-yr NSFHA
Building RR
50-yr NSFHA
Building RR
100-yr NSFHA
Building RR
500-yr NSFHA
Building RR aal
NSFHA
Building RR
10-yr
Building RR
25-yr
Building RR
50-yr
Building RR
100-yr
Building RR
500-yr

Residual Risk total dollar amount of buildings within the 10 year frequency
and SFHA
Residual Risk total dollar amount of buildings within the 25 year frequency
and SFHA
Residual Risk total dollar amount of buildings within the 50 year frequency
and SFHA
Residual Risk total dollar amount of buildings within the 100 year
frequency and SFHA
Residual Risk total dollar amount of buildings within the 500 year
frequency and SFHA
Residual Risk total dollar amount of Average Annualized Loss (AAL)
buildings within the SFHA
Residual Risk total dollar amount of buildings within the 10 year frequency
but outside the SFHA
Residual Risk total dollar amount of buildings within the 25 year frequency
but outside the SFHA
Residual Risk total dollar amount of buildings within the 50 year frequency
but outside the SFHA
Residual Risk total dollar amount of buildings within the 100 year
frequency but outside the SFHA
Residual Risk total dollar amount of buildings within the 500 year
frequency but outside the SFHA
Residual Risk total dollar amount of Average Annualized Loss (AAL)
buildings Outside the SFHA

Building RR aal
Contents RR
10-yr SFHA
Contents RR
25-yr SFHA
Contents RR
50-yr SFHA
Contents RR
100-yr SFHA
Contents RR
500-yr SFHA

Residual Risk total dollar amount of buildings within the 10 year frequency
Residual Risk total dollar amount of buildings within the 25 year frequency
Residual Risk total dollar amount of buildings within the 50 year frequency
Residual Risk total dollar amount of buildings within the 100 year
frequency
Residual Risk total dollar amount of buildings within the 500 year
frequency
Residual Risk total dollar amount of Average Annualized Loss (AAL)
buildings
Residual Risk total dollar amount of contents within the 10 year frequency
and SFHA
Residual Risk total dollar amount of contents within the 25 year frequency
and SFHA
Residual Risk total dollar amount of contents within the 50 year frequency
and SFHA
Residual Risk total dollar amount of contents within the 100 year
frequency and SFHA
Residual Risk total dollar amount of contents within the 500 year
frequency and SFHA
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Field Name
c_comb_rr_aal_sfha
c_comb_rr_10yr_nsfha
c_comb_rr_25yr_nsfha
c_comb_rr_50yr_nsfha
c_comb_rr_100yr_nsfha
c_comb_rr_500yr_nsfha
c_comb_rr_aal_nsfha
c_comb_rr_10yr
c_comb_rr_25yr
c_comb_rr_50yr
c_comb_rr_100yr
c_comb_rr_500yr
c_comb_rr_aal
t_comb_rr_10yr_sfha
t_comb_rr_25yr_sfha
t_comb_rr_50yr_sfha
t_comb_rr_100yr_sfha
t_comb_rr_500yr_sfha
t_comb_rr_aal_sfha
t_comb_rr_10yr_nsfha
t_comb_rr_25yr_nsfha
t_comb_rr_50yr_nsfha
t_comb_rr_100yr_nsfha

Alias

Description

Contents RR
aal SFHA
Contents RR
10-yr NSFHA
Contents RR
25-yr NSFHA
Contents RR
50-yr NSFHA
Contents RR
100-yr NSFHA
Contents RR
500-yr NSFHA
Contents RR
aal NSFHA
Contents RR
10-yr
Contents RR
25-yr
Contents RR
50-yr
Contents RR
100-yr
Contents RR
500-yr
Contents RR
aal
Total RR 10-yr
SFHA
Total RR 25-yr
SFHA
Total RR 50-yr
SFHA
Total RR 100-yr
SFHA
Total RR 500-yr
SFHA
Total RR aal
SFHA
Total RR 10-yr
NSFHA
Total RR 25-yr
NSFHA
Total RR 50-yr
NSFHA
Total RR 100-yr
NSFHA

Residual Risk total dollar amount of Average Annualized Loss (AAL)
contents within the SFHA
Residual Risk total dollar amount of contents within the 10 year frequency
but outside the SFHA
Residual Risk total dollar amount of contents within the 25 year frequency
but outside the SFHA
Residual Risk total dollar amount of contents within the 50 year frequency
but outside the SFHA
Residual Risk total dollar amount of contents within the 100 year
frequency but outside the SFHA
Residual Risk total dollar amount of contents within the 500 year
frequency but outside the SFHA
Residual Risk total dollar amount of Average Annualized Loss (AAL)
contents Outside the SFHA
Residual Risk total dollar amount of contents within the 10 year frequency
Residual Risk total dollar amount of contents within the 25 year frequency
Residual Risk total dollar amount of contents within the 50 year frequency
Residual Risk total dollar amount of contents within the 100 year
frequency
Residual Risk total dollar amount of contents within the 500 year
frequency
Residual Risk total dollar amount of Average Annualized Loss (AAL)
contents
Residual Risk total dollar amount of buildings and contents within the 10
year frequency and SFHA
Residual Risk total dollar amount of buildings and contents within the 25
year frequency and SFHA
Residual Risk total dollar amount of buildings and contents within the 50
year frequency and SFHA
Residual Risk total dollar amount of buildings and contents within the 100
year frequency and SFHA
Residual Risk total dollar amount of buildings and contents within the 500
year frequency and SFHA
Residual Risk total dollar amount of Average Annualized Loss (AAL)
buildings and contents within the SFHA
Residual Risk total dollar amount of buildings and contents within the 10
year frequency but outside the SFHA
Residual Risk total dollar amount of buildings and contents within the 25
year frequency but outside the SFHA
Residual Risk total dollar amount of buildings and contents within the 50
year frequency but outside the SFHA
Residual Risk total dollar amount of buildings and contents within the 100
year frequency but outside the SFHA
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Field Name
t_comb_rr_500yr_nsfha
t_comb_rr_aal_nsfha

Alias

Description

Total RR 500-yr
NSFHA
Total RR aal
NSFHA

Residual Risk total dollar amount of buildings and contents within the 500
year frequency but outside the SFHA
Residual Risk total dollar amount of Average Annualized Loss (AAL)
buildings and contents Outside the SFHA
Residual Risk total dollar amount of buildings and contents within the 10
year frequency
Residual Risk total dollar amount of buildings and contents within the 25
year frequency
Residual Risk total dollar amount of buildings and contents within the 50
year frequency
Residual Risk total dollar amount of buildings and contents within the 100
year frequency
Residual Risk total dollar amount of buildings and contents within the 500
year frequency
Residual Risk total dollar amount of Average Annualized Loss (AAL)
buildings and contents
Land use associated with the building footprint

t_comb_rr_10yr

Total RR 10-yr

t_comb_rr_25yr

Total RR 25-yr

t_comb_rr_50yr

Total RR 50-yr

t_comb_rr_100yr

Total RR 100-yr

t_comb_rr_500yr

Total RR 500-yr

t_comb_rr_aal

Total RR aal

land_use

Land Use
Lowest
Adjacent
Grade
Highest
Adjacent
Grade
Flood Zone
Base Flood
Elevation
LAG BFE
difference
In or Out of
SFHA
Building RR
10-yr
Building RR
25-yr
Building RR
50-yr
Building RR
100-yr
Building RR
500-yr

lag
hag
fld_zone
bfe
bfe_delta
in_sfha
b_rr_10yr
b_rr_25yr
b_rr_50yr
b_rr_100yr
b_rr_500yr
b_rr_aal
c_rr_10yr
c_rr_25yr

Building RR aal
Contents RR
10-yr
Contents RR
25-yr

Lowest Adjacent Grade of the building
Highest Adjacent Grade of the building
flood zone associated with the building
base flood elevation associated with the building
LAG minus BFE
1/0 in sfha or not. 1 = yes, 0 = no
Residual Risk dollar amount of the building from the 10 year frequency
Residual Risk dollar amount of the building from the 25 year frequency
Residual Risk dollar amount of the building from the 50 year frequency
Residual Risk dollar amount of the building from the 100 year frequency
Residual Risk dollar amount of the building from the 500 year frequency
Residual Risk dollar amount of the building from Average Annualized Loss
(AAL)
Residual Risk dollar amount of the contents from the 10 year frequency
Residual Risk dollar amount of the contents from the 25 year frequency
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Field Name

Alias
Contents RR
50-yr
Contents RR
100-yr
Contents RR
500-yr
Contents RR
aal

c_rr_50yr
c_rr_100yr
c_rr_500yr
c_rr_aal
t_rr_10yr

Total RR 10-yr

t_rr_25yr

Total RR 25-yr

t_rr_50yr

Total RR 50-yr

t_rr_100yr

Total RR 100-yr

t_rr_500yr

Total RR 500-yr

t_rr_aal

Total RR aal

Description
Residual Risk dollar amount of the contents from the 50 year frequency
Residual Risk dollar amount of the contents from the 100 year frequency
Residual Risk dollar amount of the contents from the 500 year frequency
Residual Risk dollar amount of the contents from Average Annualized Loss
(AAL)
Residual Risk dollar amount of the building and contents from the 10 year
frequency
Residual Risk dollar amount of the building and contents from the 25 year
frequency
Residual Risk dollar amount of the building and contents from the 50 year
frequency
Residual Risk dollar amount of the building and contents from the 100
year frequency
Residual Risk dollar amount of the building and contents from the 500
year frequency
Residual Risk dollar amount of the building and contents from Average
Annualized Loss (AAL)

Table 18: Scenario field names and descriptions for the future condition/increased policy penetration analysis.
Scenario
Name
Control - No
Regulatory
Change

Control –
Maintain
Equivalent
Buying Trends

Increased
Penetration in
SFHA

Field Name

Flood
Condition

C1_s1

1.5 ft SLR

C1_s2

3 ft SLR

C2_s1

1.5 ft SLR

C3_s2

3 ft SLR

1_125x_s0

Existing

1_125x_s1

1.5 ft SLR

1_125x_s2

3 ft SLR

Scenario Description
If policy base remains unchanged, what would be the residual risk
under the 1.5 ft SLR scenario?
If policy base remains unchanged, what would be the residual risk
under the 3 ft SLR scenario?
If the current condition policy base penetration rates were
extrapolated to create an equivalent future policy base in and out of
the 1.5 ft SLR SFHA, what would be the residual risk under the 1.5 ft
SLR scenario?
If the current condition policy base penetration rates were
extrapolated to create an equivalent future policy base in and out of
the 3 ft SLR SFHA, what would be the residual risk under the 3 ft SLR
scenario?
If policy base increased by 1.25x within the Current Conditions SFHA,
what would be the residual risk today?
If policy base increased by 1.25x within the Current Conditions SFHA,
what would be the residual risk under the 1.5 ft SLR scenario?
If policy base increased by 1.25x within the Current Conditions SFHA,
what would be the residual risk under the 3 ft SLR scenario?
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Increased
Penetration in
500-Yr
Floodplain

Increase
Penetration in
Focus Areas

Increase
Penetration
for Low-Lying
Structures

1_15x_s0

Existing

1_15x_s1

1.5 ft SLR

1_15x_s2

3 ft SLR

2_125x_s0

Existing

2_125x_s1

1.5 ft SLR

2_125x_s2

3 ft SLR

2_15x_s0

Existing

2_15x_s1

1.5 ft SLR

2_15x_s2

3 ft SLR

3_125x_s0

Existing

3_125x_s1

1.5 ft SLR

3_125x_s2

3 ft SLR

3_15x_s0

Existing

3_15x_s1

1.5 ft SLR

3_15x_s2

3 ft SLR

4_125x_s0

Existing

4_125x_s1

1.5 ft SLR

4_125x_s2

3 ft SLR

4_15x_s0

Existing

If policy base increased by 1.5x within the Current Conditions SFHA,
what would be the residual risk today?
If policy base increased by 1.5x within the Current Conditions SFHA,
what would be the residual risk under the 1.5 ft SLR scenario?
If policy base increased by 1.5x within the Current Conditions SFHA,
what would be the residual risk under the 3 ft SLR scenario?
If policy base increased by 1.25x within the Current Conditions 500YR
band (excluding SFHA), what would be the residual risk today?
If policy base increased by 1.25x within the Current Conditions 500YR
band (excluding SFHA), what would be the residual risk under the 1.5
ft SLR scenario?
If policy base increased by 1.25x within the Current Conditions 500YR
band (excluding SFHA), what would be the residual risk under the 3 ft
SLR scenario?
If policy base increased by 1.5x within the Current Conditions 500YR
band (excluding SFHA), what would be the residual risk today?
If policy base increased by 1.5x within the Current Conditions 500YR
band (excluding SFHA), what would be the residual risk under the 1.5
ft SLR scenario?
If policy base increased by 1.5x within the Current Conditions 500YR
band (excluding SFHA), what would be the residual risk under the 3 ft
SLR scenario?
If policy base increased by 1.25x within the Focus Areas, what would
be the residual risk today?
If policy base increased by 1.25x within the Focus Areas, what would
be the residual risk under the 1.5 ft SLR scenario?
If policy base increased by 1.25x within the Focus Areas, what would
be the residual risk under the 3 ft SLR scenario?
If policy base increased by 1.5x within the Focus Areas, what would be
the residual risk today
If policy base increased by 1.5x within the Focus Areas, what would be
the residual risk under the 1.5 ft SLR scenario?
If policy base increased by 1.5x within the Focus Areas, what would be
the residual risk under the 3 ft SLR scenario?
If policy base increased by 1.25x among structures whose FFE was
lower than Current Conditions BFE (note these represent a subset
within the SFHA), what would be the residual risk today?
If policy base increased by 1.25x among structures whose FFE was
lower than Current Conditions BFE (note these represent a subset
within the SFHA), what would be the residual risk under the 1.5 ft SLR
scenario?
If policy base increased by 1.25x among structures whose FFE was
lower than Current Conditions BFE (note these represent a subset
within the SFHA), what would be the residual risk under the 3 ft SLR
scenario?
If policy base increased by 1.5x among structures whose FFE was
lower than Current Conditions BFE (note these represent a subset
within the SFHA), what would be the residual risk today?
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Increase
Coverage

4_15x_s1

1.5 ft SLR

4_15x_s2

3 ft SLR

5_s0

Existing

5_s1

1.5 ft SLR

5_s2

3 ft SLR

If policy base increased by 1.5x among structures whose FFE was
lower than Current Conditions BFE (note these represent a subset
within the SFHA), what would be the residual risk under the 1.5 ft SLR
scenario?
If policy base increased by 1.5x among structures whose FFE was
lower than Current Conditions BFE (note these represent a subset
within the SFHA), what would be the residual risk under the 3 ft SLR
scenario?
If all building coverage was added to all content only policies, and
content coverage was added to all building only policies, what would
be the residual risk today?
If all building coverage was added to all content only policies, and
content coverage was added to all building only policies, what would
be the residual risk under the 1.5 ft SLR scenario?
If all building coverage was added to all content only policies, and
content coverage was added to all building only policies, what would
be the residual risk under the 3 ft SLR scenario?

Several excel spreadsheets were also developed to aid the City in summarization of results at the
planning subdivision geography. These exhibits are described as follows:
•

Exhibit A further breaks down penetration rates, such as providing rates both inside and
outside of the SFHA for every planning subdivision within the City. This includes building
counts, counts of buildings with at least one policy, policy counts, and both penetration rate
calculation methods.

•

Exhibit B provides a ranking scheme for the data provided in Exhibit A so that intersections
of low penetration rates and substantial building counts or low policy counts can be
gleaned. In this exhibit, a RANK of 1 is assigned to the highest count values (buildings,
buildings with at least 1 policy, and policies), and RANK 1 is also assigned to the lowest
penetration rates (both calculation methods) typically, 0.00%.

•

Exhibit C summarizes the results of the planning subdivision analysis by placing the
subdivisions into bins based on their penetration rates calculated as number of policies to
buildings.

•

Exhibit D provides a similar summary, though by calculating penetration as percentage of
buildings with at least one policy.

•

Exhibit E breaks down penetration by occupancy type (e.g., single-family, multi-family, nonresidential). For these tables, the simplified land use code mapping outlined in Appendix A
was used, although the full source data land use code set from the building footprint
database is included in the analysis and can be seen in the raw data outputs. The tabs in
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Exhibit E correspond to the simplified land use codes: Single Family, 2-4 Family, Other
Residential, Non-Residential, and Non-Residential - Business.
•

Exhibit F provides claims statistics broken down by planning subdivision. The exhibit
includes claim counts, and damage totals by planning subdivision, both inside and outside
the SFHA. The first three columns also provide a ratio of historic losses (building + content)
to the total value (building + content) for each planning subdivision in total, as well as inside
and outside the SFHA. A higher ratio in these columns indicates more significant losses as
compared to the value of assets within those planning subdivisions and highlights areas
which experienced the most significant historic losses by that particular metric.

•

Exhibits H and I provide ways to explore the results of the residual risk analysis at a
planning subdivision resolution, both by magnitude of residual risk and by residual risk
related to local total asset value respectively. The values with Exhibit H are residual risk
dollar amount values. Exhibit I builds off of these numbers as well as Exhibit G, which
provides aggregated asset values for each planning subdivision. Exhibit I shows a ratio of
residual risk to total asset value. Of note, there is some cross-over between the list of the
ten planning subdivisions with the greatest residual risk and the list of the ten with the
highest residual risk to value ratio. Also of note is that these lists further differ from the list
of the ten planning subdivisions with highest modeled losses.
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APPENDIX C: PREMIUM ESTIMATION SOURCES AND ASSUMPTIONS
Data inputs and the associated assumptions common to both FIM and SRG-based premium
calculations are as follows below, noting that this list represents a master set, and that not all factors
will be relevant or required in the case of each individual structure. Additionally, in the instances
where actual policy data detail characteristics of a structure (number of floors, foundation type,
whether it is elevated, occupancy, construction date and pre/post firm indicator) have been associated
with a given structure, those data will supersede any assumptions and will be utilized even when in
conflict with the assumptions detailed below.
Data Source and Field Mapping Assumptions
•

Policy Type
o Assumptions: Assumed to be a standard policy when the structure intersects the SFHA,
otherwise considered a Preferred Risk Policy (PRP) candidate unless claim information
exists such as to disqualify the property from PRP eligibility. For the SLR scenario
calculations, structures intersecting the SFHA that did not intersect the SFHA within the
current effective data will have premiums calculated using the Newly Mapped
procedure as well as full risk rating.

•

Pre vs Post Firm Construction
o Assumptions: Based upon UDF_YearBuilt value from the master building footprint
dataset, and known initial FIRM date for the community (10/3/1970). In the absence of
Year Built information, structures are to be considered Post FIRM.

•

Flood Zone
o Assumptions: For Current Condition Analysis and Increased Policy Penetration Analysis,
assigned per structure using the most recent DFIRM flood zone boundaries (FIRM
effective date 1/16/2015). For Future Conditions and Regulatory Changes Analysis,
assigned using floodplain boundary extents (100-year flooding extents) for the 1.5-foot
and 3-foot SLR scenarios. In cases where structures intersect more than one zone, they
will always be assigned the assumed riskiest of the flood zones that they intersect.
Extents of future VE zones will be approximated (for the sake of assigning zone VE to
structures when calculating premiums) using ‘vepoly’ extents provided by the
ENGINEER, which represent the extents of areas affected by 3 foot or greater wave
heights. Extents of future AO and AH zones will be approximated by comparing the
extents of future floodplains to the current DFIRM flood zones with those designations.
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•

Base Flood Elevation
o Assumptions: For Current Condition Analysis and Increased Policy Penetration Analysis,
assigned per structure using the most recent DFIRM flood zone boundaries (FIRM
effective date 1/16/2015). For Future Conditions and Regulatory Changes Analysis,
assigned using a combination of the high resolution digital elevation model and the
flooding extend depth grids (100-year flooding extents) for the 1.5-foot and 3-foot SLR
scenarios. In cases where structures intersect multiple base flood elevation zones or
areas, they will always be assigned the higher base flood elevation. Base flood elevation
of future VE and tidally influenced AE will be estimated using values from the flood
height raster (considers both wave height and stillwater elevations) provided by the
ENGINEER.

•

First Floor Elevation
o Assumptions: Based upon FINAL_FFE value from the master building footprint dataset
when available. When the FINAL_FFE value is not populated, First Floor Elevation will be
assigned by adding the UDF_FirstFloorHt and LAG_ELEV from the master building
footprint dataset.

•

Presence of Elevation Certificate
o Assumptions: In the absence of specific data, structures will be assumed not to have
associated elevation certificates.

•

Occupancy
o Assumptions: Based upon UDF_Occupancy value from the master building footprint
dataset. Occupancy will be assigned as either ‘Single Family’, ‘2 - 4 Family’, ‘Other
Residential’, or ‘Non-Residential’ based upon the following mapping.


AGR1 - Agriculture to Non-Residential



COM – Only General Occupancy Known to Non-Residential



COM1 - Retail Trade to Non-Residential



COM10 - Parking Garages (Not Parking Lots) to Non-Residential



COM2 - Wholesale Trade to Non-Residential



COM3 - Personal and Repairs Services to Non-Residential



COM4 - Business/Professional/Technical Services to Non-Residential



COM5 - Depository Institutions to Non-Residential



COM6 - Hospital to Non-Residential



COM7 - Medical Office/Clinic to Non-Residential
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COM8 - Entertainment & Recreation to Non-Residential



COM9 - Theaters to Non-Residential



DG - Detached Garage to Non-Residential



EDU? - Only General Occupancy Known to Non-Residential



EDU1 - Schools/Libraries to Non-Residential



EDU2 - Colleges/Universities to Non-Residential



GOV? - Only General Occupancy Known to Non-Residential



GOV1 - General Services to Non-Residential



GOV2 - Emergency Response to Non-Residential



IND? - Only General Occupancy Known to Non-Residential



IND1 - Heavy Industrial to Non-Residential



IND2 - Light Industrial to Non-Residential



IND3 - Food/Drugs/Chemicals to Non-Residential



IND4 - Metal / Minerals Processing to Non-Residential



IND5 - High Technology to Non-Residential



IND6 - Construction (Facilities and Offices) to Non-Residential



NB - No Building per Information At-Hand to Non-Residential



NBV - No Building Verified to Non-Residential



OTHER - Other Structure (e.g., carport, shed, etc) to Non-Residential



REL1 - Church/Membership Organizations to Non-Residential



RES? - Only General Occupancy Known to Other Residential



RES1 - Single-Family Dwelling to Single Family



RES2 - Mobile Home to Single Family



RES3? - Only General Occupancy Known to Other Residential



RES3A - Multi-Family Dwelling - Duplex to 2 - 4 Family



RES3B - Multi-Family Dwelling - 3 to 4 Units to Other Residential



RES3C - Multi-Family Dwelling - 5 to 9 Units to Other Residential



RES3D - Multi-Family Dwelling - 10 to 19 Units to Other Residential



RES3E - Multi-Family Dwelling - 20 to 49 Units to Other Residential
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•



RES3F - Multi-Family Dwelling > 50+ Units to Other Residential



RES4 - Temporary Lodging to Non-Residential



RES5 - Institutional Dormitory to Non-Residential



RES6 - Nursing Home to Non-Residential

Foundation Type
o Assumptions: Based upon UDF_FoundationType value from the master building
footprint dataset with the addition of the identification of mobile homes based upon
the UDF_Occupancy value. In the absence of actual foundation type data, structures are
assumed to be slab on grade, with no basement, enclosure, or crawlspace.

•



1 - Pile to Elevated, No Basement / Enclosure / Crawlspace



2 - Pier to Elevated, No Basement / Enclosure / Crawlspace



3 - Solid Wall to Elevated on an Enclosure



5 - Crawl Space to Elevated on Crawlspace



6 - Fill to No Basement / Enclosure / Crawlspace



7 - Slab On Grade to No Basement / Enclosure / Crawlspace

Property Type
o Assumptions: In the absence of conflicting information, all residential structures will be
considered to be primary residences.

•

Year Built
o Assumptions: Based upon UDF_YearBuilt value from the master building footprint
dataset, otherwise left blank. Related to the assumption of pre vs post FIRM
construction.

•

Replacement Cost
o Assumptions: Based upon UDF_Cost value from the master building footprint dataset
which was derived by the ENGINEER using the established HAZUS methodologies which
take into account square footage and further modify the value using additional structure
specific information.
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•

Content Value
o Assumptions: Based upon UDF_ContentsCost value from the master building footprint
dataset which was derived by the ENGINEER using established HAZUS methodologies.

•

Number of Floors
o Assumptions: Based upon NumStories value from the master building footprint dataset.

•

Whether or Not the Structure is Elevated
o Assumptions: Based upon UDF_FoundationType value from the master building
footprint dataset, and assigned as described above in the Foundation Type description.

•

If Elevated, Whether or Not the Area Under the Elevated Structure is Obstructed
o Assumptions: Based upon UDF_FoundationType value from the master building
footprint dataset, and assigned as described above in the Foundation Type description.

•

Location of Contents within the Structure
o Assumptions: It is assumed that contents will be distributed throughout all available
floors within a structure.

•

Building Coverage Desired
o Assumptions: Assumed to be the lesser of the replacement cost and the cap for the
associated amount of building insurance available based on occupancy.

•

Content Coverage Desired
o Assumptions: Assumed to be a proportion of the available content insurance cap
amount equal to the assumed building coverage desired divided by the building
insurance amount cap, up to a maximum of the available content insurance cap based
on occupancy.

•

Building Coverage Deductible Desired
o Assumptions: Deductible will be set as the minimum deductible allowed based on
coverage amount, pre-firm status, and flood zone, per FEMA’s Flood Insurance Manual
Rating Section Table 8A.

•

Content Coverage Deductible Desired
o Assumptions: Deductible will be set as the minimum deductible allowed based on
coverage amount, pre-firm status, and flood zone, per FEMA’s Flood Insurance Manual
Rating Section Table 8A.
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•

Community Rating System Participation and Scoring
o Assumptions: Community Rating System discounts are applied to all calculated policy
premiums, based upon the latest (October 2017) listing of CRS Eligible Communities
published by FEMA. As of the date of this listing, the City of Virginia Beach does not
appear within the list of eligible communities.

•

Community Probation Status
o Assumptions: A surcharge is added to any structures within communities that are on
probation from the NFIP. The City of Virginia Beach is known to be in good standing
within the NFIP, and so no probation surcharge would apply.

Further inputs and assumptions required for SRG-based calculations only are as follows.
•

If Elevated, Whether or Not the Area There is Machinery Below the Elevated Structure
o Assumptions: Since unknown, it is assumed that elevated structures do not have
machinery below them.

•

If Elevated, Whether or Not the Area There are Appliances Below the Elevated Structure
o Assumptions: Since unknown, it is assumed that elevated structures do not have
appliances below them.

•

Crawl Space Area
o Assumptions: Crawlspace area in square feet is assumed to equal the area in square feet
of the structure as defined by its outline. This is only relevant when structures are
known to have a crawlspace foundation type.

•

Enclosed Area
o Assumptions: Enclosed area in square feet is assumed to equal the area in square feet
of the structure as defined by its outline. This is only relevant when structures are
known to have an elevated foundation type with an enclosure.

Economic Flood Insurance Analysis for the City of Virginia Beach | 60

Coastal Flooding and
Economic Loss Analysis
City of Virginia Beach, Virginia
CIP 7-030, PWCN-15-0014, Work Orders 6 and 13B

Final Report

Date: March 30, 2020
Submitted to: City of Virginia Beach
Department of Public Works

CONTRIBUTORS
Technical Leads:
James Mawby; Brian Batten Ph.D.
Technical Contributions:
Joel Plummer, Alaurah Moss, Stephen Duncan, Ryan Cook, Srikanth Koka P.E., Dmitry
Smirnov Ph.D.
Project Manager, Technical Editor:
Brian Batten Ph.D.
Copy Editors:
Sophia Delmar

Coastal Flooding and Economic Loss Analysis | i

EXECUTIVE SUMMARY
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study in recognition of increased flood risk and the need for a strategic
plan to reduce the flood risk within the City. The goal was to produce the needed information
and strategies to enable the City to establish long-term resilience to sea level rise and
associated recurrent flooding. The first phase of the study focused on establishing a full
understanding of flood risks by analyzing vulnerability and flood risk exposure of the built
environment to existing flood conditions and future sea level rise scenarios. An economic flood
risk model was developed, using the Federal Emergency Management Agency’s flood loss
estimation software called Hazus, to help the City understand the cost of inaction. This report
describes the loss estimation process and presents results which will be used to guide
development of adaptation strategies.
In selecting sea level rise planning scenarios, the City aimed to strike a balance between the
need to proactively plan for changing conditions, cost effectiveness, and uncertainties in the
projections. The loss analysis examined 1.5 ft and 3 ft sea level rise scenarios to inform short
and long-term planning decisions. In addition, a 5 ft sea level rise scenario was evaluated to
bring awareness to the potential end-of-century impacts and support longer-term decisionmaking. Coastal floodplain modeling and mapping produced flood extents and water surface
elevations to serve as inputs to the economic loss modeling. These data sets were input into the
Hazus Flood Model, along with information from the City’s tax assessor database and building
attributes, such as first floor elevations of structures, to estimate flood impacts.
Expected flood losses are calculated in the software by comparing the flood elevation for a
range of conditions to each building in the City. If flooded by a particular scenario, the software
then estimates the damages to the building. Also, by classifying each building’s use type, such
as residential or commercial, the software estimates damages to building contents. Next, the
model estimates additional costs to the building owners, such as how long they may be
displaced due to flood damages, and costs associated with temporary housing. For commercial
buildings, estimates are made for the loss of use during the estimated time to repair the
building.
Loss estimates associated with different flood levels were proportioned based on the
frequency of the associated flood type. For example – lower flood levels cause smaller amounts
of damage, but these types of events happen frequently, so they are given a higher weight.
Flood levels that may occur with larger but less frequent events, such as hurricanes, and their
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associated damages are weighted lower. The outcome of these calculations is called the Average
Annualized Loss estimate. This number represents the expected coastal flood loss to the City
for any given year.
Unaddressed, sea level rise and associated recurrent flooding pose a substantial threat to
Virginia Beach. Under the “No Action” scenario, annual average flood-related losses, including
broader societal impacts, would increase almost three times from present day conditions with
1.5 feet of sea level rise in the 2040s. This equals a growth in annualized losses from $26 to $77
million. A tipping point occurs in the transition from the 1.5 to 3 ft sea level rise scenario that
drastically increases losses. By the 2070s, annualized losses are expected to increase by 12
times over today’s conditions, to $329 million. These numbers illustrate the scale of the
challenges the City faces.

Average Annualized Losses (Millions)

$350

$329

$300

$250
$200
$150

$77

$100
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(1.5 ft SLR)

2070's
(3 ft SLR)

Figure 1: Average annualized losses from coastal flooding under existing and future flood conditions.

The annual loss estimates at the building-level were aggregated and summarized at
different levels to help the City understand where flood losses are occurring. A grid-type
visualization was made to see where flood exposure in the City is concentrated now, and how it
would change with sea level rise. It was determined that almost 90 percent of flood risk is
concentrated in seven areas of Virginia Beach. These results are being used to guide
development of adaptation strategies. Furthermore, this data will be incorporated into a costbenefit framework to evaluate and prioritize adaptation alternatives.
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1. INTRODUCTION
In 2014, the Virginia Beach City Council launched the Comprehensive Sea Level Rise and
Recurrent Flooding (CSLRRF) Capital Improvement Program project. This effort aims to
produce information and strategies that enable Virginia Beach to establish long-term resilience
to both repetitive and projected increases in flooding caused by sea level rise (SLR). The study
consists of three main phases described below.

Impact
Assessment

Strategy
Development

Implementation

• Establishs a full
understanding of
flood risks

• Develops options for
addressing shortterm and long-term
flood risks.

• Integrated strategy
of adaptation
projects

This report presents the economic flood loss analysis that was conducted as part of the
impact assessment phase of the Sea level Wise program. The Federal Emergency Management
Agency (FEMA) Hazus loss estimation software was leveraged for this effort. The objective of
the analysis was to estimate vulnerability and flood risk exposure of City assets and critical
infrastructure across a range of existing and future flood conditions. This information will help
the City understand the cost of inaction and guide development of adaptation strategies.
Section 1 of this this report introduces the Hazus Flood Model by describing its capabilities,
limitations, and versions used during the analysis. Section 2 details the loss estimation process,
which involves identification of SLR planning scenarios, flood data generation, building data
collection, and Hazus database development and analysis. Section 3 presents a summary of the
results, focusing on annual average flood-related losses and counts of damaged buildings; Citywide losses are presented along with losses broken down within each of the City’s four major
watersheds. Section 4 highlights where flood exposure in the City is concentrated, and
recommends areas where the City should focus on during the strategy development phase.

1.1. Hazus Flood Model Overview
The Hazus Flood Model is a widely used loss estimation methodology for use in flood
mitigation and planning efforts. Hazus uses Geographic Information Systems (GIS)
technology, and consists of two modules that carry out basic analytical processes of: 1) flood
hazard analysis and 2) flood loss estimation. The flood hazard analysis module uses
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characteristics, such as frequency, discharge and ground elevation to estimate flood depth,
flood elevation and flow velocity. The flood loss estimation module calculates physical damage
and indirect economic impacts from the results of the hazard analysis. A brief introduction to
these types of the impacts, and how they are accounted for in Hazus, are described below.
1.1.1. Physical Damages
Coastal flooding can cause significant physical damage to buildings and infrastructure.
During powerful coastal storms that generate high storm surges, forceful wave action and fast
flowing waters can push against the sides of buildings and infrastructure. Even without visible
waves, floodwaters can still be damaging if they enter a structure or waterlog a structure for an
extended period of time.
The Hazus Flood Model calculates both damage to the building itself as well as the personal
contents inside. The model combines depth of flooding associated with different coastal storm
events with building attributes such as building type, first floor elevation, year built, building
value, and content values, to estimate the overall replacement cost.
1.1.2. Indirect Economic Impacts
In addition to repair and reconstruction costs associated with physical damages, flooding
can lead to indirect consequences for the City’s economy. Persistent or devastating damages to
residential and commercial buildings can lead to displacement of residents from their homes
and places of work. Residential displacement and business closure can lead to job loss, and
weaken the economy overall. Furthermore, losses in revenue, income, and displacement can
also lead to reductions in tax revenue collected by the City, which in turn leads to a lower level
of public service provision.
The Hazus Flood Model does not estimate residential displacements and loss of commercial
services for individual buildings. To address this issue, U.S. Army Corps of Engineers (USACE)
and FEMA guidance was used to estimate costs to residents, such as how long they may be out
of the building due to the level of damage, and costs for a hotel during that time. For
commercial buildings, estimates are made for the loss of use for the estimated time to repair
the building. Section 2.5 provides further detail on the methodology for estimating indirect
economic impacts.

Coastal Flooding and Economic Loss Analysis | 2

1.2. Levels of Analysis in Hazus
There are three levels of analysis in Hazus,
with increasing degrees of complexity and detail
depending on the user’s data and resource
availability, as shown in Figure 2. The first level of
analysis provides loss estimates based on national
databases and default parameters in the Hazus
software. The second level of analysis provides a
refined analysis based on combinations of the
default Hazus parameters and local data sets. The
third level of analysis provides the highest
accuracy of loss estimates by including detailed
information on local hazard conditions and
replacing many of the national defaults with
detailed local inventory data to include buildings,
critical facilities, and other infrastructure. The
Hazus model developed for this effort is
considered a Level 3 analysis.

Figure 2: Hazus levels of analysis

1.3. Hazus Limitations
FEMA’s Hazus program has been going through many changes in recent years as FEMA
endeavors to update the Hazus code, database structure, processes and methods. However,
this also means that technical problems may emerge as the pace of updates generate new
issues. There are two primary items for which known issues exist and have some bearing on
this assessment.
1. Building attributes: Oregon Department of Geology and Mineral Industries reported
an issue in Hazus where incorrect building attributes are assigned to local inventory
datasets. An alternative approach, described in Section 2.5, was developed to enable a
more efficient and accurate loss analysis.
2. Essential facilities attributes: For essential facilities, such as schools, police
stations, and fire stations, Hazus appears to incorrectly assign certain field values. Most
notably, the “Days to Restoration” field appears to be not populated properly. The
solution to this issue, further described in Section 2.5, was to derive building and
content loss values and damage percentages from the analysis results of individual
buildings, and not from the Essential Facility results tables.
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Another limitation of Hazus is that the building loss analysis is performed at a single point
location, called the building centroid, which represents the center of the building footprint. The
location of the centroid may vary depending on the shape of the building. It is possible that the
floodplain intersects the building footprint but not the building centroid. Figure 3 shows
building footprints intersected by the flood hazard depth grid but the flooding does not
intersect the associated building centroid points.

Figure 3: Hazus flood depth grid intersection with buildings.

In this example, street-side photography reveals that both of the buildings would most
likely not sustain any damage. The portion of the L-shaped building that is intersected by the
flooding is actually open and not enclosed; it is a type of attached awning. The other
rectangular building does not have an opening to the structure (e.g., a doorway) on the corner
that intersects the flooding. Consequently, it can be understood that the best location for point
features include placement in the exact location where openings for ingress and egress exist.
While such point placement is considered best, the reader should also understand that the level
of effort to accomplish such placement, while not impossible, would be great and has not been
considered as part of the scope of this analysis.

1.4. Hazus Versions
The most recent versions of Hazus were utilized throughout the lifecycle of the project. As
outlined below, the risk assessment portion of the project has spanned four different Hazus
versions:
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1. Version 2.2 (released January 12, 2015) - Data collection and preparation
occurred while Hazus Version 2.2 was the current release.
2. Version 3.0 (released November 16, 2015) - Initial data development and pilot
initial loss estimations occurred while Hazus Version 3.0 was the current release.
3. Version 3.1 (released April 4, 2016) - Final data development occurred while
Hazus Version 3.1 was the current release.
4. Version 3.2 (released October 31, 2016) – Final analyses occurred while Hazus
Version 3.2 was the current release.
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2. LOSS ESTIMATION PROCESS
The overall loss estimation process is illustrated in Figure 4 below, from data preparation to
data summarization. These steps are described in more detail in the following sections.

Identify Sea Level Rise Scenarios
Develop Flood Hazard Data
Prepare Inventory Datasets (Building & Critical Faciltiy)

Perform Loss Estimation in Hazus
Summarize Impacts
Figure 4: Hazus loss estimation process.

2.1. Sea Level Rise Scenarios
The first step involved identifying SLR planning scenarios. In selecting SLR scenarios, the
City aimed to strike a balance between the need to proactively plan for changing conditions,
cost effectiveness, and uncertainties in the projection from the scientific community. Relative
SLR scenarios of 1.5 and 3.0 ft were selected for analysis. The scenarios are based on federal
projections by the USACE and National Oceanic and Atmospheric Administration (NOAA).
Compliance with existing Federal guidance will ensure compatibility of the analysis and
outcomes of this effort with federal funding partners. These scenarios were presented to and
approved by the City of Virginia Beach Working Group on SLR on April 9, 2015. Further
background on the selection of these scenarios follows:
2.1.1. Compatibility of Scenarios with Federal Programs
In 2012 the Virginia General Assembly directed the Virginia Institute of Marine Sciences
(VIMS) to provide guidance for adaptation to recurrent flooding and SLR in the Tidewater and
Eastern Shore regions of Virginia. The effort culminated in a report that recommended a SLR
scenario in Virginia “of approximately 1.5 ft over the next 20 to 50 years.” This value was
based on global SLR scenarios presented by the National Climate Assessment adjusted for
representative values of vertical land movement in Virginia (Mitchell et al. 2013).
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Federal funding sources for flood risk reduction, hazard mitigation and resilience planning
for municipalities are diverse and span many agencies. Selective phone interviews were
completed along with a review of current agency guidance and practice to assess current
federal practice for sourcing SLR projections. The selected federal agencies are presently
utilizing SLR scenarios (Table 1) provided by two federal agencies, USACE and NOAA. The
NOAA curves serve as the basis for the U.S. Global Change Research Program’s (USGCRP)
National Climate Assessment (NCA). Based on this assessment, the USACE and NOAA
projections were selected to develop SLR scenarios for the study.
Table 1: Summary of SLR projection use by Federal agencies with potential municipal funding programs.
Agency
SLR Projection Source(s)
U.S. Global Change Research Program*
NCA
Federal Emergency Management Agency*
NCA, USACE
U.S. Army Corps of Engineers*
USACE
National Oceanic and Atmospheric Administration*
NCA
U.S. Department of Housing and Urban Development
NCA, USACE
U.S. Department of Transportation, Federal Transit Administration
USACE
Transportation Research Board
NCA

*Phone interview conducted
2.1.2. SLR Projections
SLR scenarios for the study were established in 2015. The study identified the need for a
short- and a long-term SLR scenario. It was desired to create two SLR scenarios to facilitate
adaptation actions that address both moderate to long-term risk to increased flooding due to
SLR. Municipal planning and infrastructure cycles were reviewed to select time horizons for
each scenario, shown in Table 2.
SLR projections provided by the USACE and NOAA were reviewed to develop the study
scenarios. The USACE projections represent three different future conditions based on variable
levels of SLR acceleration established by the National Research Council (NRC) resulting in a
0.5, 1.0 and 1.5 m (1.6, 3.3, 4.9 ft) global (eustatic) increases in sea level by 2100 (USACE
2014). These scenarios encompass a range of projections from Intergovernmental Panel on
Climate Change (IPCC) and climate scientists. The NOAA SLR scenarios were developed for
the National Climate Assessment (Parris et al. 2012) and provided four global scenarios for the
year 2100. These include a “Lowest” scenario (0.2 m, 0.7 ft) that represents a continuation of
historical observations; a “Intermediate-Low” scenario (0.5 m, 1.6 ft) that was based on the
upper end of the IPCC Fourth Assessment Report; a “Intermediate-High” scenario (1.2 m, 3.9
ft) based on the upper end of global projections modeled by semi-empirical methods; and a
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“Highest” scenario (2.0 m, 6.6 ft) derived from a estimation of potential change with maximum
possible glacier and ice sheet loss by the end of the century. Additional information on these
projections and methodologies can be found in the source documentation (Parris et al. 2012;
USACE 2014).
Table 2: Summary of existing scenarios, time horizons, relevance and use.
Life Cycle
Alignment

Time Horizon/
Time Period*

Relevance
•

Municipal Planning

20-40 years
(2035-2050)

•

•
Critical
Infrastructure/
Long-term
awareness

50-80 years
(2065-2085)

•
•

Comprehensive
planning
Short-end of
commercial and utility
life-cycles
Utility infrastructure
life-cycle
Transportation
infrastructure lifecycles
Residential structure
lifecycles

Use
•
•
•

Vulnerability assessment
Key planning value
Basis for evaluation of all
adaptation strategies

•

Secondary vulnerability
assessment to provide insight
into long-term risk
Basis for long-term infrastructure
decisions
Evaluate cost-effectiveness of
additional protection for
adaptable resilience strategies

•
•

*Scenarios established in 2015

The USACE Sea-Level Change Curve Calculator provides local, relative SLR projections
based on the global scenarios presented by NOAA and the USACE, per methodologies
documented in the USACE Engineering Technical Letter 1100-2-1 (USACE 2014). The USACE
calculator provides localized projections by incorporating local historical sea level trends and
calculations of vertical land movement at water level stations operated by NOAA. Projections
are referenced to the midpoint of the current National Tidal Datum Epoch (NTDE), which is
1992. For reference, the NTDE is the time period (1983-2001) used by NOAA to define tidal
datums.
Projections for the City were derived from the USACE calculator based on the Sewell’s Point
NOAA water level station. SLR projections are only provided for NOAA water level stations
with sufficient record to accurately determine long-term trend of SLR (approximately 40 yr
minimum). Stations within reasonable proximity of the City include station 8638610 at
Sewell’s Point, Virginia (SWP) and station 8638863 at the Chesapeake Bay Bridge Tunnel,
Virginia (CBBT). Vertical land movement trends at the SWP station are more applicable to
Virginia Beach, and thus that station was selected as the best source for relative SLR
projections. Federal SLR projections for SWP from present-day through 2100 are shown in
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Table 3. For reference, the historical observational record and trend for relative SLR at SWP
are shown in Figure 5.
Table 3: SLR values from Sewell's Point, as generated by the USACE calculator. Values in units of feet, referenced to NTDE
of 1992. Values are relative to local Mean Sea Level (LMSL), but would also reflect relative change in sea level for water
levels relative to NAVD88.

Figure 5: Historical SLR trend at Sewells Point, Virginia (NOAA 2015).

A balance was sought when selecting the scenarios between the need to proactively plan for
future increases in sea level against the uncertainty in the projections. With the study goals and
objectives in mind, it was decided to use mid-range values across the range of projections and
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within the planning horizon windows identified in Table 2. Average values were calculated
across the range of projections, shown in Table 3, for each identified time horizon. This
resulted in values of 1.23 ft and 2.94 ft, respectively, for the Municipal Planning and Critical
Infrastructure time horizons. These values were rounded up to the nearest half-ft to avoid
unnecessary precision given the overall uncertainty intrinsic in SLR projections, providing for
final SLR scenario values of 1.5 and 3.0 ft. When compared against the Parris et al. 2012, the
selected values fall between the “Intermediate” and “Intermediate-High” projection curves at
their specific time horizons. However, given that the time horizons are provided as ranges, this
allows some flexibility which can be used to associate the values with difference curves, if
needed. The relationships between the selected values, the source curves, and the planning
horizons is illustrated in Figure 6. It is recommended that the City should continue to monitor
SLR science after the conclusion of this effort and reassess the primary scenario if observations
and projections indicate that these scenarios should be revised for the intended uses.

Figure 6: Selected planning scenarios and associated planning horizons.

2.1.3. Comparisons of Projections to Observed Changes
The federal SLR projections have inherent uncertainty due to their underlying assumptions
about global temperature change, glacial melting, and other processes. This uncertainty is why
multiple curves are produced, and the spread from the low to the high curves as seen in Figure
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6. As mentioned in Section 2.1.2, when selecting scenarios, the City developed values in the
middle range of the projections. With such uncertainty, it can be asked how well these values
reflect actual change, and is there evidence that such changes will actually occur?
In 2018, VIMS published an analysis of relative SLR and acceleration based on water level
observations since 1969 at U.S. locations (Boon et al. 2018). The effort found an increase in the
rates of relative SLR at most locations in the continental U.S., including the Hampton Roads
region. Boon et al. (2018) used the detected amounts of acceleration to produce observationbased projections of future relative SLR. For the Sewells Point gage in Norfolk, the analysis
projected a rise of 1.6 ft by 2050 (Figure 7) – a similar value to the scenario selected for the
study (1.5 ft). The agreement between the two values provides partial validation of the selected
scenario. Despite this, it should be noted that given the time frames involved and other
uncertainties with global processes and responses the City should continue to monitor the
science and update the scenarios as needed.

Figure 7: VIMS has projected SLR to the 2050s using changes and acceleration of changes detected in the historical
observation record. The VIMS analysis provides for a relative SLR rise of 1.6 ft by 2050 (VIMS 2019).
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2.1.4. Regional Compliance
These planning scenarios are compliant with recently adopted regional guidance for
Hampton Roads. In 2018, the Hampton Roads Planning District Commission (HRPDC)
unanimously adopted resolution number 2018-01, recommending that the region use the 1.5 ft
scenario for near-term planning, 3 ft scenario for mid-term planning, and a 4.5 ft scenario for
long-term planning.
2.1.5. End-of-Century Scenario
To provide awareness of potential end-of-century loss estimates and hazard information to
support 80 to 90-year decision-making, as well as compliance with Community Rating System
(CRS), this effort evaluated an additional scenario for the time horizon of 2100. Using the
same approach employed to produce the near-term SLR scenarios would produce a value of
4.5 ft for the year 2100 time-horizon. This approach is based on the 2012 NOAA guidance and
values. This value is approximately the same as the 2017 “intermediate” scenario value of 4.56
ft, which has a maximum 17% chance of exceedance based on the updated guidance document.
The 2017 CRS Coordinator’s Manual established a minimum standard of the
“intermediate-high” SLR projection for 2100 from NOAA’s “Global Sea Level Rise Scenarios for
the U.S. National Climate Assessment” report as the new SLR standard. It also cites the USACE
Sea-Level Change Curve Calculator to help communities account for SLR and earn CRS credit.
These are the same tools used to establish the existing City scenarios, but the values are
typically between the intermediate-low and intermediate-high curves. In order to be compliant
with the existing version of the CRS Manual, the City would need to use a minimum value of
4.91 ft. Therefore, a 5 ft SLR scenario was chosen to reflect the end-of-century scenario. We
note that this is not compliant with the regional HRPDC guidance, but ensures full
compatibility with the CRS as noted.
2.1.6. Comparison to Updated 2017 Federal SLR Scenarios
Subsequent to the selection of the study values in 2015, NOAA updated their scenario
guidance through the release of NOAA Technical Report NOS CO-OPS 083 (Sweet et al. 2017).
The update adopted the approach of Kopp et al. 2012, redefined the relative SLR trajectory
curves and added an “extreme” SLR trajectory which would result in a 8.3 ft (2.5 m) increase in
SLR by 2100. Additionally, the “Low” scenario was increased over the previous historical trend
extrapolation “based on tide gauge and [satellite] altimeter-based estimates” of global sea level
change over the last 25 years. Gridded outputs are provided in addition to the gauge-based
projections.
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The 2017 guidance considers a full probabilistic range with extends past the central
estimates of SLR, and provides a set of conditional exceedance probability estimates for the six
scenario curves included in the guidance (Table 4). Values generated from the updated
guidance at the Sewell’s Point gage are presented in Table 5. A face-value review of the existing
values against the updated guidance shows that both the 1.5 and 3 ft values fall on the
Intermediate Curve at their representative time horizons (2045 and 2075, respectively). A
review of the conditional probabilities in the report (shown directly below) indicates that the
Intermediate curve provides a reasonable choice between scenarios that have a very high, and
very low probability of occurrence.
Table 4: Conditional exceedance probabilities for the range of SLR scenarios as presented in NOAA 2017 guidance.

SEWELLS POINT

Table 5: Updated SLR projection values for Sewells Point, Norfolk, as provided by USACE calculator and based on NOAA
http://www.corpsclimate.us/ccaceslcurves.cfm
2017 guidance. The first column “VLM” represents the rate of vertical land movement and is not a projection.
Retrieved 7/25/17
Year

NOAA2017 NOAA2017 NOAA2017
VLM

Low

Int-Low

NOAA2017

NOAA2017 NOAA2017 NOAA2017

Intermediate

Int-High

High

Extreme

2000

0

0

0

0

0

0

0

2010

0.08

0.2

0.23

0.3

0.36

0.46

0.46

2020

0.16

0.43

0.49

0.62

0.79

0.92

0.98

2030

0.24

0.59

0.72

0.98

1.25

1.51

1.64

2040

0.32

0.82

0.98

1.38

1.77

2.23

2.46

2050

0.41

1.02

1.21

1.8

2.4

3.12

3.51

2060

0.49

1.25

1.48

2.3

3.12

4.13

4.79

2070

0.57

1.44

1.71

2.79

3.9

5.22

6.2

2080

0.65

1.64

1.94

3.38

4.82

6.46

7.74

2090

0.73

1.77

2.17

3.94

5.77

7.84

9.45

2100

0.81

1.9

2.4

4.56

6.86

9.45

11.48

2.2. Flood Hazard Data
The next step involved applying the SLR projections to a range of existing data to establish
future flood hazard conditions for the selected SLR scenarios. This includes development of
water heights, flood extents, wave hazards, and water depths. These products serve to quantify
and visualize how SLR will change flooding within the City, and to also serve as inputs to the
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Hazus economic loss model. Further background on the development of the flood hazard data
follows:
2.2.1. Coastal Terrain Model
The base elevation data for the study effort consisted of a seamless terrain including
bathymetric and topographic elevation data within the geography of the City of Virginia Beach.
Bathymetric data were required to run wave hazard models and topographic data provide a
foundation for various activities including floodplain mapping and water depth-based
structural damage analysis.
The topographic portion of the terrain was comprised of high-resolution/accuracy LiDAR
collected by the U.S. Geological Survey (USGS) in 2013. Reported vertical accuracy for this
dataset was 0.129 m (0.423 ft) at the 95% confidence level based on the RMSEz metric.
Nominal point spacing was no greater than 1 point per 0.7 m (~2.3 ft) with a reported
horizontal accuracy was reported of 1 m (~3.28 ft). The bathymetric portion of the terrain was
directly extracted from the FEMA Flood Insurance Study (FIS) Technical Study Data Notebook
for the City of Virginia Beach. Data sources comprising this dataset consisted primarily of
NOAA survey data supplemented by other datasets in limited areas and documented fully in
the FEMA Region III Storm Surge Study documentation (USACE 2011).
Processing was required to prepare and combine the datasets into a terrain for use in the
study effort. The full USGS topographic data deliverable was retrieved and the Earth Resource
Development Assessment System Imagine raster tiles were extracted from the dataset. The
tiles were mosaiced into a single coverage across the City, and then projected into the study
coordinate system [North American Datum (NAD) of 1983 High Accuracy Reference Network
(HARN) State Plane Virginia South ft]. At the same time, the horizontal resolution of the
source tiles was coarsened from 2.5 ft to 5 ft. A 5 ft resolution was deemed to be a compromise
between the needed resolution and accuracy of study products and geoprocessing time. The
“Tidal_Waters” polygon coverage from the LiDAR breakline database was then used to remove
artificially imposed over-water surface elevations from the topographic coverage. The same
polygon was applied to the FIS study DEM to extract the bathymetric coverage. Finally, the
bathymetric and topographic rasters were mosaiced to produce the seamless raster terrain
model.
2.2.2. Source of Flood Data
Tidal flooding was included to identify the future extent of daily flooding and defined as
mean higher high water (MHHW). MHHW is technically defined as “the average of the higher
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high water height of each tidal day” and often used as a coastal boundary (NOAA 2000). Flood
extents derived from MHHW provided information on what land and or property is essentially
“permanently inundated” or lost to flooding with SLR.
The NOAA Office of Coastal Management (OCM) has developed a national data source for
MHHW elevations. Tidal elevations within this data source are derived from numerical
modeling of tidal hydraulics, which are then analyzed and validated against observed
elevations. A watershed-based approach is then used to extrapolate tidal elevations beyond the
water bodies for use in geospatial inundation modeling. The OCM product, published in
October 13, 2015, was retrieved directly from NOAA’s data download portal for use in the
study. Preparation for analysis included reduction of the product spatial extent to the study
area, projecting the coordinate system to the study domain, and converting vertical units from
meters to feet using a factor of 3.2808.
Nuisance flooding analysis identifies areas frequently flooded by spring and/or perigean
spring tides (also known as “king tides”) and/or small wind events. Elevations associated with
the nuisance flood conditions are not published or provided by any public or governmental
entity. The closest proxy is the minor coastal flooding advisory threshold established by local
NOAA National Weather Service (NWS) field offices. NOAA lists this threshold elevation as
2.88 ft NAVD88 at the Sewell Point water level station (NOAA 2014).
Storm surge is defined here as the recurrence intervals of 10-, 25-, 50-, 100-, and 500-yr of
coastal flood elevations. Water elevations in this range of flood recurrence are driven by
extratropical (also known as Nor’easters) and tropical storm systems. Storm surge elevations
were derived from modern studies that applied robust analytical approaches utilizing
numerical modeling simulations of large suites of storm events. Statistical analysis of the event
surges, as completed by the source studies, provide for the range of recurrence interval
elevations.
The initial source of probabilistic surge elevations for the City was the most recent FEMA
FIS (FEMA 2015). A lack of full confidence by City staff in the elevations provided by the FEMA
FIS presented in the study for the Back Bay and North Landing River areas led to review of
available data sources, which included the FIS, the North Carolina Floodplain Mapping
Program’s (NCFMP) FIS for Currituck County, as well as the USACE’s North Atlantic Coast
Comprehensive Study (NACCS). This review concluded that limitations in the FIS modeling
approach led to an underestimate in probabilistic surge elevations in the Back Bay and North
Landing River areas. Improved elevations for these areas were recommended from the NCFMP
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(North Landing River) and NACCS (Back Bay) studies based on observed quality of modeling
(Dewberry 2016).
The FEMA, NCFMP, and NACCS source surge data were combined into a single coverage
across the City. A large gap in data coverage existed through the center of the study (Figure 8).
The FIS study had previously addressed this challenge through extrapolation and interpolation
of the surrounding data using scientific judgement. Review and discussion of the resulting
elevations identified improvements over the FIS based on site knowledge and the expertise
provided by the City staff. Input was gathered from the City Public Works staff members to
complete a more accurate representation hydraulic connectivity and transition of surge
elevations from Back Bay and North Landing River into areas to the north through integration
of breaklines in conjunction with the surge elevation point coverage available from the
modeling studies. Some additional iterative adjustment of breaklines was required to properly
transition surge over high-ground areas at the 500-yr recurrence interval.

Figure 8: Significant input was gathered from Public Works staff to properly transition surge
elevations across the center of the City, where FEMA surge data was not available.
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2.2.3. Integration of Sea Level Rise
Increases in water levels due to SLR may result in changes to surge dynamics. Changing
coastal landscape conditions, such as marsh loss or coastal erosion, may result in additional
dynamic changes to storm surge elevations. Quantification of such changes requires numerical
modeling that integrates the sea level increase with the landscape changes and then statistical
analysis of the resultant surge propagation and peak elevations (i.e., Smith et al. 2010; Batten
et al. 2015). Due to the cost associated with such studies, most contemporary efforts use linear
superposition, commonly known as the “bathtub” approach, where the increase in sea level is
simply added to the existing flood elevations – the NOAA Sea Level Rise Viewer is an example.
Two existing studies offer valuable information for potential changes in future surge
dynamics for the City. The North Carolina Sea Level Rise Impact Assessment Study (NCSLRIS,
NCFMP 2014) was undertaken to comprehensively evaluate the exposure and potential
impacts associated with SLR along North Carolina’s coast. One of the key objectives of the
study was to assess changes to coastal flood hazards as a result of SLR, anticipated changes in
coastal landscape, and tropical storm frequency and intensity. The study undertook detailed
numerical modeling of hydraulic changes to coastal flooding with incremental increases of SLR
from existing conditions to a 3.28 ft (1 m) increase. For SLR scenarios of 1.3 ft (0.4 m) and
above, modeled changes to the marsh system, barrier islands, and inlets were integrated into
the modeling framework. Once the updated landscape was complete, a suite of over 300 storms
was modeled in a FEMA FIS-style approach, and results were used to statistically derive the
probabilistic storm surge elevations for the given SLR condition. Non-linear changes, defined
as increases in the surge elevations by a value greater than the SLR scenario, were observed to
occur when the SLR scenario was greater than 1.9 ft (0.6 m). Increases in the non-linear
changes were observed with incrementally higher scenario up to 3.28 ft (1 m, Batten et al.
2015). Such changes are especially important for Virginia Beach, as shown in Figure 9.
Essentially, the loss of marsh allows coastal floodwaters to move more freely into the south end
of the City, which in turn causes additional water to propagate into the Back Bay and North
Landing River.
The USACE NACCS conducted a detailed numerical modeling study of probabilistic coastal
surge hazards from Maine to Virginia (USACE 2015). The study used a robust suite of storm
events and a probabilistic approach similar to FEMA coastal FISs and the NCSLRIS. As
opposed to the NCSLRIS, the NACCS focused modeling efforts on existing conditions and
modeling a single SLR scenario of 3.28 ft (1 m) without the integration of coastal landscape
change. Statistical model output from the NACCS was requested and provided by from the
USACE Engineer Research and Development Center for use in the study. Review of the surge
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outputs found that modest amounts of non-linearity for the future condition were present in
the waters surrounding the City.

Figure 9: Example of macro-scale changes that result in non-linear increases in storm surge elevations. A storm simulation is
shown for existing condition on the left and a future SLR condition on the right. Loss of marsh, quantified and integrated into
the model for the future condition, allows a shorter pathway for surge propagation across the Albemarle-Pamlico Sound. The
net effect is non-linear increases in the surge in the Back Bay and North Landing River.

Both the NCSLRIS and NAACS data products were used to represent additional increases
(non-linear) in surge elevations due to changes in future condition hydraulics. Only NCSLRIS
data were available for the 1.5 ft SLR scenario. A review of the data showed that there was
negligible non-linearity and that simple addition of the scenario to existing water levels was
acceptable. For the 3.0 ft SLR scenario, data points from both the NCSLRIS and NAACS were
analyzed to determine a non-linearity factor using the equation (Batten et al. 2015):
𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑀𝑜𝑑𝑒𝑙𝑒𝑑 𝑆𝑢𝑟𝑔𝑒 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛

𝑁𝑜𝑛 − 𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 = 𝐿𝑖𝑛𝑒𝑎𝑟 𝑆𝑢𝑝𝑒𝑟𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑆𝑢𝑟𝑔𝑒 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛

The non-linearity index provides a factor, or percent increase of the non-linear surge
condition over simple adding of the scenario to the existing water level. The factor is applied to
the data by:
𝐹𝑢𝑡𝑢𝑟𝑒 𝑆𝑢𝑟𝑔𝑒 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 = (𝐸𝑥𝑖𝑠𝑡𝑖𝑛𝑔 𝑆𝑢𝑟𝑔𝑒 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 + 𝑆𝐿𝑅 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜) ∗ 𝑁𝑜𝑛 − 𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥

The following non-linear indices were applied across the City to calculate 10-, 4-, 2-, 1-, and
0.2-percent annual chance surge elevations for the 3 ft and 5 ft SLR scenarios:
•

Oceanfront: A index of 1.09 was used, transitioned to 1.04 (Chesapeake Bay value)
around Cape Henry
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•

Chesapeake Bay/Lynnhaven Bay: A value of 1.04 was used, including tributaries
connecting through the center of the City to West Neck Creek

•

Elizabeth River: A value of 1.02 was used for connected areas

•

North Landing River: A value of 1.34 was used at the Virginia/North Carolina border,
interpolated down to a value of 1.08 at the confluence with West Neck Creek

•

Back Bay: A value of 1.4 was used for all areas of Back Bay

It should be noted that the non-linearity factors were not applied to tidal elevations, as
review of tidal modeling from the NCSLRIS that such effects were negligible.
2.2.4. Calculation of Total Coastal Flood Hazard
Changes to overland wave heights were calculated for each scenario using the 1-D Wave
Height Analysis for Flood Insurance Studies (WHAFIS) model. WHAFIS considers coastal
erosion and propagates offshore wave conditions inland. The model calculates reductions
and/or increase to the wave height and total coastal flood hazard elevation due to obstructions
or open water areas. Computation of the overland wave heights allowed the study to capture
changes to the total water level, and to the extent of high-hazard areas experiencing waves
greater than 1.5 ft. Coastal depth-damage-functions in the Hazus model change for buildings
with wave hazards greater than 1.5 ft. Buildings in areas with the greater wave hazard have
been shown to experience greater damages during a coastal flood event (FEMA 2008).
The existing WHAFIS model setup established for the update of Virginia Beach’s FIS
(FEMA 2015) was retrieved from the FEMA Technical Support Data Notebook. This included
all input files and modeling transects, which were directly compatible with Dewberry’s semiautomated “GeoCoastal” modeling system. Additional transects were added across the
Sandbridge barrier island in the area of the Back Bay National Wildlife Refuge as this area was
excluded from the FIS. In total, 251 modeling transects were used in the analysis (Figure 10).
The WHAFIS modeling system was then updated for the SLR study terrain model, and wave
hazard simulations were conducted for the 1-percent annual chance stillwater elevation surface
for the existing, 1.5 ft-, 3 ft-, and 5 ft-SLR scenarios. Dune erosion was re-evaluated via
standard FEMA FIS methodology for the increased flood elevation, and then wave heights were
calculated for the length of the transect flooded by the scenario. Wave height output was then
extracted to GIS from the WHAFIS output files, to which a kriging approach was applied to
create a surface elevation model. These were added to the stillwater elevation surfaces to create
a total water surface elevation model for each storm surge condition.
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Figure 10: WHAFIS wave hazard modeling transects across study area.

2.2.5. Flood Extent and Depth Grid Production
Flood extents were established for each scenario and flood event type by intersecting the
stillwater surface elevation models with the terrain (elevation) model. The resulting polygon
cartographic coverages were post-processed to cartographically smooth the edges and remove
artifacts, such as small voids due to LiDAR artifacts. An additional check was performed to
remove areas shown as flooded that were not hydraulically connected to a water body. These
areas were visually reviewed by the mapping analyst, and also checked against the City
stormwater system network. Areas with no apparent hydraulic connection were removed from
the coverage. The area of each flood polygon was calculated, and then compiled to determine
change in floodplain area for each scenario. The resulting polygons were then used to visually
depict changes in the flood extent with SLR, refer to Figure 11 for an example. These data were
provided digitally in a companion deliverable.
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Figure 11: Example of increasing flood extents for the 10-yr recurrence interval flood.

The area of flooding was determined for each recurrence interval across the analyzed SLR
scenarios. These data were compiled in an Excel-based tool to allow tabular and graphical (i.e.,
Figure 12) reporting of changes in flood extent for specific recurrence intervals and/or
watersheds within the City. A full tabular summary of changes for the City and the four major
watersheds is provided in Table 6. City-wide, the average increase in flood extents across the
storm surge recurrence intervals was approximately 45%. The area of tidal flooding is projected
to increase by 83%. For storm surge flooding, approximately 70-80% of these increases occur
in the southern portion of the City (90% for tidal flooding).
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Figure 12: Summary of changes in the flood extent for tidal (MHHW) and the range of coastal surge events across the City.

Coastal flood depth grids were then created by subtracting the topographic elevation model
from each total water surface elevation model (representing stillwater and wave heights).
Figure 13 shows an example of the flood depth grids for the baseline, 1.5 ft SLR, and 3 ft SLR
scenarios. The depth grids are the flood hazard input into the Hazus flood loss model.
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Table 6: Flood area changes in square miles for the City and four major watersheds.
Flood Extent, above existing MHHW (square miles)
Geography
City-wide
Elizabeth
River
Watershed
Lynnhaven
Watershed
Oceanfront
Watershed
Southern
Watershed

Scenario
Baseline
1.5 ft SLR
3 ft SLR
Baseline
1.5 ft SLR
3 ft SLR
Baseline
1.5 ft SLR
3 ft SLR
Baseline
1.5 ft SLR
3 ft SLR
Baseline
1.5 ft SLR
3 ft SLR

MHHW
0.00
27.24
50.11
0.00
0.33
0.45
0.00
1.51
3.50
0.00
0.10
0.14
0.00
25.30
46.02

10 Year
44.21
63.58
93.80
0.66
1.00
1.62
7.01
10.76
16.25
0.18
0.38
0.98
36.36
51.44
74.95

25 Year
56.47
73.22
107.29
0.79
1.24
1.95
8.56
12.79
18.88
0.31
0.55
1.46
46.81
58.64
85.01

50 Year
62.11
80.20
117.09
0.93
1.50
2.22
9.74
14.39
20.91
0.37
0.69
1.90
51.08
63.62
92.05

100 Year
68.43
86.63
126.32
1.21
1.88
2.83
11.48
16.11
23.55
0.44
0.89
2.44
55.31
67.75
97.50

500 Year
85.13
105.85
150.72
2.52
3.42
5.15
16.86
22.93
33.94
0.88
1.75
3.34
64.86
77.75
108.28

Figure 13: Example of flood depth grids developed for Virginia Beach.
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2.2.6. Changes in Flood Frequency
Flooding becomes more frequent as SLR increases the water elevation relative to the land.
In the future, smaller storm events will cause the same amount of flooding as large events
today. For example, in today’s water condition, a 100-yr coastal flood is defined at a water
elevation of 6.9 ft in the Lynnhaven Bay (FEMA 2015). With 1.5 ft of SLR, that condition is
reduced to a 14-yr return period, or, with 3 ft SLR, a 3-year return period. In other words,
today’s more severe flood conditions will become much more common in the future.
Changes to the flood recurrence intervals associated with the Lynnhaven Bay area were
estimated to provide insight into the potential increasing frequency of storm surge. The
Lynnhaven Bay area was chosen as it has the highest amount of flood vulnerable structures in
the City. The Federal Transit Administration (FTA) Coastal Flooding Recurrence Interval
Estimator (FTA 2017) was used for the calculation. Representative storm surge elevations for
the 10-, 50-, 100-, and 500-year recurrence intervals (10-, 2-, 1- and 0.2-percent annual chance
conditions) were input into the tool, and changes were calculated for both the 1.5- and 3-ft SLR
scenarios (Table 7).
Table 7: Estimated changes to coastal storm surge recurrence intervals.

Scenario

Today
1.5 ft
SLR
3 ft SLR

1 in 10
1 in 3

Moderate
or
50-yr
return
period
1 in 50
1 in 8

1 in 1

1 in 2

Minor
or
10-yr return
period

Severe
or
100-yr return
period

Catastrophic
or
500-yr return
period

1 in 100
1 in 14

1 in 500
1 in 100

1 in 3

1 in 14

2.3. Building Inventory Dataset
The next step involved developing the building dataset for the Hazus Flood Model. As
introduced earlier in this report, Hazus comes pre-packaged with national-level datasets that
can be utilized to represent the built environment. These national-level datasets are referred to
in Hazus as General Building Stock (GBS). The GBS stock data includes default information
about buildings, but only presents this information within census geographies (Tracts and
Blocks). GBS flood loss estimation methods therefore can only be performed by intersection a
flood area with the inventory areas; namely census blocks, as demonstrated in the top pane of
Figure 14.

Coastal Flooding and Economic Loss Analysis | 24

An enhanced approach involves replacing the default GBS datasets by site-specific
inventory data developed at the individual building-level, referred to in Hazus as User-Defined
Facility (UDF) data. In this approach, loss estimates represent a more accurate damage driven
by the flood hazard at a specific point representing the individual building, as shown in the
bottom pane of Figure 14.
This section focuses on development of the UDF building dataset. It is important to note
that the finalized UDF dataset was used to update the GBS dataset. Updates that were made to
the GBS dataset are summarized in Appendix D.

Figure 14: Example of the Hazus loss estimation process using Hazus pre-packaged GBS stock data versus local UDF data.

2.3.1. Building Data Sources
Parcel data, building footprints, and the 2015 tax assessment database established the
baseline for the Hazus building database. Local parcel data for the City includes a number of
attributes found within the Hazus Flood Model database design, and therefore was a valuable
starting point. These sources were evaluated together to determine the best source data for the
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analysis. Each building footprint layer had differently shaped buildings, a different number of
records in each building footprint layer, and different building footprint attributes. From the
multiple building footprint layers provided, a master file of building footprints was developed,
referred to in this report as the “Building Master”, which combines the best version of the
different building footprint sources. While the Building Master contains all building footprints
available, buildings that were considered “valid” for Hazus analysis were separated into a
distinct “Valid for UDF” building layer. “Valid” buildings are those that are likely to be
occupied and insurable. For example, accessory structures such as sheds, gazebos, and carports
were excluded from the Building Master. An example of this is shown in Figure 15.
From the multiple building footprint layers provided, a master file of building footprints
was developed, referred to in this report as the “Building Master”. The Building Master initially
combined all sources of data made available for the study (Table 8). It was then culled to
buildings that were considered “valid” for Hazus analysis were separated into a distinct “Valid
for UDF” building layer. This included removal of any duplicative structures from the various
datasets assembled, and identification of “Valid” buildings that are likely to be occupied and
insurable. For example, accessory structures such as sheds, gazebos, and carports were
excluded from the Building Master. Furthermore, specific to this project, any buildings
associated with military were not tagged separately. Table 9 below provides a basic description
of the different types of building classes developed.
Table 8: Comparison of building footprint and parcel data provided and processed.
Source

Building Count

Building Footprints

212,232

Building Footprints (2)

155,140

Address Points and Building
Footprints with Tax Assessor Data

114,906

Tax Parcels

160,584

Property Polygons

134,632

Tax Assessment Data

215,499

Description
Comprehensive building footprint dataset
provided by the City of Virginia Beach Center for
GIS. This dataset includes no distinction of sheds
or other outbuildings.
A second set of building footprints packages with
tax parcels and address points provided by the
City of Virginia Beach Center for GIS.
Initial intersection of assessor data that had an
intersection with building footprints, provided by
the City of Virginia Beach Center for GIS.
Tax parcels provided by the City of Virginia Beach
Center for GIS.
Property lines provided by the City of Virginia
Beach Center for GIS.
Tax records provided by the City of Virginia Beach
Office of the Real Estate Assessor.
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Table 9: Building master valid and non-valid UDF classes.
Data

Feature Count

% of Total (Building Master)

Building Master*

246,088

100%

Building Master (1 - Valid for UDF)

147,728

60%

Building Master (0 - NonValid for UDF)

93,574

38%

Building Master (9 - Military UDF)

2,413

1%

Building Master (8 -Outside Virginia
Beach)

2,373

1%

*Count is greater than any single layer in Table 8 as datasets were combined to create the initial Building Master.

Figure 15: Example of "Valid for UDF" vs all building points contained within the Building Master.

The Building Master layer was developed to provide the City flexibility should they choose
to use this data for other types of analysis in the future. The data was attributed with different
fields that provide information on where the data came from and what it was used for.
Appendix A provides an overview of the common prefixes used within the Building Master
attribute table and includes a data dictionary for all fields. Appendix B provides a series of
tables representing the various field domain values established to track or classify building
characteristics. While the attributes are quite extensive, there are many gaps that were not
able to be assigned given constraints on analyses production.
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2.3.2. First Floor Heights
First Floor Height (FFH), the height of a structure’s first floor above the local ground
elevation, is a critical piece of information for making accurate flood-related damage estimates.
Hazus includes a simplified approach for assigning FFH based solely on the building
foundation type. A limited amount of FFH data was available from existing sources. In a desire
to improve on the Hazus defaults, an enhanced approach for assigning FFH to buildings in the
City of Virginia Beach was developed. The approach involved developing predictive equations
of FFH using existing data. The assessment found that several parameters, including
occupancy type, year built, foundation type and surrounding topography, can all be used to
estimate FFH more accurately that the default Hazus method. The FFH assessment was
performed using R statistical software and is further described below.
Data Predictors
A dataset of 7,563 structures was used to develop equations for FFH. Six possible predictor
variables, shown in Table 10, were considered in the equation. This data was available for all
structures. Two of these predictors, number of stories and building type, did not have adequate
sampling variability and was therefore not used. For example, more than 99.5% of structures
had a wood building type.
Table 10: Summary of predictor variables.
Possible Predictor
Variables
Occupancy Type
Year Built
(since 1900)
Number of Stories

Equation
ID

Range of Values

Used in final
equation?

X1

14 levels [COM1, COM2, COM3,
COM4, COM8, GOV1, REL1,
RES1, RES3A, RES3B, RES3C,
RES3, RES3F, RES5]

YES

X2

1640 – 2015

YES

---

NO

YES
YES

Building Type

---

Foundation Type
Grade Difference
(HAG – LAG)

X3

2 levels [1, 3]
4 levels [Wood, Concrete, Steel,
Masonry]
3 levels [Pile, Slab, Crawlspace]

X4

0.2 – 10.2 ft

NO

Data Sources and Equations
FFH is not a directly measured variable. A related measurement is First Floor Elevation
(FFE), which is the elevation of a structure’s first floor referenced to a datum, such as Mean
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Sea Level (MSL) or the North American Vertical Datum of 1988 (NAVD88). FFE can be
derived from FFH using a topographic Digital Elevation Model (DEM) dataset, as
demonstrated in Equation 1. FFE can also be defined as the difference between FFE and the
Lowest Adjacent Grade (LAG), which is the lowest point of the ground level immediately next
to a building, and the FFE, per:
𝐹𝐹𝐻 = 𝐹𝐹𝐸 − 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑎𝑏𝑜𝑣𝑒 𝑀𝑆𝐿 𝑜𝑟 𝑁𝐴𝑉𝐷88

Three sources of FFE were available for this analysis, including: 1) City of Virginia Beach
building permits, 2) Risk Assessment, Mapping, and Planning Partners (RAMPP) survey data,
and 3) Kimley-Horn Associates (KHA) survey data. The first source, City permits, had more
than 10 times the amount of data compared to the latter two, and was therefore used as the
ground truth measurement of FFE. It is essential to note that City permit data is comprised of
several data sources, not all of which are comprehensively documented. Thus, there may be
situations (as shown later) when City permit data is not as accurate as the other sources.
However, this was readily outweighed by the more comprehensive sample size. LAG was
determined by extracting elevations from the 2013 LiDAR-derived DEM. The FFH data was
then created by subtracting the LAG elevation from the FFE estimates obtained from the City.
Although RAMPP and KHA FFE data was not used, it was accessed as an independent quality
control of results. A multiple variable regression equation, shown in Equation 2 below, was
used where XN is the nth predictor variable and aN is its coefficient, and X0 is the y-intercept. As
such, the FFH regression equation is:
FFH = X0 + a1X1 + a2X2 + … + aNXN

Coefficients were obtained by fitting a linear slope and minimizing the least-square error.
Variables were only retained if their coefficients were significant at the 90% confidence level.
For categorical variables with M categories, data was transformed into M-1 binary (0 or 1)
“dummy” variables before performing the regression.
Upon exploratory data analysis, it was found that optimal predictive skill of FFH can be
obtained by splitting the data according to whether the Year Built was greater or less than
2004. Houses built on or after 2004 had significantly higher FFH. The net result of this was
that two equations were developed: one for structures built before 2004, and one for structures
built after 2004. In the equations below, X2 is the Year Built, X4 is the Grade Difference, terms
in green refer to the Occupancy Type and terms in coral refer to the Foundation Type. Table 11
provides parameters for the pre-2004 structures and Table 12 provides parameters for the
post-2004 structures.
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FFH for structures built before 2004 was calculated by:
2.31 if Pile
0.96 if RES1
FFH (in feet) = −0.84 + [1.84 if RES3A] − 0.0048 ∗ X 2 + [0.39 if Crawlspace] + 0.88 ∗ X 4
0.96 if RES3B X1
0.00 if Slab
X3

FFH for structures built during or after 2005 were calculated by:
1.65 if Pile
FFH (in feet) = 1.44 + [0.54 if RES1]X1 + [1.31 if Crawlspace] + 0.56 ∗ X 4
0.00 if Slab
X3
Table 11: Parameters for equation for structures built before 2004.
Parameter

Estimate

Standard Error

Confidence (≠ 0)

X1 (RES1)
X1 (RES3A)

0.96
1.84

0.37
0.55

95%
>99%

X1 (RES3B)
X2
X3 (Pile)
X3 (Crawl)
X4
Intercept

0.96
-0.0048
2.31
0.39
0.88
-0.84

0.58
0.002
0.22
0.10
0.04
0.43

90%
93%
>99%
98%
>99%
95%

Table 12: Table of parameters for equation for structures built during or after 2004.
Parameter
X1 (RES1)
X3 (Pile)
X3 (Crawl)
X4
Intercept

Estimate
0.54
1.65
1.31
0.56
1.44

Standard Error
0.06
0.19
0.05
0.03
0.06

Confidence (≠ 0)
>99%
>99%
>99%
>99%
>99%

FFH Results
To evaluate how the FFH equations performed, predicted FFH were compared to the
observed FFH. Then, this error was compared to that obtained when using the Hazus protocol
which assigns three FFH values based on Foundation Type (7’ for Pile, 3’ for Crawlspace and 1’
for Slab). Figure 16 shows the FFH equation and Hazus errors, sorted from low to high (i.e.
quantile). The root-mean-square error (RMSE), a cumulative measure of error, is 1.82 ft when
using the Hazus protocol but drops to 1.23 ft, a 32% decline, when using the developed FFH
equations. Moreover, Figure 16 shows that the FFH equations’ error drops across all quantiles.
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Over the structures considered here, the equation methodology produces a better estimate of
FFH than Hazus 71% of the time. Thus, this methodology provides a more accurate way to
estimate FFH compared to the Hazus protocol, which will, ultimately, result in more accurate
damage estimates.

Figure 16: Absolute error in FFH estimation using the Hazus protocol (black) compared to the developed FFH equations (red),
separated according to foundation type as well as all foundation types (top left). Error values are sorted as a function of
quantile (i.e. sorted from low to high). Dotted lines denote average error.

Impacts of FFH Uncertainty
It was noted above that, although the developed FFH equation performs well over a large
range of structures, a limited number of structures continued to show high error (of a
comparable magnitude to the Hazus default approach of assigning FFH based solely on
Foundation Type).
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To investigate the source of this error, two quality control checks were performed: first, to
check the consistency of results when considering the different FFE sources, and second, to
investigate cases where FFH is negative.
•

RAMPP versus City Permits FFE: The FFH prediction error relates to the amount of
FFH discrepancy between the RAMPP and City permits data sources, shown in Figure
17. Although the chart shows a significant amount of scatter, there is also convincing
statistical evidence that as the FFH discrepancy increases so does the FFH estimate. In
turn, this brings into question the quality of the original FFE estimates. Our manual
checks of a number of structures where RAMPP and City Permits FFE significantly
differs suggested that RAMPP may be closer to the truth. Overall, this suggests that a
portion of the instances that showed large FFH prediction errors in Figure 16 may
actually be the result of poor data.

Figure 17: The FFH prediction error (using the developed equations) as a function of the FFH discrepancy (RAMPP - City
Permits). The dotted line is a 1:1 relationship.

•

Negative FFH: Negative FFH values imply the presence of sub-grade living space, such
as a basement. On the other hand, due to a very high water table, basements in the City
are quite rare; thus, negative FFH could alternatively imply poorly surveyed data. This
issue was investigated by separately plotting error curves for structures with positive
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FFH and those with negative FFH’s. The results show a striking increase in error for
negative FFH structures. The origin of this discrepancy is not readily apparent at this
time. However, for six overlapping structures where City Permits FFH was negative and
for which RAMPP data was available, Figure 18 shows that all six structures showed
positive FFH in the RAMPP data set. This suggests a discrepancy in the quality of City
permits FFE data where FFH is negative.
Table 13: Comparison of FFH estimates for six example overlapping structures
RAMPP FFH (ft)

City Permits FFH (ft)

4.3
5.0
0.7
1.5
2.4
3.3

-1.9
-0.5
-0.1
-0.1
-0.2
-4.5

Figure 18: FFH equation prediction results, sorted by FFH > 0 and FFH < 0.

Coastal Flooding and Economic Loss Analysis | 33

FFE Accuracy Assessment
To compare how the FFH equations performed, predicted FFH for each structure was then
transformed into FFE using the 2013 LiDAR-derive DEM and then compared to the observed
FFE. The observed FFE data was sourced from the higher accuracy survey measurements
collected by RAMPP, KHA, and City Permits. A summary of the number of structures
measured and the associated errors of each of those surveys can be found in Table 4. Mean
absolute error (MAE) indicates the absolute average of the predicted minus observed for all the
structures in the dataset (Equation 5), while the RMSE highlights datasets that may have
significant outliers (Equation 6).
The equation for Mean Absolute Error (MAE) is:
𝑛

𝑀𝐴𝐸 = ∑
𝑖=1

|𝑥𝑝 − 𝑥𝑖 |
𝑛

The equation for Root Mean Square Error (RMSE) is:
n

2

(xp − xi )
RMSE = √∑
n
i=1

Among the various sources of higher accuracy measurements, the RAMPP data has the
lowest MAE of 0.12 ft while the City Permits has the highest at 1.05 ft. For RMSE the RAMPP
data has the largest at 3.42 ft, and the KHA has the lowest at 1.75 ft. Accuracy at the 95%
confidence interval (CI) was calculated following the National Standard for Spatial Data
Accuracy (NSSDA) absolute accuracy statistic (Equation 7, ASPRS, 2015). The KHA survey
data has the lowest accuracy at the 95% CI of 3.44 ft while the RAMPP has the highest at 6.70
ft. The accuracy of 95% Confidence Interval is calculated by:
𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 95% = 𝑅𝑀𝑆𝐸 ∗ 1.9600
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Table 14: Summary of calculated errors for the regression equation FFE output in comparison to the higher accuracy survey
data from RAMPP, KHA, and City permits.
Comparison
Regression
Equation
versus
RAMPP
Regression
Equation
versus KHA
Regression
Equation
versus City
Permits
Regression
Equation
versus All
Sources

Number of
Structures

Average
Error

Standard
Deviation

Mean
Absolute
Error

Root Mean
Square Error

Accuracy at
the 95% CI

858

-0.12

3.41

0.12

3.42

6.70

271

0.60

1.65

0.60

1.75

3.44

9846

-1.05

2.28

1.05

2.51

4.92

10806

-0.94

2.4

0.94

2.57

5.04

30

FFE Regression
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Figure 19: Scatter distribution of FFE derived from the RAMPP surveys compared to the predicted FFE measurements
derived from the regression equation. The dashed red line represents error of 0 with an intercept of (0,0).
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Figure 20: Scatter distribution of FFE derived from the KHA surveys compared to the predicted FFE measurements derived
from the regression equation. The dashed red line represents error of 0 with an intercept of (0,0).
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Figure 21: Scatter distribution of FFE derived from the City permit surveys compared to the predicted FFE measurements
derived from the regression equation. The dashed red line represents error of 0 with an intercept of (0,0).
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Final FFH Assignments
A tiered screening approach was applied to assign the best available FFH to the Building
Master “Valid for UDF” points. Data source preference was, in descending order: City Permit,
RAMPP/KHA, Regression Equation, Hazus default. Cross-checks were performed between the
datasets and lowest adjacent grade elevations to identify and exclude outliers in each dataset
prior to use for UDF point assignment.
2.3.3. Occupancy
The first step for assigning occupancy values to each building involved establishing
translation or correlation values for the GBS stock data. The initial translation table developed
to define required Hazus Specific Occupancy is provided in Appendix C. Assignments were
further refined through the use of available local datasets, such as the parcel dataset and tax
assessment records. In some cases, the tax assessment records did not have sufficient
information to assign anything but a General Occupancy (e.g., Commercial or COM) and
therefore further analyses were required to determine a Specific Occupancy (e.g., Retail Trade
or COM1). Google street view was used to further refine assignment of occupancy types for
approximately 10,000 commercial and industrial buildings. The final list of occupancy types
assigned with counts of buildings in Virginia Beach is presented in Table 15.
Table 15: Final sub-occupancy assignments with building counts.
Count
45
81
4
99
45
76
1
6
101
6
12
5
4
24
5
2
2
36
10

Occupancy
AGR1 - Agriculture
COM1 - Retail Trade
COM10 - Parking Garages (Not Parking Lots)
COM2 - Wholesale Trade
COM3 - Personal and Repairs Services
COM4 - Business/Professional/Technical Services
COM5 - Depository Institutions
COM7 - Medical Office/Clinic
COM8 - Entertainment & Recreation
COM9 - Theaters
DG - Detached Garage
EDU1 - Schools/Libraries
GOV1 - General Services
IND1 - Heavy Industrial
IND2 - Light Industrial
IND3 - Food/Drugs/Chemicals
IND4 - Metal/Minerals Processing
IND6 - Construction (Facilities and Offices)
NB - No Building per Information At-Hand

Coastal Flooding and Economic Loss Analysis | 37

Count
11
522
7
32
9
1
3
6
1

Occupancy
NBV - No Building Verified
OTHER - Other Structure (e.g., carport, shed, etc.)
REL1 - Church/Membership Organizations
RES1 - Single-Family Dwelling
RES2 - Mobile Home
RES3C - Multi-Family Dwelling - 5 to 9 Units
RES3F - Multi-Family Dwelling > 50+ Units
RES4 - Temporary Lodging
RES5 - Institutional Dormitory

2.3.4. Construction Quality
Replacement cost for single-family residential structures (RES1) is estimated, in part, by
construction quality. The Virginia Beach parcel-based data did not include an explicit field to
establish construction quality. Therefore, a proxy method of assigning quality was employed
based on relative condition captured in the field “STRUCTURE_CODE” provided by the City.
The final assignments made are tallied in Figure 17 for all buildings.
Table 16: Construction quality proxy assignments.
Structure
Code

Count

Null

12765

Blank

282

32
25
28
35
38
45
48
55
58
65
68
75
78

1
620
389
42422
28127
105342
12873
9856
1961
536
211
68
46

Grade

Hazus Quality

12,765 buildings had a code of “Null”>; buildings
corresponding to Single-Family Residential were assigned
an “Average” construction quality.
282 buildings had a blank code; buildings corresponding
to Single-Family Residential were assigned an “Average”
construction quality.
35
Poor
Poor+
Fair
Fair+
Average
Average+
Good
Good+
Very Good
Very Good+
Excellent
Excellent+

Average

Average
Average
Economy
Economy
Economy
Average
Average
Average
Custom
Custom
Custom
Luxury
Luxury
Luxury
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2.3.5. Building Replacement Costs
The approach for estimating building replacement costs followed the Hazus Flood Model
Technical Manual (DHS/FEMA 2006), which provides standard cost per square ft values for
different occupancy types. Adjustments were made to update these values to the most recently
available consumer price index (CPI) following the FEMA Modeling Task Force (MOTF)
approach, as presented Table 17.
Table 17: Final replacement value cost per square ft assignments.
Hazus
Occupancy Class

Description

AGR1
COM1
COM10
COM2
COM3
COM4
COM5
COM6
COM7
COM8
COM9
EDU1
EDU2
GOV1
GOV2
IND1
IND2
IND3
IND4
IND5
IND6
REL1
RES1Economy1
RES1Economy2
RES1Economy3
RES1Economy4
RES1Average1
RES1Average2
RES1Average3
RES1Average4
RES1Custom1

Agriculture
Retail Trade
Parking Story Structures
Wholesale Trade
Personal and Repair Services
Business/Professional/Technical Services
Depository Institutions
Hospital
Medical Office/Clinic
Entertainment & Recreation
Theaters
Schools/Libraries
Colleges/Universities
General Services
Emergency Response
Heavy
Light
Food/Drug/Chemicals
Metals/Minerals Processing
High Technology
Construction
Church/Membership Organizations
Single Family Dwelling - Economy Quality - 1 Story
Single Family Dwelling - Economy Quality - 2 Story
Single Family Dwelling - Economy Quality - 3 Story
Single Family Dwelling - Economy Quality - 4 Story
Single Family Dwelling - Average Quality - 1 Story
Single Family Dwelling - Average Quality - 2 Story
Single Family Dwelling - Average Quality - 3 Story
Single Family Dwelling - Average Quality - 4 Story
Single Family Dwelling - Custom Quality - 1 Story

Cost/ft2
(DHS/FEMA
2006)
$75.95
$82.63
$43.72
$75.95
$102.34
$133.43
$191.53
$224.29
$164.18
$170.51
$122.05
$115.31
$144.73
$107.28
$166.59
$88.28
$75.95
$145.07
$145.07
$145.07
$75.95
$138.57
$65.91
$70.13
$74.35
$78.57
$92.84
$90.15
$94.49
$84.96
$114.91

Adjusted
Cost/ft2
(CPI 2016)
$90.93
$98.92
$52.34
$90.93
$122.52
$159.74
$229.30
$268.52
$196.55
$204.13
$146.12
$138.05
$173.27
$128.43
$199.44
$105.69
$90.93
$173.68
$173.68
$173.68
$90.93
$165.89
$75.75
$83.96
$89.01
$94.06
$111.15
$107.93
$113.12
$101.71
$137.57
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Hazus
Occupancy Class

Description

RES1Custom2
RES1Custom3
RES1Custom4
RES1Luxury1
RES1Luxury2
RES1Luxury3
RES1Luxury4
RES2
RES3A
RES3B
RES3C
RES3D
RES3E
RES3F
RES4
RES5
RES6

Single Family Dwelling - Custom Quality - 2 Story
Single Family Dwelling - Custom Quality - 3 Story
Single Family Dwelling - Custom Quality - 4 Story
Single Family Dwelling - Luxury Quality - 1 Story
Single Family Dwelling - Luxury Quality - 2 Story
Single Family Dwelling - Luxury Quality - 3 Story
Single Family Dwelling - Luxury Quality - 4 Story
Mobile Home
Multi Family Dwelling - Duplex
Multi Family Dwelling - 3 To 4 Units
Multi Family Dwelling - 5 To 9 Units
Multi Family Dwelling - 10 To 19 Units
Multi Family Dwelling - 20 To 49 Units
Multi Family Dwelling - 50+ Units
Temporary Lodging
Institutional Dormitory
Nursing Home

Cost/ft2
(DHS/FEMA
2006)
$112.91
$116.99
$105.25
$139.76
$133.09
$137.08
$124.81
$35.75
$79.48
$86.60
$154.31
$137.67
$135.39
$131.93
$132.52
$150.96
$126.95

Adjusted
Cost/ft2
(CPI 2016)
$135.17
$140.06
$126.00
$167.32
$159.33
$164.11
$149.42
$42.80
$95.15
$103.46
$184.74
$164.82
$162.09
$157.94
$158.65
$180.73
$151.98

The total replacement cost, representing both building and content values, for all buildings
in Virginia Beach is presented in Table 18. The updated UDF dataset presents a 7% decrease in
comparison to the Hazus GBS stock data.
Table 18: Exposure comparison stock GBS & UDF (City-wide).
Source
GBS
UDF

Building Value
$ 55,042,984,000
$ 49,779,753,441

Contents Value
$ 31,968,609,000
$ 31,341,055,680

Total Value
$ 87,011,593,000
$ 81,120,809,121

% Delta
N/A
- 7%

Attached Garage Adjustments
Cost adjustments were made to single-family residential structures (RES1) where attached
garages were able to be identified. Data provided included only garage square-footage, and
therefore the number of garage bays was estimated. General research on construction
practices indicated that the typical minimal dimensions of a one car garage is 12 ft by 22 ft
having a total square-footage of 264 ft2. Therefore, based both the range of values provided (8
ft2 up to and beyond 1,000 ft2), the range was parsed into fourths (four parts to include garages
with up to four bays) with an error buffer range at the low and high of each range, and
ultimately the following ranges were defined:
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•

One Garage Bay – Range: 8 ft2 to 323 ft2

•

Two Garage Bays – Range: 324 ft2 to 503 ft2

•

Three Garage Bays – Range: 504 ft2 to 712 ft2

•

Four Garage Bays – Range: 713 ft2 and greater

After the number of garage bays were estimated, 2016 CPI cost adjustments were applied to
the published DHS/FEMA 2006 values as represented in Table 19 below.
Table 19: Single family residential (RES1) garage replacement costs.
Means
Class
Economy
Economy
Economy
Average
Average
Average
Custom
Custom
Custom
Luxury
Luxury
Luxury

Number of
Cars
1
2
3
1
2
3
1
2
3
1
2
3

Cost to Add
(DHS/FEMA 2006)
$12,600.00
$19,780.00
$26,750.00
$13,120.00
$20,460.00
$27,580.00
$15,030.00
$23,850.00
$32,380.00
$17,320.00
$27,700.00
$37,630.00

Cost to Add
(CPI 2016)
$15,084.57
$23,680.38
$32,024.78
$15,707.11
$24,494.47
$33,018.45
$17,993.74
$28,552.93
$38,764.95
$20,735.30
$33,162.11
$45,050.18

Building Sub-Use Adjustments
Where appropriate, building footprint data was modified slightly to assist in obtaining as
accurate as possible an estimate of replacement cost. For example, there were a few larger
buildings with parking garage structures (COM10) built-into and alongside the primary
structure; however, there was only a single building footprint. Therefore, the polygon building
footprint representing the full combined structure was edited and split into sub-portions with
differing occupancies; one portion for the COM10-Parking garage and the other portion for the
primary structure. Figure 22, along with Table 20, shows an example demonstrating the work
performed for the high-rise condominiums at the Oceanfront. It should be noted that floors
one and two are parking decks.
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Figure 22: Example of building sub-use adjustments. In this instance the
adjustment addressed a potential overestimate of approximately $156,640,500.
Table 20: Building sub-use adjustment (representative building).
Building Stories
19
4004
Atlantic
Ave.

19
2

Area
Type
Original
RES3F
Edited
RES3F
Edited
COM10

Footprint
Area (ft2)
72,102

Total
Replacement
Cost

Potential
Overestimate

1,369,941 $157.94 $216,368,477 $216,368,477

$156,640,518

Total
Area

Cost
Per (ft2)

Building
Replacement
Cost

18,017

342,322

$157.94

$54,066,319

54,085

108,170

$52.34

$5,661,640

$59,727,960

$

-

2.4. Critical Facility Dataset
The last step of preparing the UDF dataset consisted of revising and updating stock Hazus
data points to reflect various critical City assets such as essential facilities, utilities, and
transportation infrastructure. Table 21 provides a summary of the updated critical facility data
including a comparison of asset counts between updated versus Hazus GBS stock data. The
following sources were utilized to develop this data:
•

GIS Parcels/Tax Roll

•

GIS Points of Interest
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•

Stock Hazus Essential Facilities

•

Newly created Building Master

•

Homeland Infrastructure Foundation-Level Data (HIFLD)

Table 21: Updates performed on the Hazus critical facility dataset.
Data

Essential Facility
(EF)

Utility (UTIL)

Utility (UTIL)
Cont.

Transportation
(TRANS)

Emergency Operations Centers
Hospitals & Medical Care Facilities
Fire Stations
Police Stations
Schools
Central Offices & Switching Stations
Communications
Control Vaults & Control Stations
Broadcast Facilities
Compressor Plants
Natural Gas
Control Vaults & Control Stations
Natural Gas Pipelines
Oil Refineries
Oil Pumping Plants
Oil
Oil Tank Farm
Oil Control Vaults & Control Stations
Oil Pipelines
System Facilities
Network System Pumps
Control Vaults & Control Stations
Potable Water
Network System Tanks
Network System Wells
Potable Water Pipelines
Power Plants
Electric Power
Power Substations
Wastewater Treatment Plants
Wastewater Lift Stations
Wastewater
Control Vaults & Control Stations
Wastewater Pipelines
Bridges
Highway
Tunnels
Highway Segments
Bridges
Facilities
Railway
Tunnels
Railway Segments
Bridges
Light Rail
Facilities
Tunnels

Updated
Stock

Stock
Count

Updated
Count

YES
YES
YES
YES
YES
NO
NO
YES
NO
NO
NO
NO
NO
YES
NO
NO
YES
NO
NO
YES
NO
NO
NO
YES
NO
YES
NO
NO
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO

0
2
5
13
127
0
0
7
0
0
0
1
0
0
0
0
2
0
0
0
0
0
0
0
5
0
0
0
70
0
0
0
0
0
0
0
0
0

1
16
32
7
111
0
0
98
0
0
0
1
0
1
0
0
10
0
0
12
0
0
0
18
5
460
0
0
117
0
0
0
0
0
0
0
0
0
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Data

High Potential
Loss Facilities
(HPLF)
Agriculture
Vehicles

Light Railway Segments
Bus
Facilities
Port
Facilities
Ferry
Facilities
Runways
Airport
Facilities
Hazardous Materials Facilities
Dam
Levee
Military Base
Inventory by County FIPS
Vehicle Day/Night Inventory

Updated
Stock

Stock
Count

Updated
Count

NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

0
0
6
1
4
1
9
0
0
0
186

0
0
6
1
4
1
9
0
0
0
186

0

0

2.5. Loss Estimation Analysis
2.5.1. Building and Content Loss
The UDF module in Hazus is specifically designed for computing loss at individual building
point locations. The Hazus Flood Model uses depth-damage function (DDF) to estimate the
damage to a building. The DDF is a combination of occupancy type, foundation type, and
number of stories. FFH is then used to adjust the flooding depth at a structure, and the
building and contents value is used to estimate economic impacts. The depth-damage curves
were initially assigned to the buildings per the current effective FEMA flood zones, and then
modified per the inundation level of each SLR scenario. The curve selections varied between all
SLR scenarios because wave zones vary as SLR increases.
To compute UDF building and content loss, an external Hazus-based tool developed by staff
at the Oregon Department of Geology & Mineral Industries (Oregon Tool) was implemented.
The Oregon Tool utilizes Hazus methods but is processed externally outside of Hazus, enabling
a more efficient analysis as well as resolving some of the Hazus limitations discussed earlier in
this report. For example, the Hazus code rounds user-provided FFH values to the nearest 0.50
ft and then truncates this value to an integer prior to extracting a damage percentage.
The Oregon Tool was first tested in a pilot site within the Lynnhaven Watershed. A total of
86,138 building points were tested at this pilot site, comparing the results from Hazus versus
results from the Oregon tool. While the above demonstrates the change in loss for a single
building, the difference in building and content losses, over the entire sample size, ranged
between $38 and $51 thousand. This pilot comparison demonstrated that the Oregon Tool
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would provide more accurate loss results than using the UDF module in Hazus. Table 22
provides an example of this where the Hazus dollar loss computed for a building is
approximately $2,000 less than expected.
Table 22: UDF loss methodology comparison (damage percent and dollar loss).
Source

Damage %

Dollar Loss

Hazus

19.25

$ 1,016,632

Oregon Tool

19.29

$ 1,018,745

Difference

0.04

$ 2,113

2.5.2. Displacement and Loss of Function
As mentioned earlier in this report, the Hazus Flood Model does not estimate
displacements and loss of function values for individual buildings. Rather, the module only
provides these estimates at the census block level through the GBS analysis. To address this
issue, residential displacements and non-residential service losses were estimated outside of
Hazus using the approach outlined in the following paragraphs.
Residential displacements were established based on USACE generic DDFs for residential
building displacements. Refer to Table 23 for additional details on the residential building
displacement DDFs. Once the displacement DDFs were established for individual residential
buildings based on the number of displacement days, the various displacement DDF days were
multiplied by the unit displacement value for each residential building. The unit displacement
values were established for each residential occupancy type based on the latest (2010) Census
data for Virginia Beach and the current average lodging and per diem rates for Virginia Beach
from the U.S. General Service Administration (GSA) as shown in Table 24.
The non-residential loss of service consists of two components, a one-time disruption cost
and a recurring monthly cost for the duration of the displacement. Both costs are measured in
dollars per ft2. Data from the FEMA Benefit Cost Analysis Re-Engineering (BCAR) guide was
used to estimate the total non-residential loss of service durations in months. Refer to Table
25 for additional details on the residential building displacement DDFs. Once the nonresidential loss of function values were established for individual non-residential buildings
based on the number of months of disruption, the various losses of function were multiplied by
the unit disruption and rental costs for each non-residential building located within the study
area.
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Table 23: Residential displacement depth damage functions used outside of Hazus.
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Table 24: Residential unit displacement values.
Building Label
RES1
RES2
RES3A
RES3B
RES3C
RES3D
RES3E
RES3F

Estimated Number of
Households
Single-Family Dwelling
1
Mobile Home
1
Multi-Family Dwelling - Duplex
2
Multi-Family Dwelling - 3 to 4 Units
4
Multi-Family Dwelling - 5 to 9 Units
7
Multi-Family Dwelling - 10 to 19 Units
15
Multi-Family Dwelling - 20 to 49 Units
35
Multi-Family Dwelling - 50+ Units
50
*Residential Displacement Value Per Household estimated as follows:
Occupancy Class

Average Household Population for Virginia Beach (2010 U.S. Census)
Current FY2018 Average Lodging Rate for Virginia Beach, Virginia ($/night)
Current FY2018 Per Diem Rate for Virginia Beach, Virginia ($/person/day)
Average Household Population Displacement (rounded)
Adjusted cost per person to eat meals at home ($/person/day)
Residential Displacement Value per household ($/day)

Unit Displacement
Value* ($/day)
$275
$275
$550
$1,100
$1,925
$4,125
$9,695
$13,750
2.63
$119
$59
3
$7
$275
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Table 25: Non-residential loss of function depth damage functions used outside of Hazus.
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2.5.3. Annualized Loss
Each SLR scenario includes five multi-frequency recurrence interval events; the 10-, 25-,
50-, 100- and 500-year. As mentioned previously in this report, it should be noted that the
500-year recurrence interval (or 0.2 % chance probability) event, was only evaluated for
purposes of this Hazus analysis – not for design purposes. Loss estimates associated with the
range of flood levels were proportioned based on the frequency of the flood type with which
they are associated. For example – lower flood levels cause smaller amounts of damage, but
these type events happen frequently, so they have a higher weight. Flood levels that may occur
with large hurricanes and their associated damages are weighted lower, because they do not
occur as often. The outcome of these calculations is called an Average Annualized Loss (AAL)
estimate. This number represents the expected coastal flood loss to the City for any given year.
The mathematical computation for AAL is shown below:
Annualized Loss = [(10% – 4%) *(Loss 10% + Loss 4%) / 2] + [(4% – 2%) * (Loss 4% + Loss 2%) / 2]
+ [(2% – 1%) * (Loss 2% + Loss 1%) / 2] + [(1% – 0.2%) * (Loss 1% +Loss 0.2%) / 2] +
[0.2% * Loss 0.2%]

The annualized loss ratio offers a mechanism by which to ‘normalize’ losses across a given
geography and potentially guard against skewing results towards only those buildings with the
highest dollar loss amounts. The loss ratio ensures that the relationship between damage and
total value are equalized across the geography. Four varieties of loss ratios are offered in
analysis output:
•

Total Loss Ratio

•

Combined Building & Contents Loss Ratio

•

Building Loss Ratio

•

Contents Loss Ratio

Equations for each loss ratio type are presented below. The Total Loss Ratio includes
Building & Contents Loss plus displacement and loss of function values. All three loss ratio
types have been built into GIS mapping layers of Census Blocks, Stormwater Drainage Basins
and Watersheds. The remaining geographies – namely the summary grids, Subdivisions and
Strategic Growth Areas (SGAs) include the Combined Building & Contents Loss Ratio and the
Building Loss Ratio. Equations for these follow:
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Total Loss Ratio Equation:
Total Loss = [(Estimated Building Value + Estimated Contents Value)  (Building Loss + Contents Loss
+ Displacement)]
Combined Building & Contents Loss Ratio Equation:
Combined Building and Contents Loss Ratio = [(Estimated Building Value + Estimated Contents Value)
 (Building Loss + Contents Loss)]
Building Loss Ratio Equation:
Building Loss Ratio = [(Estimated Building Value)  (Building Loss)]
Contents Loss Ratio Equation:
Contents Loss Ratio = [(Estimated Contents Value)  (Contents Loss)]
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3. LOSS ESTIMATION RESULTS
The AAL estimates were summarized at different geographies to help the City understand
where flood exposure in the City is concentrated now, and how it would change with SLR.
Outputs of the Hazus analyses for the 1.5 ft and 3 ft SLR scenarios are presented in tabular and
graphical format (where applicable) within this section. The outputs of the Hazus analysis for
the 5 ft SLR scenario is provided in Appendix E.

3.1. Combined Total Average Annualized Flood Losses
Total combined losses represent the summation of building, contents, and
displacement/loss of function loss estimates. The sections present the estimated dollar losses
and associated loss ratios across the City, and within the City’s four major watersheds.
3.1.1. City-Wide Average Annualized Losses

Millions

Unaddressed, SLR and associated recurrent flooding pose a substantial threat to Virginia
Beach, as demonstrated in Figure 23. Under the “No Action” scenario, annual average floodrelated losses, including broader societal impacts, would increase almost three times from
present day conditions with 1.5 ft of SLR in the 2040s. This equals a growth in annualized
losses from $26 to $77 million. A tipping point occurs in the transition from the 1.5 to 3 ft SLR
scenario that drastically increases losses. By the 2070s, annualized losses are expected to
increase by 12 times over today’s conditions, to $329 million. These numbers illustrate the
scale of the challenges the City faces.

$329

$350
$300
$250
$200
$150

$77

$100
$50

$26

$Today

2040's
(1.5 ft SLR)

2070's
(3 ft SLR)

Figure 23: City-wide total combined annualized loss.
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3.1.2. Watershed Annualized Flood Losses
The total combined annualized losses within the City’s four major watersheds are presented
in Table 26. Figure 24 illustrates how total annualized losses change within each of the City’s
four major watersheds along with increasing flood hazard conditions. The pie charts show the
percentage of loss within each watershed compared to total loss across the City. Across all
scenarios, the Lynnhaven watershed has the largest annualized losses, followed by the
Southern watershed, the Elizabeth River watershed and finally the Oceanfront watershed. The
most notable change occurs in the Southern watershed under the 3 ft SLR scenario where
losses comprise almost half of the losses in the City.

Figure 24: Comparison of total average annualized loss across the City’s four major watersheds. The percentage values
represent the percentage of total damage across the City each watershed contains.
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Table 26: Combined total loss by watershed.

Major
Watershed

Total Building & Contents
Exposure Value
(Billions)
Estimated
% of
Baseline
Value
Total
Scenario

Total Combined Annualized Losses (Thousands)
Loss
Ratio

1.5 ft SLR
Scenario

Loss
Ratio

3 ft SLR
Scenario

Loss
Ratio

Elizabeth
River

$ 10

12%

$ 834

0.01%

$ 2,858

0.03%

$ 9,320

0.09%

Lynnhaven

$ 43

53%

$ 8,770

0.02%

$ 33,966

0.08%

$ 129,894

0.30%

Southern

$ 25

30%

$ 1,954

0.01%

$ 11,889

0.05%

$ 122,804

0.50%

Oceanfront

$4

5%

$273

0.01%

$ 1,309

0.04%

$ 8,828

0.24%

City of
Virginia
Beach

$ 82

100%

$11,831

0.01%

$ 50,022

0.06%

$ 270,846

0.33%

3.2. Damaged Building Counts
Damaged buildings represent those individual structures where the UDF point representing
the structure intersected the flood depth grids and may have experienced estimated building
and or content losses. Readers and users of GIS data delivered as part of this project are
encouraged to recall that because analyses are only performed where points intersect the depth
grid, there may be situations where flooding intersects the building but not the point. Also,
depending on the building characteristics (FFH relative to the depth of flooding), the building
may or may not be susceptible to depth within the structure. The tables in the following
sections represent damage counts and associated percent of total counts for those point
locations that have experienced estimated building and/or content losses from the UDF point
analyses.
3.2.1. City-Wide Damaged Building Counts
The count of damaged buildings increases with increasing return periods (e.g., 10-, 25-, 50-,
100- and 500-year events) under the three scenarios, are shown in Figure 25 and outlined in
Table 27. During a 100-year storm today, approximately 3% of buildings across the City are
damaged. With 1.5 ft of SLR, approximately 8% of buildings are anticipated to receive damage.
The percentage of damaged buildings jumps to almost 20% with 3 ft of SLR.
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Damaged Building Counts
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Figure 25: Damaged building counts across the City for various return period and flood hazard conditions.
Table 27: City-wide damage counts by SLR scenario.
Return Period
Scenario

10-Year

25-Year

50-Year

100-Year

500-Year

Damage
Count

% of
Total

Damage
Count

% of
Total

Damage
Count

% of
Total

Damage
Count

% of
Total

Damage
Count

% of
Total

Baseline

700

0.5%

1,557

1.0%

2,576

1.7%

4,360

3.0%

12,429

8.4%

1.5 ft SLR

3,370

2.3%

5,958

4.0%

8,308

5.6%

11,337

7.7%

23,454

15.9%

3 ft SLR

14,079

9.5%

20,129

13.6%

24,048

16.3%

28,903

19.6%

49,572

33.6%

3.2.2. Watershed Damaged Building Counts
Counts of damaged building within the City’s four major watersheds are presented in
Figure 26, and Table 28 through Table 30. As described earlier in this report, the Lynnhaven
watershed contains the highest building stock value (representing 53% of the City’s total value),
followed by the Southern (30%), Elizabeth (13%), and Oceanfront (4%) watersheds. The total
number of damaged buildings shows a similar pattern; however, the Oceanfront watershed
receives more damage to buildings than the Elizabeth River watershed with 3 ft of SLR.
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Figure 26: Comparison of damaged building counts across the City’s four major watersheds.
Table 28: Damage counts by watershed for the Baseline scenario.
Baseline Scenario Damage Counts
Major Watershed

Total #
Buildings

10-Year

25-Year

50-Year

100-Year

500-Year

Count

% of
Total

Count

% of
Total

Count

% of
Total

Count

% of
Total

Count

% of
Total

Elizabeth
River

18,944

19

0.1%

61

0.3%

136

0.7%

359

1.9%

1,801

9.5%

Lynnhaven

74,471

564

0.8%

1,079

1.4%

1,793

2.4%

3,132

4.2%

8,236

11.1%

Oceanfront

5,761

10

0.2%

22

0.4%

47

0.8%

69

1.2%

478

8.3%

Southern

48,540

107

0.2%

395

0.8%

600

1.2%

800

1.7%

1,914

4.0%

Grand Total

147,716

700

0.6%

1,557

1.0%

2,576

1.7%

4,360

3.0%

12,429

8.4%
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Table 29: Damage counts by watershed for 1.5 ft SLR scenario.
1.5 ft SLR Scenario Damage Counts
Major
Watershed

10-Year

Total #
Buildings

25-Year

50-Year

100-Year

500-Year

Count

% of
Total

Count

% of
Total

Count

% of
Total

Count

% of
Total

Count

% of
Total

181

1.0%

413

2.2%

695

3.7%

1,198

6.3%

2,739

14.5%

2,494 3.4% 4,439 6.0% 5,906 8.0%

7,552

10.1% 13,260 17.8%

Elizabeth
River

18,944

Lynnhaven

74,471

Oceanfront

5,761

58

1.0%

163

2.8%

Southern

48,540

637

1.3%

943

1.9% 1,422 3.0%

Grand Total

147,716

285

5.0%

467

8.1%

1,422

24.7%

2,120

4.4%

6,033

12.4%

3,370 2.3% 5,958 4.0% 8,308 6.0% 11,337

7.7%

23,454 15.9%

Table 30: Damage counts by watershed for 3 ft SLR scenario.
3 ft SLR Scenario Damage Counts
Major Watershed

Total #
Buildings

10-Year

25-Year

50-Year

100-Year
% of
Total

500-Year

Count

% of
Total

Count

% of
Total

Count

% of
Total

Count

853

4.5%

1,279

6.8%

1,637

8.6%

2,157 11.4% 5,100 27.0%

Count

% of
Total

Elizabeth River

18,944

Lynnhaven

74,471

Oceanfront

5,761

Southern

48,540

5,044 10.4% 7,780 16.0% 9,346 19.3% 10,666 22.0% 14,981 30.9%

Grand Total

147,716

14,079 9.5% 20,129 13.6% 24,048 16.3% 28,903 19.5% 49,572 33.6%

7,602 10.2% 9,948 13.4% 11,519 15.5% 13,768 18.5% 25,979 34.9%
580

10.1% 1,122 19.5% 1,546 26.8% 2,312 40.1% 3,512 61.0%
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4. ADAPTATION FOCUS AREAS AND NEXT STEPS
A grid-type visualization was made to see where the flood exposure in the City is
concentrated and how it could change with SLR, as shown in Figure 27. It was determined that
almost 90% of flood risk is concentrated in seven key areas in Virginia Beach and include the
following:
•

East and West of the Lesner Bridge along Shore Drive, including parts of the Ocean
Park, Lynnhaven Colony, Cape Story by the Sea, Broad Bay Colony, Marina Shores, Cape
Henry Shores, Mariners Landing, and Bay Island neighborhoods

•

Laskin Road corridor, as it crosses Great Neck Creek and Little Neck Creek

•

Elizabeth River Waterfront, including areas of the Arrowhead, Carolanne Farms,
Fairfield, and Avalon Terrace neighborhoods

•

Neighborhoods of Windsor Woods, Princess Anne Plaza, Pecan Gardens, The Lakes,
Scarborough Square, and Magic Hollow

•

Atlantic Shores, Ocean Lakes, and Lagomar neighborhoods

•

Bay side of Sandbridge, such as Back Bay Meadows, and South Sandbridge

•

Pungo, including the neighborhoods on either side of Muddy Creek Road

•

North End, Resort Area, Birdneck Point, and Princess Anne Hills neighborhoods

These areas are being used to guide development of potential SLR adaptation strategies.
The loss estimate outputs are also being incorporated into a cost-benefit framework as they
represent the losses that would occur if nothing was to be done for the range of SLR scenarios
(e.g. the “pre-project event damages” or “no action alternative” (NAA)). These outputs are
being compared to the amount of flood losses that are expected to occur after a strategy is
implemented (the “post-project event damages”) to determine the benefits that are generated
by the mitigation projects, known as avoided damages:
Avoided Damages = ∑(Pre − project Event Damages) − ∑(Post − project Event Damages)
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Figure 27: Grid-type visualization of average annualized flood losses associated with 3 ft of SLR in Virginia Beach with
adaptation focus areas.
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6. FLOOD HAZARD DATA DELIVERABLES
Flood hazard mapping results, including flood depth grids, floodplain boundaries, and
water surface elevation grids are provided in an ESRI File Geodatabase, summarized in Table
31. The prefix before each file name corresponds to the existing and future condition scenarios
as follows:
•

S0 = Baseline Scenario

•

S1 = 1.5 ft SLR Scenario

•

S2 = 3 ft SLR Scenario

•

S3 = 5 ft SLR Scenario

Table 31: Summary of feature datasets provided in the Flood Hazard ESRI File Geodatabase
Name
Floodplain Boundaries

Flood Depth Grids
Water Surface Elevation
Grids

Description
Flood extents for each scenario and flood event type. The ‘Feature_Type’
attribute splits the floodplains into ‘Land’ or ‘Water’ based on the existing (S0)
MHHW flood extent. A definition query can be used to facilitate map mapping
to show flooding over land only.
Flood depth grids for each scenario and storm surge condition. Cell size for the
grids are 10 ft and elevations are referenced to ft NAVD88.
Total water surface elevation models for each scenario and storm surge
condition. Cell size for the grids are 25 ft and elevations are referenced to ft
NAVD88.

7. HAZUS MODELING DATA DELIVERABLES
Hazus modeling results are provided in an ESRI File Geodatabase, summarized in Table 32.
The Geodatabase includes a variety of features and tables and has been constructed with
multiple goals or purposes in-mind:
1. Relationships between inputs and outputs via ESRI Relationship Classes.
2. Various features classes that can be utilized as mapping layers found in Feature Datasets.
3. Tables and features that are designed loosely around FEMA’s Non-Regulatory Flood Risk
Database.
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Table 32: Summary of feature datasets provided in the Hazus ESRI File Geodatabase.
Name
Building Master

Facilities
GBS Updated Exposure
Mapping Layers
Oregon Tool Inputs

Description
This feature dataset contains the building footprint and building centroids that
represent all building data available for Virginia Beach (including buildings
identified as “non-valid” for the UDF analysis). A data dictionary for the Building
Master is provided in Appendix A.
This feature dataset contains the facility data for Virginia Beach, including
essential, utility, and transportation facilities.
This feature dataset contains changes to the GBS exposure data summarized at
different geographies (census block, stormwater drainage basins, and
watersheds).
This feature dataset provides the raw input data for the Oregon Tool for the
different SLR scenarios.

Oregon Tool Outputs

This feature dataset provides the individual return period loss results from the
Oregon Tool. The ‘BldgLoss’ field represents the computed building loss values
and the ‘ContentLoss’ field represents the computed content loss values. There is
also an “InventoryLoss’ field that represents an additional loss specific for
commercial structures.

UDF Annualized Loss
Mapping Layers

This feature dataset contains annualized loss values for the various mapping
layers (e.g. building footprints and building centroids, census blocks, planning
subdivisions, strategic growth areas, summary grids, stormwater drainage basins).

Virginia Beach Landbase

This feature dataset provides various features that were provided by the City and
City partners to support the building data development, such as building
footprints, property polygons, tax parcels, address points, and first floor elevation
survey points.

Final Hazus Version 3.2 Project Files – otherwise known as HPR files are also provided. A
Hazus HPR file is essentially a zipped version of all files that are created by Hazus in the course
of a given Hazus project. The HPR archive can be imported on any computer that has an active
installation of Hazus Version 3.2. The delivery of HPR’s includes an Excel spreadsheet that has
basic information about each Hazus Project and HPR file. Importantly, the spreadsheet
includes file size information as users need to know how much drive space may be required for
a given Hazus Project upon file import.
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Table 33: Hazus Project (HPR) File Information.
HPR Name

HPR File
Size

Full File
Size

VABCity32FLD_S0.hpr

1.21 GB

27.0 GB

VACity32FLD_S1.hpr

1.33 GB

27.5 GB

VBCity32FLD_S2.hpr

1.82 GB

35.4 GB

Info/Source
HAZUS flooding analysis for City of Virginia Beach, using
coastal flooding depth grids (baseline scenario - S0) and
updated GBS, EF, Utilities, and Transportation. Run 5
standard frequencies (10, 25, 50, 100, 500) separately.
NOTE: User-Defined Facilities analysis NOT run inside
Hazus, Oregon Department of Geology & Mines script
utilized external of Hazus.
HAZUS flooding analysis for City of Virginia Beach, using
coastal flooding depth grids (SLR Scenario 1 – S1) and
updated GBS, EF, Utilities, and Transportation. Run 5
standard frequencies (10, 25, 50, 100, 500) separately.
NOTE: User-Defined Facilities analysis NOT run inside
Hazus, Oregon Department of Geology & Mines script
utilized external of Hazus.
HAZUS flooding analysis for City of Virginia Beach, using
coastal flooding depth grids (SLR Scenario 2 – S2) and
updated GBS, EF, Utilities, and Transportation. Run 5
standard frequencies (10, 25, 50, 100, 500) separately.
NOTE: User-Defined Facilities analysis NOT run inside
Hazus, Oregon Department of Geology & Mines script
utilized external of Hazus.
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8. APPENDIX A – Building Master Data Dictionary
Table A - 1: Description of prefixes contained within the Virginia Beach Building Master attribute table.
Prefix
UDF
Source
Source Note
Operator
Date
Cost Adjustments
KHA

Description
Fields that would be for the purpose of loading into the Hazus database
design for UDF’s. These would be considered “Final” building
characteristics for the Hazus Flood Model.
Fields that would be for the purpose of capturing a source of information.
Fields that would be for the purpose of capturing any user notes about
the source of information.
Fields that would be for the purpose of knowing which staff member may
have populated a value.
Fields that would be for the purpose of knowing the date for which a staff
member may have populated a value.
Fields that capture replacement cost adjustments for basements or
attached garages (RES1 only).
Fields that capture information from the local survey from KHA.

Table A - 2: Virginia Beach Building Master data dictionary.
Field Name
OBJECTID
PLAN_Structures_Building_F
ID

Field Type
Auto
Long Integer

BuildingDataForHAZUS_ObjI
D

Long Integer

UDF_Occupancy

Text (5)

UDF_Name

Text (40)

UDF_Address

Text (40)

UDF_City

Text (40)

UDF_State
UDF_ZipCode

Text (2)
Text (10)

UDF_Contact

Text (40)

UDF_PhoneNumber
UDF_YearBuilt
UDF_Cost
UDF_BackupPower

Text (14)
Long Integer
Double
Short Integer

Field Info
Auto
FID (Feature ID) from the ESRI Shapefile named
PLAN_Structures_Building provided by City
OBJECTID of the feature class named
BuildingDataForHAZUS provided by City; only
provided for building footprints that coincide
with the BuildingDataForHAZUS dataset
Hazus specific occupancy; see Appendix B
(D_Occupancy)
Reserved to capture unique id of buildings to
relate back to GIS post Hazus UDF.
Address where applicable or identified
City where applicable or identified; where
military base is <> Virginia Beach
State where applicable or identified
ZipCode where applicable or identified
Populate with the
LandTable_Mar2015>L_CRNT_OWNER
PhoneNumber where applicable or identified
YearBuilt where applicable or identified
Estimated Total Building Replacement Cost
Yes = 1 and No = 0
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Field Name

Field Type

UDF_NumStories

Short Integer

UDF_Area

Double

UDF_ContentCost

Double

UDF_ShelterCapacity
UDF_Latitude
UDF_Longitude

Long Integer
Double
Double

UDF_Comment

Text (40)

UDF_BldgType

Text (15)

UDF_DesignLevel

Text (1)

UDF_FoundationType

Short Integer

UDF_FirstFloorHt

Short Integer

UDF_BldgDamageFnId

Long Integer

UDF_ContDamageFnId

Long Integer

UDF_InvDamageFnId

Long Integer

UDF_FloodProtection

Short Integer

Source_Occupancy

Text (4)

Source_Name

Text (100)
Text (4)

Source_Address
Source_City
Source_State
Source_ZipCode
Source_Contact
Source_PhoneNumber
Source_YearBuilt

Text (4)
Text (4)
Text (4)
Text (100)
Text (100)
Text (4)

Field Info
1 for 1&2 stories; 3 for 3&4 stories; 5 for 5+
stories; 9 for split level RES buildings; see also
NumStories for short integer value of actual or
estimated.
Area of building where applicable or identified
Estimated ContentCost; based on Hazus method
as percent of UDF_Cost.
ShelterCapacity where applicable or identified
Latitude (Decimal Degrees)
Longitude (Decimal Degrees)
Reserved for Hazus Run to capture unique
building ID - for relates/joins back to
Building_Master
Hazus Flood Model Building Type
Hazus Flood Model Design Level (based on year
built)
1-Pile; 2-Pier; 3-Solid Wall; 4-Basement/Garden;
5-Crawl Space; 6-Fill; 7-Slab on Grade; see
Appendix B (D_FoundationType)
Facility first floor height above grade in ft
BldgDamageFnId where applicable or identified
and based on Effective Flood Insurance Study
zones
ContDamageFnId where applicable or identified
and based on Effective Flood Insurance Study
zones
Not assigned due to potential issues with Hazus
method
Yes = 1 and No = 0
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_
Source of Info corresponding to UDF_
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
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Field Name
Source_Cost
Source_BackupPower
Source_NumStories
Source_Area
Source_ContentCost
Source_ShelterCapacity
Source_Latitude
Source_Longitude
Source_Comment
Source_BldgType
Source_DesignLevel
Source_FoundationType
Source_FirstFloorHt
Source_BldgDamageFnId
Source_ContDamageFnId
Source_InvDamageFnId
Source_FloodProtection

Field Type
Text (4)
Text (4)
Text (4)
Text (4)
Text (4)
Text (100)
Text (4)
Text (4)
Text (250)
Text (4)
Text (4)
Text (4)
Text (4)
Text (4)
Text (4)
Text (4)
Text (4)

Source_Occupancy_Note

Text (150)

Source_Name_Note

Text (150)

Source_Address_Note

Text (150)

Source_City_Note

Text (150)

Source_State_Note

Text (150)

Source_ZipCode_Note

Text (150)

Field Info
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Source of Info corresponding to UDF_; see
Appendix B (D_Source)
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
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Field Name

Field Type

Source_Contact_Note

Text (150)

Source_PhoneNumber_Not
e

Text (150)

Source_YearBuilt_Note

Text (150)

Source_Cost_Note

Text (150)

Source_BackupPower_Note

Text (150)

Source_NumStories_Note

Text (150)

Source_Area_Note

Text (150)

Source_ContentCost_Note

Text (150)

Source_ShelterCapacity_No
te

Text (150)

Source_Latitude_Note

Text (150)

Source_Longitude_Note

Text (150)

Source_Comment_Note

Text (150)

Source_BldgType_Note

Text (150)

Source_DesignLevel_Note

Text (150)

Source_FoundationType_No
te

Text (150)

Source_FirstFloorHt_Note

Text (150)

Source_BldgDamageFnId_N
ote
Source_ContDamageFnId_N
ote
Source_InvDamageFnId_Not
e
Source_FloodProtection_No
te

Text (150)
Text (150)
Text (150)
Text (150)

Operator_Occupancy

Text (16)

Operator_Name

Text (16)

Field Info
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Notes as defined by user during data
development corresponding to UDF_
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
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Field Name

Field Type

Operator_Address

Text (16)

Operator_City

Text (16)

Operator_State

Text (16)

Operator_ZipCode

Text (16)

Operator_Contact

Text (16)

Operator_PhoneNumber

Text (16)

Operator_YearBuilt

Text (16)

Operator_Cost

Text (16)

Operator_BackupPower

Text (16)

Operator_NumStories

Text (16)

Operator_Area

Text (16)

Operator_ContentCost

Text (16)

Operator_ShelterCapacity

Text (16)

Operator_Latitude

Text (16)

Operator_Longitude

Text (16)

Operator_Comment

Text (16)

Operator_BldgType

Text (16)

Operator_DesignLevel

Text (16)

Operator_FoundationType

Text (16)

Operator_FirstFloorHt

Text (16)

Operator_BldgDamageFnId

Text (16)

Operator_ContDamageFnId

Text (16)

Field Info
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
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Field Name

Field Type

Operator_InvDamageFnId

Text (16)

Operator_FloodProtection

Text (16)

Date_Occupancy
Date_Name
Date_Address
Date_City
Date_State
Date_ZipCode
Date_Contact
Date_PhoneNumber
Date_YearBuilt
Date_Cost
Date_BackupPower
Date_NumStories
Date_Area
Date_ContentCost
Date_ShelterCapacity
Date_Latitude
Date_Longitude
Date_Comment
Date_BldgType
Date_DesignLevel
Date_FoundationType
Date_FirstFloorHt
Date_BldgDamageFnId
Date_ContDamageFnId
Date_InvDamageFnId
Date_FloodProtection

Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date
Date

Valid_UDF_Building

Short Integer

ConstrQual

Text (7) D_Construction_Quality

Base_Cost

Double

Base_Cost_Comments

Text (250)

Contents_Cost_Comments

Text (250)

Field Info
Staff name who has made the most recent
edit/change
Staff name who has made the most recent
edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
Date of most recent edit/change
YES or Valid, (0) No or Not Valid, (9) May be valid
but is on military land, (8) Not Valid is outside
City
Hazus construction quality attribute (Economy,
Average, Custom or Luxury) - RES-type only; see
Appendix B (D_Construction_Quality)
Computed base replacement cost before cost
adjustments (Basement & Garage)
Comments pertaining to how the base cost was
computed.
Comments pertaining to how the contents cost
was computed.
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Field Name

Field Type

NFIP_Enter

Long Integer

Pre_Post

Text (4)

CostAdj_Basement_Finished
SqFt

Double

Area in square-ft of Finished Basements

CostAdj_Basement_Finished

Double

Final determination of value associated with
Finished Basements

Double

Area in square-ft of Unfinished Basements

CostAdj_Basement_Unfinish
edSqFt
CostAdj_Basement_Unfinish
ed

Double

CostAdj_Garage_Type

Text (16)

CostAdj_Garage_SqFt

Double

CostAdj_Garage_NumberOf
Bays
CostAdj_Garage_NmbrBays
_Note

Short Integer
Text (150)

CostAdjustment_Garage

Double

BuildingDataForHAZUS_Cost

Double

KHA_FeatureID

Long Integer

KHA_Ground
KHA_Ground_Desc

Double
Text (15)

KHA_FFE

Double

KHA_FFE_Desc
KHA_Other
KHA_Other_Desc

Text (15)
Double
Text (15)

RAMPP_FeatureID

Text (25)

RAMPP_FFE

Double

CityPermits_FFE

Double

Field Info
Hazus NFIP Entry Year potentially used to
establish Year Built when no data exists for Year
Built (typically NFIP Entry less 1 year)
Logical Pre-FIRM or Post-FIRM determination
based on NFIP_Enter

Final determination of value associated with
Unfinished Basements
Attached garage cost adjustment assignments
used in process of assigning cost to garages
Area in square-ft of attached garages of RES-type
structures
Estimation of the number of garage bays applies only to RES-type structures
Notes as defined by user during data
development
Final determination of value associated with
attached garages; NOTE: Unattached garages are
NOT modeled in HAZUS
Value in the field Cost as provided by the City in
Feature Class named <BuildingDataForHAZUS>;
presumably assessed taxable value per parcel.
FID_ (Feature ID) from the shapefile named
<KHA_FirstFloorElevations> created by KHA
KHA local survey ground elevation value NAVD88
KHA local survey ground elevation description
KHA local survey first floor elevation value
NAVD88
KHA local survey first floor elevation description
KHA local survey other elevation value NAVD88
KHA local survey other elevation description
BLDG_ID from the Feature Class named
<RAMPP_FirstFloorElevations> created by
RAMPP
Value from field FFE in Feature Class named
<S_BUILDINGS>
9,847 Records of Feature Class named
<BuildingDataForHAZUS> with values in field
FirstFloorHt (NOTE: it is NOT 1st Floor Height
but FFE)
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Field Name
LAG_ELEV
HAG_ELEV

Field Type
Double
Double

FFH_RegEq

Double

FFE_RegEq

Double

Final_Ground_ELEV

Double

Final_Ground_Source

String (4)

Final_FFE

Double

CensusBlock_2010
Tract

Text (15)
Text (11)

Source_Image

RASTER

BM_OBJID

Long Integer

NumStories

Short Integer

EC_PropDesc
EC_HorDat
EC_VertDat
EC_Units
EC_TopBotFlr
EC_TopNxtHiFlr
EC_BotLwHorMbr
EC_AttGarElev
EC_LwElev_Eqpmt
EC_LAG
EC_HAG
EC_LAG_OtherH

Text (150)
Text (5)
Text (6)
Text (2)
Double
Double
Double
Double
Double
Double
Double
Double

BM_OBJID_TXT

Text (10)

Field Info
Lowest Adjacent Grade
Highest Adjacent Grade
First floor height as computed by Regression
equation methodology; NOTE: Regression
equation calculation was made for all buildings
regardless if the value is utilized in the loss
analyses.
Associated first floor elevation for records
associated with the Regression equation;
computation of Final_Ground_ELEV +
FFH_RegEq
Ground elevation at centroid of building
footprint; except as defined otherwise.
Source of Final_Ground_ELEV; only populated
where local survey/permit data utilized
FinalFFE used to compute 1st Floor Height; only
populated for non-regression equation produced
values
2010 Census - Block Number
2010 Census - Tract Number
Research image (i.e., screen capture) in support
of UDF_ attribution
OBJECTID of the Building_Master layer - to help
maintain relationship if this layer is subset in any
way for various in-work process steps.
Numeric value of number of stories; data values
extracted from
“BuildingsWithREAssessorDataSummarizedByAd
dressPoints” and filled-in with estimates from
“PLAN_Structures_Building.shp” which included
attributes of ‘HEIGHT_HIGH’ and ‘HEIGHT_LOW’.
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
Reserved for Elevation Certificate (EC) Data
BM_OBJID expressed as text (promotes table
joins)

Coastal Flooding and Economic Loss Analysis | 72

Field Name

Field Type

SpecificOccupId

Text (5)

Shape_Length
Shape_Area
UDF_Area_Float
DDF_Zone

Double
Double
Float
Text (10)

Field Info
Hazus coded specific occupancy ID - used in
process of assigning DDF's
Auto
Auto
Area of building expressed as Float
Zone for purpose of selecting appropriate DDF's
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9. APPENDIX B – Building Master Domain Values
Table B - 1: Valid_UDF_Building Domain Values.
Value
1
9
0
8

Explanation
YES, this is a valid UDF
NO, Military Base Building
NO, Is a Shed, Detached Garage or OTHER
NO, is outside City

Table B - 2: Source Information Domain Values (D_Source).
OID *

DCode

Code Description

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

1000
2000
2001
2002
3000
3001
3002
4000
4001
4002
4003
5000
5001
5002
5003
5004
6000
7000
7001
7002
7003
7004
7005
7006
7007
7008
8000
8001
8002
9000
9001

BuildingDataForHAZUS, As-Is transfer
NonVacantAddressPointsWithHAZUSBuildingData, As-Is transfer
NonVacantAddressPointsWithHAZUSBuildingData, Translated from
NonVacantAddressPointsWithHAZUSBuildingData, Derived from
BuildingsWithREAssessorDataSummarizedByAddressPoints, As-Is transfer
BuildingsWithREAssessorDataSummarizedByAddressPoints, Translated from
BuildingsWithREAssessorDataSummarizedByAddressPoints, Derived from
LandTable_Mar2015 & Parcels, As-Is transfer
LandTable_Mar2015 & Parcels, Translated from
LandTable_Mar2015 & Parcels, Derived from
Address_Points, Created from
Oblique Photo Interpretation (Web-based)
Street Level Photo Interpretation (Web-based)
Realty Information (Web-based)
General Internet Research
Hazus Specialist Judgement
LAT/LONG: Building Centroid (Inside)
Cost: BuildingDataForHAZUS, As-Is transfer
Cost: Derived from HAZUS Method with Garage Adjustment
Cost: Derived from HAZUS Method with Basement Adjustment
Cost: Derived from HAZUS Method with Garage & Basement Adjustment
Cost: Derived from HAZUS Method (No Garage or Basement Adjustment)
Cost: Derived from Other (sales comparison/market value approach)
Cost: Derived from Other (income approach)
Cost: Derived from Other (cost approach)
Cost: Derived from Other
Content Cost: Derived from HAZUS Method
Content Cost: Insured Replacement Value
Content Cost: Derived from Other
KHA_FF_Elev (Localized Survey)
BuildingDataForHAZUS, FirstFloorHt (City Permits)
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OID *

DCode

Code Description

32
33
34
35
36
37
38
39
40
41
42
43

9002
9003
9004
9005
9006
8888
9999
1001
1002
9007
5005
5006

S_BUILDINGS, FFE (RAMPP - Laser Inclinometer)
LAG/HAG - Computed 1st Floor Height
Hazus Foundation Type
2013 LiDAR-derived ESRI Terrain (Pyramid Level Zero)
2013 LiDAR-derived 5ft DEM
Not Known/Indeterminate
Unknown
BuildingDataForHAZUS, Translated from Data Already in
BuildingDataForHAZUS, Derived from Data within & external
Derived from Regression Analysis (Task1)
Derived from UDF_FirstFloorHt
BuildingDataForHAZUS, FirstFloorHt (City Permits), adjusted by 5001

Table B - 3: Hazus SubOccupancy Domain Values (D_Occupancy).
OID *
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

DCode
RES1
RES2
RES3A
RES3B
RES3C
RES3D
RES3E
RES3F
COM1
COM2
COM3
COM4
COM5
COM6
COM7
COM8
COM9
COM10
IND1
IND2
IND3
IND4
IND5
IND6
RES4
RES5

Code Description
RES1 - Single-Family Dwelling
RES2 - Mobile Home
RES3A - Multi-Family Dwelling - Duplex
RES3B - Multi-Family Dwelling - 3 to 4 Units
RES3C - Multi-Family Dwelling - 5 to 9 Units
RES3D - Multi-Family Dwelling - 10 to 19 Units
RES3E - Multi-Family Dwelling - 20 to 49 Units
RES3F - Multi-Family Dwelling > 50+ Units
COM1 - Retail Trade
COM2 - Wholesale Trade
COM3 - Personal and Repairs Services
COM4 - Business/Professional/Technical Services
COM5 - Depository Institutions
COM6 - Hospital
COM7 - Medical Office/Clinic
COM8 - Entertainment & Recreation
COM9 - Theaters
COM10 - Parking Garages (Not Parking Lots)
IND1 - Heavy Industrial
IND2 - Light Industrial
IND3 - Food/Drugs/Chemicals
IND4 - Metal/Minerals Processing
IND5 - High Technology
IND6 - Construction (Facilities and Offices)
RES4 - Temporary Lodging
RES5 - Institutional Dormitory
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OID *
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

DCode
RES6
AGR1
REL1
GOV1
GOV2
EDU1
EDU2
RES?
RES3?
COM?
IND?
GOV?
EDU?
UNK?
NB
NBV
UTIL
OUTBLDG
DG
OTHER

Code Description
RES6 - Nursing Home
AGR1 - Agriculture
REL1 - Church/Membership Organizations
GOV1 - General Services
GOV2 - EmergencyResponse
EDU1 - Schools/Libraries
EDU2 - Colleges/Universities
RES? - Only General Occupancy Known
RES3? - Only General Occupancy Known
COM? - Only General Occupancy Known
IND? - Only General Occupancy Known
GOV? - Only General Occupancy Known
EDU? - Only General Occupancy Known
UNK? - Unknown At This Time
NB - No Building per Information At-Hand
NBV - No Building Verified
UTIL - Other Feature; Utility Feature
OUTBLDG - Outbuilding; No Hz Analysis
DG - Detached Garage
OTHER - Other Structure (e.g., carport, shed, etc)

Table B - 4: Hazus Number Of Stories Domain Values (D_NumberOfStories).
OID *

DCode

CodeDescr

1

1

1 - One & Two stories

2

3

3 - Three & Four stories

3

5

5 - 5 or more stories

4

9

9 - split level RES buildings

NOTE: the number of stories information that Hazus utilizes should not be confused with a
separate attribute in the Building Master that records the actual or estimated numeric number
of stories value (NumStories). Numeric value of number of stories; data values extracted from
“BuildingsWithREAssessorDataSummarizedByAddressPoints” and filled-in with estimates
from “PLAN_Structures_Building.shp” which included attributes of ‘HEIGHT_HIGH’ and
‘HEIGHT_LOW’.
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Table B - 5: Hazus Foundation Type Domain Values (D_FoundationType).
OID *
1
2
3
4
5
6
7

DCode
1
2
3
4
5
6
7

Code Description
1 - Pile
2 - Pier
3 - Solid Wall
4 - Basement/Garden
5 - Crawl Space
6 - Fill
7 - Slab On Grade

Table B - 6: Hazus Construction Quality Domain Values (D_Construction_Quality).
OID *

DCode

Code Description

1

Economy

Economy - a (RES-type structures only)

2

Average

Average - b (RES-type structures only)

3

Custom

Custom - c (RES-type structures only)

4

Luxury

Luxury - d (RES-type structures only)

Table B - 7: Hazus Core Construction Domain Values (D_BuildingType).
OID *
1
2
3
4
5

DCode
Wood
Steel
Concrete
Masonry
ManufHousing

Code Description
Wood - Wood Building
Steel - Steel Building
Concrete - Concrete Building
Masonry - Masonry Building
ManufHousing - Mobile Home
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10.

APPENDIX C – Occupancy Translation Table

Table C - 1: Initial Occupancy Translation Table (ClassCode To Occupancy).
Class_Category

Class_C
ode *

Class_Desc *

Hz_GenOcc

Hz_SpecOcc

Comments

Code Description

Single Family Residential
(Urban)

100

Vacant
Residential
Land

RES

RES1

Vacant Land is not used in
Hazus Analyses; valid
building must exist to apply.

Single Family Residential
(Urban)_Vacant Residential Land

101

Residence

RES

RES1

<Null>

102

Outbuildings
Only

RES

UNK?

Single Family Residential
(Urban)

103

Townhouse

RES

RES3?

Single Family Residential
(Urban)

104

Low Rise
Condominium

RES

RES1

Single Family Residential
(Urban)

105

High Rise
Condominium

RES

RES3?

Single Family Residential
(Urban)

106

Homeowners
Association

RES

RES?

<Null>

Single Family Residential
(Urban)

107

Duplex

RES

RES3A

<Null>

Single Family Residential
(Urban)

108

RES

RES1

<Null>

Single Family Residential
(Urban)

109

RES

RES1

<Null>

Single Family Residential
(Urban)
Single Family Residential
(Urban)

House and
Garage
Apartment
House and
Apartment

Outbuildings are not used in
Hazus Analyses.
Need to know number of
units in building to assign
last character (?).
Need to know number of
units in building to assign
last character (?).
Need to know number of
units in building to assign
last character (?).

Single Family Residential
(Urban)_Residence
Single Family Residential
(Urban)_Outbuildings Only
Single Family Residential
(Urban)_Townhouse
Single Family Residential
(Urban)_Low Rise Condominium
Single Family Residential
(Urban)_High Rise Condominium
Single Family Residential
(Urban)_Homeowners
Association
Single Family Residential
(Urban)_Duplex
Single Family Residential
(Urban)_House and Garage
Apartment
Single Family Residential
(Urban)_House and Apartment
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Class_C
ode *

Class_Desc *

Hz_GenOcc

Hz_SpecOcc

Comments

110

Historic House

COM

COM8

<Null>

111

Taxable Civic
League

UNK

UNK?

<Null>

Single Family Residential
(Urban)

112

Condominium
Timeshare

RES

RES1

<Null>

Single Family Residential
(Urban)

113

Co-operative

RES

RES1

<Null>

Single Family Residential
(Suburban)

200

Vacant
Residential
Land

RES

RES1

Vacant Land is not used in
Hazus Analyses; valid
building must exist to apply.

201

Residence

RES

RES1

<Null>

202

Outbuildings
Only

UNK

UNK?

<Null>

207

Duplex

RES

RES3A

<Null>

Single Family Residential
(Suburban)

208

House and
Garage
Apartment

RES

RES1

<Null>

Single Family Residential
(Suburban)

209

House and
Apartment

RES

RES1

<Null>

Single Family Residential
(Suburban)

210

Historic House

COM

COM8

<Null>

Multi-Family

301

RES

RES3?

<Null>

Multi-Family

302

RES

RES3?

<Null>

Class_Category
Single Family Residential
(Urban)
Single Family Residential
(Urban)

Single Family Residential
(Suburban)
Single Family Residential
(Suburban)
Single Family Residential
(Suburban)

Apartment
Complex
Small
Apartment
Complex

Code Description
Single Family Residential
(Urban)_Historic House
Single Family Residential
(Urban)_Taxable Civic League
Single Family Residential
(Urban)_Condominium
Timeshare
Single Family Residential
(Urban)_Co-operative
Single Family Residential
(Suburban)_Vacant Residential
Land
Single Family Residential
(Suburban)_Residence
Single Family Residential
(Suburban)_Outbuildings Only
Single Family Residential
(Suburban)_Duplex
Single Family Residential
(Suburban)_House and Garage
Apartment
Single Family Residential
(Suburban)_House and
Apartment
Single Family Residential
(Suburban)_Historic House
Multi-Family_Apartment
Complex
Multi-Family_Small Apartment
Complex
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Class_Category

Class_C
ode *

Multi-Family

303

Multi-Family

304

Commercial and
Industrial

400

Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial

401
402
403

Class_Desc *
Retirement
Facility
Co-operatives
/ Multi-Family
Vacant
Commercial
Land
General
Commercial
Shopping
Center
Service
Station/Garag
e

Hz_GenOcc

Hz_SpecOcc

Comments

Code Description

RES

RES6

<Null>

Multi-Family_Retirement Facility

RES

RES3?

<Null>

COM

COM?

Vacant Land is not used in
Hazus Analyses; valid
building must exist to apply.

COM

COM?

<Null>

COM

COM1

<Null>

COM

COM3

<Null>

Multi-Family_Co-operatives /
Multi-Family
Commercial and
Industrial_Vacant Commercial
Land
Commercial and
Industrial_General Commercial
Commercial and
Industrial_Shopping Center
Commercial and
Industrial_Service Station/Garage
Commercial and
Industrial_Restaurants
Commercial and Industrial_Fast
Food Restaurants
Commercial and
Industrial_Convenience Food
Stores
Commercial and Industrial_Self
Storage
Commercial and
Industrial_Building Supply
Commercial and Industrial_Day
Care Centers

404

Restaurants

COM

COM8

<Null>

405

Fast Food
Restaurants

COM

COM8

<Null>

406

Convenience
Food Stores

COM

COM1

<Null>

407

Self Storage

COM

COM2

<Null>

COM

COM1

<Null>

COM

COM3

<Null>

Commercial and
Industrial_Vacant Office Land
Commercial and Industrial_Office
Building

408
409

Building
Supply
Day Care
Centers

410

Vacant Office
Land

COM

COM4

Vacant Land is not used in
Hazus Analyses; valid
building must exist to apply.

411

Office Building

COM

COM4

<Null>
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Class_Category

Class_C
ode *

Class_Desc *

Hz_GenOcc

Hz_SpecOcc

Comments

Code Description

Commercial and
Industrial

412

Office
Condominium
s

COM

COM4

<Null>

Commercial and Industrial_Office
Condominiums

Commercial and
Industrial

413

Hotel / Motel

RES

RES4

<Null>

Commercial and Industrial_Hotel
/ Motel

Commercial and
Industrial

414

Hotel
Condominium
/Timeshare

RES

RES4

<Null>

Commercial and Industrial_Hotel
Condominium/Timeshare

Commercial and
Industrial

415

Campground

RES

RES4

<Null>

Commercial and
Industrial_Campground
Commercial and
Industrial_Trailor Parks

Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial

416

Trailor Parks

RES

RES2

Tricky...if the trailers are for
dwellings that are rentals,
assign RES2. Otherwise,
more data req'd.

417

Marinas/Boat
Slips

COM

COM4

<Null>

419

Bank Branch

COM

COM5

<Null>

COM

COM4

<Null>

COM

COM4

<Null>

COM

COM1

<Null>

COM

COM1

<Null>

COM

COM1

<Null>

COM

COM3

<Null>

420

Commercial and
Industrial

421

Commercial and
Industrial

422

Commercial and
Industrial

423

Commercial and
Industrial
Commercial and
Industrial

424
425

Small Office
Building
Office
Building/Own
er Occupied
Markets/Retai
l
Convenience
Stores/Gas
Station
Car
Dealerships
Funeral
Homes

Commercial and
Industrial_Marinas/Boat Slips
Commercial and Industrial_Bank
Branch
Commercial and Industrial_Small
Office Building
Commercial and Industrial_Office
Building/Owner Occupied
Commercial and
Industrial_Markets/Retail
Commercial and
Industrial_Convenience
Stores/Gas Station
Commercial and Industrial_Car
Dealerships
Commercial and
Industrial_Funeral Homes
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Class_Category
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial
Commercial and
Industrial

Class_C
ode *

Class_Desc *

Hz_GenOcc

Hz_SpecOcc

Comments

426

Car Washes

COM

COM3

<Null>

427

Timeshare

RES

RES3?

<Null>

RES

RES6

<Null>

COM

COM1

<Null>

428
429

Nursing
Homes
Free Standing
Big Box Retail

Code Description
Commercial and Industrial_Car
Washes
Commercial and
Industrial_Timeshare
Commercial and
Industrial_Nursing Homes
Commercial and Industrial_Free
Standing Big Box Retail

450

Vacant
Industrial Land

IND

IND?

Vacant Land is not used in
Hazus Analyses; valid
building must exist to apply.

Commercial and
Industrial

451

Industrial
Building

IND

IND?

<Null>

Commercial and
Industrial

452

Industrial
Condominium

IND

IND?

<Null>

500

Vacant Land

AGR

AGR1

Vacant Land is not used in
Hazus Analyses; valid
building must exist to apply.

Agricultural Undeveloped (19 to
99 Acres)_Vacant Land

501

Homesite
Included

AGR

AGR1

<Null>

Agricultural Undeveloped (19 to
99 Acres)_Homesite Included

502

Outbuildings
Only

AGR

AGR1

<Null>

Agricultural Undeveloped (19 to
99 Acres)_Outbuildings Only
Agricultural Undeveloped (Over
99 Acres)_Vacant Land
Agricultural Undeveloped (Over
99 Acres)_Homesite Included

Commercial and
Industrial

Agricultural
Undeveloped (19 to 99
Acres)
Agricultural
Undeveloped (19 to 99
Acres)
Agricultural
Undeveloped (19 to 99
Acres)
Agricultural
Undeveloped (Over 99
Acres)
Agricultural
Undeveloped (Over 99
Acres)

Commercial and
Industrial_Vacant Industrial Land
Commercial and
Industrial_Industrial Building
Commercial and
Industrial_Industrial
Condominium

600

Vacant Land

AGR

AGR1

Vacant Land is not used in
Hazus Analyses; valid
building must exist to apply.

601

Homesite
Included

AGR

AGR1

<Null>
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Class_Category

Class_C
ode *

Class_Desc *

Hz_GenOcc

Hz_SpecOcc

Comments

Code Description

Agricultural
Undeveloped (Over 99
Acres)

602

Outbuildings
Only

AGR

AGR1

<Null>

Agricultural Undeveloped (Over
99 Acres)_Outbuildings Only

Tax Exempt

700

GOV

GOV1

<Null>

Tax Exempt_Federal Government

Tax Exempt

701

GOV

GOV1

<Null>

Tax Exempt_State Government

Tax Exempt

702

GOV

GOV1

<Null>

Tax Exempt_Regional
Government

Tax Exempt

703

GOV

GOV1

<Null>

Tax Exempt_Local Government

Tax Exempt

704

GOV

GOV1

<Null>

Tax Exempt_Local Government Park Areas

Tax Exempt

705

GOV

GOV1

<Null>

Tax Exempt_Local Government Utilities

Tax Exempt

706

EDU

EDU1

<Null>

Tax Exempt_Local Government Schools

Tax Exempt

707

GOV

GOV2

<Null>

Tax Exempt_Volunteer Fire and
Rescue

Tax Exempt

708

REL

REL1

<Null>

Tax Exempt_Religious - Churches

Tax Exempt

709

RES

RES1

<Null>

Tax Exempt_Religious Parsonages

Tax Exempt

710

REL

REL1

<Null>

Tax Exempt_Charitable - Lodges

Tax Exempt

711

REL

REL1

<Null>

Tax Exempt_Charitable - Other

Tax Exempt
Tax Exempt

712
713

EDU
COM

EDU?
COM3

<Null>
<Null>

Tax Exempt_Educational
Tax Exempt_Cemeteries

Federal
Government
State
Government
Regional
Government
Local
Government
Local
Government Park Areas
Local
Government Utilities
Local
Government Schools
Volunteer Fire
and Rescue
Religious Churches
Religious Parsonages
Charitable Lodges
Charitable Other
Educational
Cemeteries
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Class_Category

Class_C
ode *

Tax Exempt

714

Single Family Residential
(Urban)

118

Multi-Family

318

Commercial and
Industrial

418

Tax Exempt

715

Tax Exempt

718

Tax Exempt

719

Commercial and
Industrial

430

Commercial and
Industrial

444

Class_Desc *
Charitable Housing
Common
Elements Residential
Condos
Common
Elements Multi-Family/
Apts.
Common
Elements Commercial/I
ndustrial
Condos
U.S. Marshall
Common
Elements - Tax
Exempt
Taxed by SCC /
DOT
Residential
Use/Commerc
ial Zoning
Outdoor Café

Hz_GenOcc

Hz_SpecOcc

Comments

Code Description

RES

RES3?

<Null>

Tax Exempt_Charitable - Housing

RES

RES1

<Null>

Single Family Residential
(Urban)_Common Elements Residential Condos

RES

RES3?

<Null>

Multi-Family_Common Elements
- Multi-Family/ Apts.

COM

COM?

<Null>

Commercial and
Industrial_Common Elements Commercial/Industrial Condos

GOV

GOV1

<Null>

Tax Exempt_U.S. Marshall

COM

COM8

<Null>

Tax Exempt_Common Elements Tax Exempt

UNK

UNK?

<Null>

Tax Exempt_Taxed by SCC / DOT

RES

RES?

<Null>

COM

COM8

<Null>

Commercial and
Industrial_Residential
Use/Commercial Zoning
Commercial and
Industrial_Outdoor Café
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11.

APPENDIX D – Updated GBS Dataset
Building Counts

Valid buildings include those buildings that are run for damage/loss risk assessment. Therefore, various accessory structures
such as sheds, detached garages, car ports, gazebos, etc. are not included in the counts. The following tables represent updated
GBS building counts.
Table D - 1: City-wide building counts comparison (stock versus updated) by general occupancy.
AGR

COM

EDU

GOV

IND

REL

RES

TOTAL

Stock GBS

388

7,464

343

211

1,870

680

143,952

154,908

Updated
GBS

1,049

5,556

487

2,486

202

533

139,829

150,142

Difference

661

-1,908

144

2,275

-1,668

-147

-4,123

-4,766

Table D - 2: City-wide building counts comparison (stock versus updated) by specific occupancy (COM).
COM1

COM2

COM3

COM4

Occupancy Type

Retail

Whole
sale Trade

Personal
& Repair
Services

Profess.
& Tech.
Services

Stock GBS

1,323

859

1,241

Updated GBS

1,425

878

Difference

102

19

COM5

COM6

COM7

Banks

Hospital

Medical
Office &
Clinic

1,964

189

26

632

489

1,882

96

12

-752

-82

-93

-14

COM8
Entertainment
&
Recreation

COM9

COM10

Theater

Parking

1,170

60

0

37

699

9

29

-595

-471

-51

29
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Table D - 3: City-wide building counts comparison (stock versus updated) by specific occupancy (RES).
RES1

RES2

RES3A

RES3B

RES3C

RES3E
Multifam 20-49
units
80

RES3F

RES4

RES5

RES6

Mulit-fam
50+ units

Temp
Lodging

Inst.
Dorm

Nursing
Home

1,847

RES3D
Multifam 10-19
units
552

Occupancy
Type

Single
Family

Manuf.
Housing

Duplex

Triplex &
Quads

Multi-fam
5-9 units

Stock GBS
Updated
GBS

135,978

1,735

1,321

1,787

83

189

300

80

100,483

1,897

3,538

6,707

23,463

2,481

841

98

262

23

36

Difference

-35,495

162

2,217

4,920

21,616

1,929

761

15

73

-277

-44

Table D - 4: City-wide building counts comparison (stock versus updated) by specific occupancy (IND).
IND1

IND2

IND3

IND4

IND5

IND6

Occupancy Type

Heavy

Light

Food, Drug &
Chemicals

Metals & Minerals
Processing

High Technology

Construction

Stock GBS

256

336

78

24

6

1,170

Updated GBS

55

41

4

11

1

90

Difference

-201

-295

-74

-13

-5

-1,080

Table D - 5: City-wide building counts comparison (stock versus updated) by specific occupancy (AGR, EDU, GOV & REL).
AGR1

EDU1

EDU2

GOV1

GOV2

REL1

Occupancy Type

Agriculture

Grade Schools

Colleges & Universities

General Services

Emergency
Response

Churches & Nonprofit

Stock GBS

388

315

28

168

43

680

Updated GBS

1,049

458

29

2,435

51

533

Difference

661

143

1

2,267

8

-147
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Building Square Footage
The following tables presents the updated GBS building square-footage. Valid buildings include those buildings that are run
for damage/loss risk assessment; therefore, various accessory structures such as sheds, detached garages, car ports, gazebos, etc.,
are not included in the tally of square-footages.
Table D - 6: City-wide building counts comparison (stock versus updated) by general occupancy.
GBS Type

AGR

COM

EDU

GOV

IND

REL

RES

TOTAL

Stock GBS

388

7,464

343

211

1,870

680

143,952

154,908

Updated GBS

1,049

5,556

487

2,486

202

533

139,829

150,142

Difference

661

-1,908

144

2,275

-1,668

-147

-4,123

-4,766

Table D - 7: City-wide building counts comparison (stock versus updated) by specific occupancy (RES)
RES1

RES2

RES3A

Manuf.
Duplex
Housing

RES3B

RES3C

RES3D

RES3E

RES3F

RES4

RES5

RES6

Triplex
Multifam Multifam
Multifam
Multifam Temporary Institutional Nursing
&
10-19
20-49
5-9 units
50+ units
Lodging
Dormitory
Home
Quads
units
units

Occupancy
Type

SingleFamily

Stock GBS

135,978

1,735

1,321

1,787

1,847

552

80

83

189

300

80

Updated
GBS

100,483

1,897

3,538

6,707

23,463

2,481

841

98

262

23

36

Difference

-35,495

162

2,217

4,920

21,616

1,929

761

15

73

-277

-44
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Table D - 8: City-wide building counts comparison (stock versus updated) by specific occupancy (COM).

Occupancy
Type
Stock GBS
Updated
GBS
Difference

COM1

COM2

COM4
Professional
& Technical
Services
1,964

COM5

COM6

Banks

Hospital

859

COM3
Personal &
Repair
Services
1,241

Retail

Wholesale
Trade

1,323

COM8
Entertainm
ent &
Recreation
1,170

COM9

COM10

Theaters

Parking

26

COM7
Medical
Office &
Clinic
632

189

60

0

1,425

878

489

1,882

96

12

37

699

9

29

102

19

-752

-82

-93

-14

-595

-471

-51

29

Table D - 9: City-wide Building Counts Comparison (Stock vs. Updated) by Specific Occupancy (IND).
Occupancy
Type
Stock GBS
Updated GBS
Difference

IND1

IND2

Heavy

Light

256
55
-201

336
41
-295

IND3
Food, Drug &
Chemicals
78
4
-74

IND4
Metals & Minerals
Processing
24
11
-13

IND5

IND6

High Technology

Construction

6
1
-5

1,170
90
-1,080

Table D - 10: City-wide Building Counts Comparison (Stock vs. Updated) by Specific Occupancy (AGR, EDU, GOV & REL).
AGR1

EDU1

Occupancy Type

Agriculture

Grade Schools

Stock GBS
Updated GBS
Difference

388
1,049
661

315
458
143

EDU2
Colleges &
Universities
28
29
1

GOV1
General Services
168
2,435
2,267

GOV2
Emergency
Response
43
51
8

REL1
Churches &
Nonprofit
680
533
-147
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Building Exposure
The following tables presents the updated GBS building exposure values. Valid buildings include those buildings that are run
for damage/loss risk assessment; therefore, various accessory structures such as sheds, detached garages, car ports, gazebos, etc.,
are not included in the tally of building dollar exposures.
Table D - 11: City-wide total exposure comparison (stock versus updated) by general occupancy.
AGR

COM

EDU

GOV

IND

REL

RES

TOTAL

Stock GBS

92,139

5,721,221

448,980

210,468

894,611

598,081

47,077,484

55,042,984

Updated GBS

258,763

7,687,231

1,810,583

2,175,042

493,784

987,005

37,925,013

51,337,421

Difference

166,624

1,966,010

1,361,603

1,964,574

400,827

388,924

-9,152,471

-3,705,563

Table D - 12: City-wide building exposure comparison (stock versus updated) by specific occupancy (RES). Units in thousands of dollars.
RES1

RES2

RES3A

RES3B

RES3C

RES3D

Occupancy
Type

SingleFamily

Manuf.
Housing

Duplex

Triplex &
Quads

Multifam
5-9 units

Multifam
10-19
units

Stock GBS

39,491,046

77,651

278,312

661,579

2,083,166 1,170,908

Updated
GBS

25,100,015

85,334

676,122 1,476,574 7,465,755

Difference

-14,391,031

7683

397,810

814,995

5,382,589

RES3E

RES3F

RES4

RES5

RES6

Multifam
Multifam Temporary Institutional
20-49
50+ units
Lodging
Dormitory
units

Nursing
Home

450,712

971,359

513,477

1,150,244

229,030

968,969

661,260

527,497

396,946

37,587

528,954

-201,939

210,548

-443,862

-116,531

-1,112,657

299,924
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Table D - 13: City-wide building exposure comparison (stock versus updated) by specific occupancy (COM). Units in thousands of dollars.
COM1

COM2

537,638

COM3
Personal &
Repair
Services
561,545

COM4
Professional
& Technical
Services
1,990,162

Retail

Wholesale
Trade

Stock GBS
Updated
GBS

1,040,352
2,595,380

1,293,601

312,235

Difference

1,555,028

755,963

-249,310

Occupancy
Type

COM5

COM6

COM8

COM9

COM10

Entertainment
& Recreation

Theaters

Parking

76,587

COM7
Medical
Office &
Clinic
524,020

Banks

Hospital

125,817

831,453

33,647

0

2,093,472

88,146

198,797

104,319

869,886

75,632

55,763

103,310

-37,671

122,210

-419,701

38,433

41,985

55,763

Table D - 14: City-wide building exposure comparison (stock versus updated) by specific occupancy (IND). Units in thousands of dollars.
IND1

IND2

IND4
Metals & Minerals
Processing
29,257

IND5
High
Technology
6,832

Construction

210,100

IND3
Food, Drug &
Chemicals
61,894

Occupancy Type

Heavy

Light

Stock GBS

230,477

Updated GBS
Difference

IND6

284,256

65,479

9,651

64,538

1,073

68,787

53,779

-144,621

-52,243

35,281

-5,759

-287,264

356,051

Table D - 15: City-wide building exposure comparison (stock versus updated) by specific occupancy (AGR, EDU, GOV & REL). Units in thousands of dollars.
AGR1
Occupancy Type

Agriculture

Stock GBS

92,139

EDU1
Grade
Schools
366,254

EDU2
Colleges &
Universities
82,726

GOV1
General
Services
148,593

GOV2
Emergency
Response
61,875

REL1
Churches &
Nonprofit
598,081

Updated GBS

258,763

1,626,366

184,217

2,080,104

94,938

987,005

Difference

166,624

1,260,112

101,491

1,931,511

33,063

388,924
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APPENDIX E – End-of-Century Loss Estimate Results

12.

Combined Total Losses

Millions

Results from the Hazus flood risk analysis for the 5 ft SLR scenario are presented in Figure
E - 1 and Table E - 1. Unaddressed, SLR and associated recurrent flooding pose a substantial
threat to Virginia Beach. Under the “No Action” scenario, annual average flood-related losses,
including broader societal impacts, would increase almost 29 times over today’s conditions.
These numbers illustrate the scale of challenges the City faces.

$756

$800
$700
$600
$500
$400

$329

$300
$200
$100

$26

$77

$Today

2040's
(1.5 ft SLR)

2070's
(3 ft SLR)

2100's
(5 ft SLR)

Figure E - 1: Total combined annualized losses for today, and with 1.5, 3, and 5 ft of SLR.
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Table E - 1 shows losses broken down by watershed. Consistent with the 1.5 and 3 ft SLR
scenarios, the Lynnhaven watershed has the largest annualized losses under the 5 ft SLR
scenario, followed by the Southern watershed, the Elizabeth River watershed and lastly the
Oceanfront watershed.
Table E - 1: Combined total loss by watershed for 5 ft SLR scenario.
Major
Watershed

Total Building & Contents Exposure Value
(Billions)

Total Combined Annualized Losses
(Thousands)

Estimated Value

% of Total

5 ft SLR Scenario

Loss Ratio

Elizabeth
River
Lynnhaven

$ 10.30

13%

$30.10

0.29%

$ 42.70

53%

$371.50

0.87%

Southern

$ 24.40

30%

$316.90

1.30%

Oceanfront

$ 3.60

4%

$37.40

1.03%

City of
Virginia
Beach

$ 81.0

100%

$755.90

0.93%

Damaged Building Counts
Damaged building counts for the baseline and 5 ft SLR scenario are summarized for the City in
Figure E - 2 and Table E - 2., and summarized by watershed in Table E - 3. The results indicate
that the percentage of damaged buildings across the City is much higher under the 5 ft SLR
scenario. For example, during a 500-yr event, results suggest that more than 50% of buildings
in the City will sustain damage.

% of Total Buildings
Damaged

Baseline Scenario

1.5 ft SLR Scenario

3 ft SLR Scenario

5 ft SLR Scenario

50%
40%
30%
20%
10%
0%

10-yr

25-yr

50-yr
Return Period

100-yr

500-yr

Figure E - 2: Comparison of percentage of total buildings damaged (e.g. buildings with either content or building loss) by
return period and scenario.
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Table E - 2: City-wide damage counts for the 5-ft SLR scenario.
Return Period
Scenario

10-Year

25-Year

50-Year

100-Year

500-Year

Count

% of
Total

Count

% of
Total

Count

% of
Total

Count

% of
Total

Count

% of
Total

Baseline

700

0.47%

1,557

1.05%

2,576

1.74%

4,360

2.95%

12,429

8.41%

5 ft SLR

29,786

20.16%

38,109

25.80%

44,713

30.27%

52,597

35.61%

80,607

54.57%

Table E - 3: Damage Counts by watershed for 5 ft SLR scenario.
Major
Watershed

Total #
Buildings

Elizabeth
River

5 ft SLR Scenario
50-Year
100-Year
% of
% of
Count
Count
Total
Total

10-Year
% of
Count
Total

25-Year
% of
Count
Total

500-Year
% of
Count
Total

18,944

2,121

11.2%

2,521

13.3%

3,047

16.1%

4,273

22.6%

9,826

51.9%

Lynnhaven

74,471

14,396

19.3%

19,143

25.7%

23,138

31.1%

27,502

37.0%

41,242

55.4%

Oceanfront

5,761

2,459

42.7%

3,244

56.3%

3,560

61.8%

3,775

65.5%

4,467

77.5%

Southern

48,540

10,810

22.3%

13,201

27.2%

14,968

30.8%

17,047

35.1%

25,072

51.7%

Grand
Total

147,716

29,786

20.2%

38,109

25.8%

44,713

30.3%

52,597

35.6%

80,607

54.6%
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EXECUTIVE SUMMARY
Social vulnerability refers to the disproportionate susceptibility of some social groups to the
impacts of hazards. Groups identified as vulnerable that have been included in this analysis
include: people of color, children under five years old, the elderly over 65 years old,
institutionalized people, people with limited English proficiency, people with limited income,
and people with disabilities.
The distribution of population and of the groups noted above were redistributed using a
technique called dasymetric mapping. The most granular level of population data available
from the U.S. Census is the census block, which is suitable for many applications but often falls
short in hazard analysis where more detail is desired. In reality, populations within census
blocks are not evenly distributed. Because of this, census blocks that intersect coastal flood
hazard areas tend to exhibit an internal population distribution that is distinctly non-uniform,
or heterogeneous. The population will skew sharply towards land areas outside the flood zone
and away from open water or land areas prone to flood. Dasymetric mapping is a method of
increasing the resolution of quantitative population data that have been aggregated to areal
units, but may not necessarily represent a homogenous distribution within that unit.
Dasymetry schemes redistribute the population in the census block using a secondary zonal
data set that acts as a predictor of settlement. This process creates varying zones of population
density in each block, enabling estimates of population at the sub-block level and thus more
accurate estimates of population in the coastal flood hazard zones of those blocks
This study employs dasymetric mapping techniques to distribute the 2010 population in a
more spatially-refined manner than census blocks in order to better determine the number of
people at risk under current conditions. Population and land-use projections for 2050 and
2080 were combined to estimate the spatial distribution of future populations in the city.
Current, 2050, and 2080 population distributions were overlaid with 1 percent annual chance
floodplain data to determine current risk and risk for future sea level scenarios of 1.5 and 3
feet.
Based on the report’s analyses, and the social demographic groups considered in this study,
that the elderly population of Virginia Beach experiences a marginally disproportionate risk to
coastal flood hazards. With the exception of the elderly, other groups have not been shown to
share a disproportionate risk to coastal flood hazards in the City of Virginia Beach.
Additionally, we find that generally for every 1.5 feet of SLR, the percentage of people at risk to
coastal flooding will double from present conditions:
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•

Under current, baseline conditions, 6.5 percent of the total population is at risk to a
coastal flood hazard;

•

Under various future 1.5-foot sea level rise (SLR) conditions, approximately 12.5
percent of the population will be at risk; and

•

Under 3-foot SLR conditions, approximately 26 percent of the population will be at
risk.
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METHODOLOGY
Current Population
The most granular level of population data available from the U.S. Census is the census
block, which is suitable for many applications but often falls short in hazard analysis where
more precise counts of people are desired. Without additional information, it must be assumed
that the reported population in a census block is evenly distributed throughout that block.
Where a hazard area such as a flood zone intersects a census block, the most basic estimate of
the population affected by the hazard is called area apportionment - the product of the total
census block population and the proportion of the total census block area that is in the hazard
area.
In reality, populations within census blocks are not evenly distributed. This is especially
true of blocks that contain or border bodies of water because the body of water itself inherently
lacks population. Coastal flood hazard areas in the United States are generally welldocumented and tend to be purposefully underdeveloped. Census block boundaries also often
extend quite a distance into wetlands or open water. Because of this, census blocks that
intersect coastal flood hazard areas tend to exhibit an internal population distribution that is
distinctly non-uniform, or heterogeneous. The population will skew sharply towards land areas
outside the flood zone and away from open water or land areas prone to flood. Heterogeneity
results in overestimates of population in coastal flood hazard zones when using simple area
apportionment methods.
Dasymetric mapping is a method of increasing the resolution of quantitative population
data that have been aggregated to areal units, but may not necessarily represent a homogenous
distribution within that unit. Dasymetry schemes redistribute the population in the census
block using a secondary zonal data set that acts as a predictor of settlement. This process
creates varying zones of population density in each block, enabling estimates of population at
the sub-block level and thus more accurate estimates of population in the coastal flood hazard
zones of those blocks (see Figure 1).

Demographic and Population Vulnerability Analysis | 1

Figure 1. Example of dasymetric mapping technique where a spatial union of a census block and land cover
zones result in the original block being sub-divided into multiple constituent polygons. An estimate of
population for each constituent polygon can then be made based on the relative population densities of the
different land cover classes.

Land cover datasets are the most commonly-used secondary zonal datasets in dasymetry
because they are often defined in part by relative population density. The different land cover
types in each census block provide the basis for redistribution – each cover type receives a
different proportion of the overall block population. An ideal population density for each land
cover class has to be determined in order to determine the exact proportion. This can be
problematic since population density per land cover class is extremely variable from state to
state, county to county, and even within communities.
Following Sleeter (2004), a dynamic method of determining population density per land
cover type was incorporated to allow for local variation. This method takes collections of
census blocks – this study used census tracts – and extracts a sample of block from each that
best represents each land cover class in terms of percent area. Population density is calculated
from each sample. A population density fraction is then calculated for each tract-class
combination, representing the proportion of the population to be assigned to each land cover
class in that tract. The population of each census block in a tract is then distributed among
each sub-block polygon based on the land cover class, the polygon area, and the set of
population density fractions of the tract. There are 100 census tracts in the City of Virginia
Beach, so the dasymetry process created 100 different population density values for each land
cover class across the city, allowing for a high degree of spatial variability.
The 2010 Census Block, Total Population data for the City of Virginia Beach were
downloaded from the U.S. Census (U.S. Census, 2010a) and joined to the 2010 census block
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polygons (U.S. Census, 2010b). Census polygons were
clipped to the census boundary for the City of Virginia
Beach. The 2011 National Land Cover Dataset (NLCD)
for the Commonwealth of Virginia was downloaded from
the Multi-Resolution Land Characteristics (MRLC)
Consortium and converted to vector polygon format,
which was then clipped to the census boundary for the
City of Virginia Beach. The NLCD is a national raster
dataset depicting land cover classification at a spatial
resolution of 30 meters (Homer et al, 2015). It is
updated every five years, with the most recent product
dated 2011. A product with data from 2016 will be
available in 2020.
The NLCD has a 16-class land classification scheme
Figure 2. NLCD classification scheme
plus four additional classes for Alaska (Figure 2). A
modified classification scheme was created that merges some of the NLCD classes in order to
reduce the number of schemes for analysis (Table 1). The new scheme maintained the High-,
Medium- and Low-Intensity Development classes, but replaced the open water and wetland
classifications with “Unpopulated” and replaced the remaining categories with “Sparsely
Populated.” This created a logical and simplified population-land use hierarchy: high-density,
medium-density, low-density, sparse, and unpopulated.
Table 1. Recoded NLCD classification scheme.
New Classification Name

New Class
Code

Old NLCD Class Code

No Data

0

No Data

High Density Development

1

24

Medium Density Development

2

23

Low Density Development

3

22

Sparsely Populated

4

21, 31, 41, 42, 43, 51, 52,
71, 72, 73, 74, 81, 82

Unpopulated

5

11, 12, 90, 95
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Roads and parking lots tend to be classified as one of the “developed” classes in the NLCD,
but in reality do not support a permanent population. This can cause two problems:
1. Over representation of developed land in terms of surface area, thus underestimating the
actual population density of those classes. This is especially true in urban and suburban
areas where there is a significant amount of land area dedicated to transportation.
2. When population is finally distributed among the sub-block polygons, these known-to-beunpopulated transportation surfaces will be assigned a population, which is counter to the
goal of the exercise.
To minimize these effects, geospatial planimetric data provided by the City of Virginia
Beach were used to determine the spatial extent of transportation surfaces (parking lots,
driveways, sidewalks), streets, sport surfaces (golf courses, playing fields, etc.), as well as
public elementary, middle, and high school campuses – all of which represent large surface
areas, but do not support a resident population. These areas were clipped from the NLCD
dataset to prevent them from skewing the land cover-population density calculations and to
prevent these areas from being assigned a portion of the block’s population. While buildings
identified as commercial in nature were not purposely clipped due to the possible existence of
residential-commercial hybrid use of these properties, their surrounding parking and road
networks were removed.
Because of the high resolution of City of Virginia Beach transportation surface data, it was
found that removing these surfaces often left behind small pieces, e.g. parking lot islands or
street medians where there is no expectation of a population. An attempt to remove these
pieces was made by deleting all polygons less than or equal to 50 square meters in area that
were free-floating and fully adjacent to a clipped planimetric layer. Even so, some islands and
medians remain in the dataset. Additionally, a total of 13 census blocks containing a population
of 234 people were found to be located entirely within parking lots, intersections, or other
transportation surfaces that were clipped from the dataset. These blocks were added back to
the 2010 dataset to retain a complete count of the 2010 population, but were excluded from
future projections in order to prevent these blocks – which are ultimately mistakes in the
census data – from being populated in 2050 and 2080.
A spatial union of the NLCD and census block datasets resulted in a new dataset in which
each block polygon was divided into one or more sub-block polygons representing different
NLCD land cover zones in the block. The new polygons were attributed with the parent census
block ID, census tract ID, block population, NLCD land cover class code, and the new surface
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area. Any polygons missing either census or NLCD data were removed from the dataset. Often,
coastal census block boundaries and NLCD polygons extend onto the beach, or into the open
ocean. To prevent these polygons from being populated, polygons seaward of the boardwalk or
primary frontal dune that do not cover structures were removed.
The dasymetry process was then applied to the entire dataset:
•

For each tract, the ideal population density and population density fraction for each
land cover class was calculated.

•

Within each block, the block population was distributed among the sub-block
polygons according to land cover class, polygon area, and the population density
fractions calculated for the census tracts.

Any polygons with a land cover class of 5 (i.e. unpopulated, or original NLCD classes of
open water, woody wetlands, or emergent herbaceous wetlands) were retained in the dataset,
but were not allowed to accept a portion of the block population unless it was the only polygon
in a populated block.
A check of the sum of the post-dasymetry polygon populations was found to be equal to the
sum of the original block populations, confirming that the dasymetry process distributed
existing census block population and did not add or drop people from the census block or total
city population. A total of 7,351 census blocks were further divided into 159,835 dasymetry
polygons creating a much more granular dataset. An illustration of the difference in
distribution of population from the 2010 census block versus the resultant dasymetric
population estimates are shown in Figure 3.

Assumptions about Future Growth and Distribution
This study takes the approach of modelling unknown future demographic sub-group
populations and future spatial population distributions based on a “no change” approach, such
that the demographic percentages and the spatial distribution of total population and subgroup population across the city will look in the future as it does today. This is unlikely to be
the case, however, very little credible data and methods exist to justify predictions of
demographic sub-group populations and the changes to their distribution for the dates 2050
and 2080. Without published guidance, attempts to quantify these variables would be
speculative and could drastically skew the results. As such, the “no change” assumption
imparted into many of the decisions in this analysis allows this study to be a baseline
observation, from which to build on in the future when improvements become available.
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Figure 3. 2010 census block population versus the 2010 dasymetric population estimates. Relatively large census
blocks have been divided into many relatively small dasymetric polygons.

Future Population
The EPA’s Integrated Climate and Land-Use Scenarios v2.1 (ICLUS2) dataset provides
future population estimates for two Shared Socioeconomic Pathways (SSP) at decadal intervals
to 2100 (EPA, 2016). The two SSPs represent lower and upper bounds in future social,
economic, and technological trends. The lower bound, SSP2, represents “middle of the road, or
medium challenges to mitigation and adaptation,” while the upper bound, SSP5, represents
“high challenges to mitigation, low challenges to adaptation” (Riahi et al., 2017).
Additional estimates of future population are available from a variety of sources, which are
summarized in Table 2 and Figure 4. These include:
•

The University of Virginia’s Weldon Cooper Center for Public Service projects
population in 5-year intervals from 2020 to 2045 (Weldon Cooper Center, 2017).
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•

The Hampton Roads Transportation Planning Organization (HRTPO) forecast a
single population for Virginia Beach for 2045.

•

SIR (formerly The Southeastern Institute of Research) reported projections in 2011
for the City of Virginia Beach for 2020, 2030, and 2040.

•

The Virginia Employment Commission provides future population estimates for
2020, 2030, and 2040 - however, these projections represent out-of-date estimates
made by the University of Virginia’s Weldon Cooper Center and were discarded for
this analysis.

This study adopted the ICLUS2 SSP2 and SSP5 projections for 2050 and 2080 to indicate
lower and upper bounds for future population projections corresponding to the timelines
consistent with the onset of 1.5- and 3-foot sea level rise (SLR) scenarios. Although population
projections are not available from other sources for dates beyond 2045, the ICLUS2 SSP2 and
SSP5 projections provide upper and lower bounds for all projections prior to 2045, and would
reasonably do so into the future (Figure 4).
ICLUS2 population projections are made on a county- or city-wide basis. To be meaningful
for hazard analysis, that single population value must be distributed between the many census
blocks and sub-block polygons. The method of distributing future population data will rely
heavily on the spatial structure of the current 2010 population. Two key assumptions will be
made to guide future population distribution:
•

2010 populations will not decrease. If a polygon is populated in 2010, it will stay
populated in the future. It may increase in population or remain at the 2010 level,
but it will not decrease. In this respect, future population will be treated additional to
the 2010 population.

•

Future large-scale population patterns will be similar to 2010 large-scale population
patterns: 99 percent of the population of Virginia Beach lives in the North and
Transition zone; 1 percent lives in the South.
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Table 2. Summary of recent historical and future population projections for the City of
Virginia Beach.
Year

US
Census

ICLUS2
SSP2

ICLUS2
SSP5

UVA

HRTPO

SIR

1990

393,069

-

-

-

-

-

2000

425,257

-

-

-

-

-

2010

437,994

-

-

-

-

-

2020

-

458,232

470,010

467,134

-

470,000

2025

-

-

-

474,856

-

-

2030

-

474,079

505,375

482,578

-

490,000

2035

-

-

-

486,816

-

-

2040

-

482,197

536,115

491,054

2045

-

-

-

495,292

518,777

-

2050

-

487,300

569,369

-

-

-

2060

-

493,315

607,312

-

-

-

2070

-

498,705

645,970

-

-

-

2080

-

501,547

685,267

-

-

-

2090

-

501,064

720,316

-

-

-

530,000

2100
499,049
754,674
ICLUS2 = U.S. EPA’s Integrated Climate and Land-Use Scenarios; UVA = the University
of Virginia’s Weldon Cooper Center for Public Service; HRTPO = The Hampton Roads
Transportation Planning Organization; SIR = SIR.org (formerly the Southeastern Institute
of Research).

Polygons with a combined recoded land cover class 5 (unpopulated) and a population of
zero were removed from the dataset to prevent future populations from moving into what is
considered to be non-habitable land that is currently unpopulated. Non-habitable land that is
currently populated will remain in the dataset to preserve its population, but will not be
allowed to grow.
The projected population for each SSP in each target year was determined using 2050 and
2080 ICLUS2 population projections, and the respective population increases from 2010 were
calculated (Table 3). As stated above, this study makes a fundamental assumption that future
block and sub-block populations will not decrease from 2010 levels; therefore, each block and
sub-block polygon will retain its 2010 population and then be assigned an additional future
increase.
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Figure 4. City of Virginia Beach, VA historical and future population.

Table 3. ICLUS2 future population projections and increases from 2010 for the City of Virginia Beach, VA.
Development
Scenario

Year

Population

Increase from
2010

Percent Increase
from 2010

Existing Census

2010

437,760*

-

-

SSP2

2050

487,300

49,540

+11.3%

2080

501,547

63,787

+14.6%

2050

569,369

131,609

+30.1%

2080

685,267

247,507

+56.5%

SSP5

* The 2010 population is reported here as 437760. The actual population is 437994. The difference is the result
of thirteen 2010 census blocks containing a total population of 234 people being wholly located in transportation
land cover that were removed from the dataset to prevent them from being populated in the future. Removing the
blocks removes the people. Rather than being dropped altogether, these 234 people were removed from the 2010
population in this table, so that they could be counted as an increase to the 2010 population, and then be
distributed throughout the city in 2050 or 2080.
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On a macro scale, the City of Virginia Beach is divided into two large-scale development
patterns – an urban and suburban North and a rural South – separated by an urban growth
boundary identified as the Green Line (UDA, 2010). There is a transition area immediately
south of the Green Line to Indian River Road, where sewer and water utilities have been
extended, limited development exists, and a permanent population exists at densities much
higher than the rest of the South region. Because of this development and population pattern,
the transition area is considered part of the North region in this analysis (Figure 5).
The 2010 citywide population distribution
(Table 4) reveals that 99 percent of the city’s
population lives in the North region, while
the South contains just 1 percent. Because
macro-level development goals were
established to encourage urban-rural duality,
this analysis assumes that this overarching
development scheme will remain in the
future and that the future population
estimates in 2050 and 2080 will abide by this
99:1 pattern, as well. As shown in Table 4,
projected population increases are
apportioned to each zone according to 2010
percentages. This provides the macro-scale
spatial distribution of future population in
the City of Virginia Beach.

Figure 5. Macro level development patterns in the City of
Virginia Beach. The transition area between the Green
Line and Indian River Road has been considered part of
the North Region in this analysis.
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Table 4. Current population and future increases by development zone. Future distribution consistent with 2010
distribution.
Zone

2010
Percent

2010

Population Increases from 2010
SSP2
2050

SSP5
2080

2050

2080

Total

437,994

100

49,540

63,787

131,609

247,507

North

432,346

98.71

48,901

62,964

129,911

244,314

South

5,648

1.29

639

823

1,698

3,193

Future Land Use
As discussed above, land use (or land cover) can be an important predictor of population. A
spatially-evolving land use pattern can provide important clues as to how population patterns
evolve spatially. In addition to future population projections, the EPA provides future and
current land use datasets. These datasets help to determine the spatial structure of future
population growth in the city.
The ICLUS2 Land Use Dataset is a nationwide raster dataset depicting land use
classification at a spatial resolution of 90 meters for SSP2 and SSP5 at decadal intervals out to
the year 2100 (EPA, 2016). The Southeast regional land use dataset was downloaded and the
grids for 2010, 2050 and 2080 were extracted and converted to vector polygon format. Sixteen
land use classifications are represented in the data (Table 5).
Table 5. ICLUS2 land use codes and explanations.
Gridcode

ICLUS 2.1 Land use

Gridcode

ICLUS 2.1 Land use

0

Natural Water

10

Exurban – low density

1

Reservoir, Canal

11

Exurban – high density

2

Wetlands

12

Suburban

3

Recreation, Conservation

13

Urban – low density

4

Timber

14

Urban – high density

5

Grazing

15

Commercial

6

Pasture

16

Industrial

7

Cropland

17

Institutional

8

Mining, Barren

18

Transportation

9

Park, Golf course
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The ICLUS2 2010 land use dataset was overlaid with the 2010 dasymetric population
estimates. Population was summarized by land use class and zone to determine the number
and percentage of people currently occupying each land use category (Table 6). Ultimately,
land use classes 17 and 18 (Institutional and Transportation) were removed from the analysis
due to these land uses not being good candidates to hold a resident population: transportation
land uses include streets and parking lots, while institutional land uses include government
office buildings and schools. After removing these two land uses, an Adjusted Population
Percentage was calculated for each zone to reflect the proportion of the total 2010 population
per land use class per zone without regard to land use classes 17 and 18. This scheme provides
the pattern by which future population increases will be distributed.
Table 6. 2010 population by ICLUS2 2010 land use and development zone. Each land use class in the North
region is apportioned 98.71% of the total population in the land use class, while the South is apportioned 1.29%,
per Table 4.
2010
ICLUS2
Land Use
Class

TOTAL
2010
Population

Population
North

Percent
of North
Region

0

6,093

6,019

1.4%

1

251

251

2

58

3

Adjusted
Percent of
North
Region

Population
South

Percent
of South
Region

Adjusted
Percent of
South
Region

1.5%

74

1.3%

1.5%

0.1%

0.1%

0

0.0%

0.0%

0

0.0%

0.0%

58

1.0%

1.2%

82

82

0.0%

0.0%

0

0.0%

0.0%

4

0

0

0.0%

0.0%

0

0.0%

0.0%

5

8,442

7,580

1.8%

1.9%

862

15.3%

17.3%

6

0

0

0.0%

0.0%

0

0.0%

0.0%

7

3

0

0.0%

0.0%

3

0.1%

0.1%

8

0

0

0.0%

0.0%

0

0.0%

0.0%

9

2,887

2,835

0.7%

0.7%

52

0.9%

1.0%

10

0

0

0.0%

0.0%

0

0.0%

0.0%

11

15,320

11,775

2.7%

3.0%

3,545

62.8%

71.2%

12

73,942

73,805

17.1%

18.7%

137

2.4%

2.8%

13

229,266

229,156

53.0%

58.0%

110

1.9%

2.2%

14

57,138

57,138

13.2%

14.5%

0

0.0%

0.0%

15

6,144

6,114

1.4%

1.5%

30

0.5%

0.6%

16

498

392

0.1%

0.1%

106

1.9%

2.1%

17

22,902

22,679

5.2%

-

223

3.9%

-

18

14,733

14,286

3.3%

-

447

7.9%

-

Total

437,759

432,112

100%

100%

5,647

100%

100%
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Distribution of Future Population
Under the assumption that population distribution among 2010 land use classes will
remain consistent in the future (i.e., land use class 5 held 17.3% of the South region population
in 2010; therefore, it will hold 17.3% of the South region population in the future). Previously
calculated future population increases by zone and SSP (from Table 4) were distributed to each
land use class according to the previously calculated percentages in Table 6. A summary of the
projected population increases by SSP, Year, and zone are shown in Table 7.
Table 7. Future ICLUS2 population increases for SSP2-2050, SSP2-2080, SSP5-2050, and SSP5-2080
distributed by zone according to the 2010 population ICLUS2 adjusted distribution calculated in Table 6.
Land
Use
Class

SSP2
2050
North

SSP5
2080

South

North

2050
South

North

2080
South

North

South

0

745

10

959

12

1,979

25

3,721

48

1

31

0

40

0

83

0

155

0

2

0

7

0

10

0

20

0

37

3

10

0

13

0

27

0

51

0

4

0

0

0

0

0

0

0

0

5

938

111

1,208

143

2,492

294

4,687

553

6

0

0

0

0

0

0

0

0

7

0

0

0

1

0

1

0

2

8

0

0

0

0

0

0

0

0

9

351

7

452

9

932

18

1,753

33

10

0

0

0

0

0

0

0

0

11

1,457

455

1,876

586

3,871

1,209

7,280

2,274

12

9,134

18

11,760

23

24,265

47

45,633

88

13

28,359

14

36,514

18

75,339

37

141,684

70

14

7,071

0

9,105

0

18,785

0

35,328

0

15

757

4

974

5

2,010

10

3,780

19

16

48

14

62

18

129

36

242

68

17

0

0

0

0

0

0

0

0

18

0

0

0

0

0

0

0

0

Future ICLUS2 land use polygons were overlaid with 2010 population data. For each future
population scenario (e.g. SSP2-2050), the population increases by zone and by land use class
were distributed to each sub-block polygon of that zone with land use class as a proportion of
the sub-block area to the sum of the selected sub-block areas. Future population increases for
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all SSP-year combinations to all sub-block polygons were calculated using this method. A
projected population variable was created to hold the sum of the 2010 population and the
future increase representing total projected population.
The sum of all sub-block polygons and total projected population in each dataset was found
to equal the respective ICLUS2 citywide projected populations, confirming that the process of
increasing and distributing future populations did not add or drop people from the total city
population.

Social Demographic Attributes
Social vulnerability refers to the disproportionate susceptibility of some social groups to the
impacts of hazards. Martin (2015) described several key attributes that make a group
vulnerable to the impacts of an emergency, including a higher likelihood of social isolation, a
high number of existing stressors before an event happens, limited access to information and
services, and the limited ability to handle economic hardships such as displacement, disruption
of livelihood, and loss. Also considered is limited, or a lack of, agency, which creates a situation
where the responsibility for care and well-being of members of the group has transferred to
another party.
Following the Climate Ready Boston initiative (2016), social demographic groups identified
as disproportionately susceptible to the impacts of hazards that have been included in this
analysis include:
•

People of color – including African Americans, Native Americans, Asians, and Nonwhite Hispanics

•

Children (under five years old)

•

Elderly (65 years old and older)

•

Institutionalized people

•

People with limited English proficiency

•

People with limited income

•

People with disabilities - including hearing, vision, cognitive, ambulatory, self-care,
and independent living difficulties.
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Age, race, and housing data are available from the U.S. Census at the census block level for
the 2010 decennial census. These data were downloaded from the U.S. Census (US Census,
2010a) and joined to the 2010 census block polygons (US Census, 2010b).
Population data regarding English proficiency, income, and disabilities are available from
the U.S. Census at the census tract level from the 2012 American Community Survey (ACS)
five-year estimates dataset. The ACS is a dataset of five-year averages ending in 2012, but was
chosen because it is centered on 2010 to coincide with the 2010 decennial census data. These
data were downloaded from the U.S. Census (U.S. Census, 2012) and joined to the 2010 census
tract polygons (U.S. Census, 2010b). Table 8 provides a summary of the city-wide counts of
demographic variables.
Table 8. 2010 population of selected social demographic groups in the City of Virginia Beach, VA.
Census Demographic

Total 2010 City-wide
Population

Percentage of
Total
City-wide
Population

Total Population

437,994

Black or African American

85,935

19.6%

American Indian and Alaska Native

1,685

0.4%

Asian

26,769

6.1%

657

0.2%

Some other race alone

8,622

2.0%

Two or more Races

17,656

4.0%

Non-white Hispanic

12,287

2.8%

Children, 0-4 years old

29,225

6.7%

Adults, 65+ years old

46,435

10.6%

Institutionalized

2,961

0.7%

Limited English proficiency, speak English less
than 'very well'

15,455

3.5%

Living below 100 percent of the poverty level

29,122

6.6%

Living between 100 and 149 percent of the
poverty level

23,652

5.4%

People with disabilities, including hearing,
vision, cognitive, ambulatory, self-care, and
independent living difficulties.

39,749

9.1%

Native Hawaiian and Other Pacific Islander
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As the ACS data were aggregated at the tract level, they were first distributed to their
constituent blocks consistent with the proportion of the block population to the tract
population. Then all social demographic variables were distributed to the sub-block polygons
consistent with the proportion of the sub-block population to the total block population. In
order to project the social demographic population into the future, each projected demographic
sub-block population was calculated as:
(projected total population of the sub-block) x (proportion of the
2010 sub-block demographic population to the 2010 total block
population)

Current and Future Population Within Flood Hazard Zones
Seven combinations of target year, SSP, and sea level rise (SLR) scenario were considered
in this analysis:
•

The 2010 population data combined with baseline (zero-inch SLR) 1 percent annual
chance flood conditions. This best represents the current population corresponding
with current coastal flood hazards.

•

The 2050 SSP2 and SSP5 population projections combined with 1.5-foot SLR, 1
percent annual chance flood conditions. This combination of data best represents the
upper and lower bounds of a mid-century population with the onset of a mid-century
SLR scenario.

•

The 2080 SSP2 and SSP5 population projections combined with 3-foot SLR, 1
percent annual chance flood conditions. This combination of data best represents the
upper and lower bounds of a late-century population with the onset of a late-century
SLR scenario.

•

The 2080 SSP2 and SSP5 population projections combined with 1.5-foot SLR, 1
percent annual chance flood conditions. This combination of data best represents a
late century population with lower than expected late-century SLR.

Results
Vulnerable Population
The current and projected population datasets were overlaid with current and future flood
hazard datasets. The populations within the flood hazards were tallied by target year and
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hazard. The best estimate for current (2010) citywide population in the current 1 percent flood
hazard layer is about 28,000 people, making over 6 percent of the city population at risk (Table
9). All scenarios including 1.5 feet of SLR result in a range of 12-13 percent of the city
population being at risk. The small range of values is not due to the spatial pattern of the
hazard changing to include new population, but due to future growth in the hazard areas being
nearly proportional to the city population in the target year. For the two scenarios including 3
feet of SLR, the percentage of the city population at risk is 25-26 percent. The small range of
values can be explained in the same manner as above. The overall pattern of this analysis
suggests a doubling of the percentage of people at risk for every 1.5 feet of SLR.
Table 9. Total city population and total population at risk by year, SSP, and SLR scenario.
Year

SSP

2010

SLR
Scenario
(ft)

Total City
Population

Total
Population in
Flood Hazard
Area

Percent of
Total City
Population at
Risk

0

437,994

28,333

6.5%

2050

SSP2

1.5

487,299

60,268

12.4%

2050

SSP5

1.5

569,369

71,584

12.6%

2080

SSP2

1.5

501,547

62,169

12.4%

2080

SSP5

1.5

685,267

88,054

12.8%

2080

SSP2

3.0

501,547

128,994

25.7%

2080

SSP5

3.0

685,267

178,397

26.0%

A summary of the total social demographic population in the 1 percent flood hazard area for
each of the Year-SSP-SLR combinations was computed in a manner similar to the total
population in the hazard area. Table 10 summarizes the 2050 SSP2 and SSP5 projected
populations in the 1 percent flood hazard area under a 1.5-foot SLR scenario. Table 11
summarizes the 2080 SSP2 and SSP5 projected populations in the 1 percent flood hazard area
under a 1.5-foot SLR scenario. Table 12 summarizes the 2080 SSP2 and SSP5 projected
populations in the 1 percent flood hazard area under a 3-foot SLR scenario.
A comparison of the 2010 citywide population of selected social demographics (Table 8) to
populations in each flood hazard area provides demonstrates how the selected demographic
group may be disproportionally at risk to the hazard. With the exception of the elderly and the
disabled, in all Year-SSP-SLR combinations, all social demographic groups in the hazard area
fall below their more general citywide proportions. This indicates that all social demographic
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groups, except for the elderly and the disabled, do not share a disproportionate risk to the
hazard.
Whereas the elderly population represents less than 11 percent of the citywide population,
they are represented in the current and future flood hazard areas at a rate of 12 percent,
causing them to bear a marginally higher risk than the general population. Likewise, the
disabled make up 9 percent of the citywide population and are represented in the current and
future 1.5-foot SLR 1 percent flood hazard areas at rates between 9.2-9.5 percent, causing them
to bear a marginally higher risk than the general population. In the 3-foot SLR 1 percent flood
hazard areas, the disabled fall back below their citywide representation, indicating that the
group is underrepresented in 3-foot SLR 1 percent flood hazard areas. The number of people
with disabilities is highly correlated to elderly populations (i.e., elderly people are more likely
to have a disability). Due to this, it is probable that the overrepresentation of the disabled in
current and future flood hazard areas is a reflection of the elderly, and in turn, an
overrepresentation of elderly people with disabilities.
Table 10. Future Populations (2050-SSP2 and 2050-SSP5) in the 1.5-foot SLR 1% Flood Hazard Area.
Demographic

SSP2-2050, 1.5 ft SLR
Total

Percent

SSP5-2050, 1.5 ft SLR
Total

Percent

Total hazard population

60,268

Black or African American

8,803

14.6%

10,064

14.1%

239

0.4%

278

0.4%

2,804

4.7%

3,288

4.6%

91

0.2%

105

0.1%

Some other race alone

1,098

1.8%

1,262

1.8%

Two or more races

2,171

3.6%

2,527

3.5%

Non-white Hispanic

1,537

2.6%

1,758

2.5%

Children, 0-4 years old

3,646

6.0%

4,278

6.0%

Adults, 65+ years old

6,885

11.4%

8,419

11.8%

34

0.1%

44

0.1%

Limited English proficiency, speak English less than
'very well'

1,806

3.0%

2,112

3.0%

Living below 100 percent of the poverty level

3,565

5.9%

4,152

5.8%

Living between 100 and 149 percent of the poverty level

3,058

5.1%

3,554

5.0%

People with disabilities

5,593

9.3%

6,622

9.3%

American Indian and Alaska Native
Asian
Native Hawaiian and Other Pacific Islander

Institutionalized

71,584
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Table 11. Future Populations (2080-SSP2 and 2080-SSP5) in the 1.5 ft SLR 1% Flood Hazard Area.
Demographic

SSP2-2080, 1.5 ft SLR
Total

Percent

SSP5-2080, 1.5 ft SLR
Total

Percent

Total hazard population

62,169

Black or African American

9,021

14.5%

11,742

13.3%

246

0.4%

332

0.4%

2,885

4.6%

3,978

4.5%

94

0.2%

123

0.1%

Some other race alone

1,127

1.8%

1,474

1.7%

Two or more races

2,232

3.6%

3,024

3.4%

Non-white Hispanic

1,576

2.5%

2,041

2.3%

Children, 0-4 years old

3,752

6.0%

5,184

5.9%

Adults, 65+ years old

7,140

11.5%

10,691

12.1%

36

0.1%

59

0.1%

Limited English proficiency, speak English less than
'very well'

1,857

3.0%

2,521

2.9%

Living below 100 percent of the poverty level

3,666

5.9%

4,935

5.6%

Living between 100 and 149 percent of the poverty level

3,143

5.1%

4,241

4.8%

People with disabilities

5,766

9.3%

8,075

9.2%

American Indian and Alaska Native
Asian
Native Hawaiian and Other Pacific Islander

Institutionalized

88,054

Table 12. Future Populations (2080-SSP2 and 2080-SSP5) Within the 3 ft SLR 1% Flood Hazard Area.
Demographic

SSP2-2080, 3 ft SLR
Total

Percent

SSP5-2080, 3 ft SLR
Total

Percent

Total Hazard Population

128,994

Black or African American

18,998

14.7%

24,222

13.6%

518

0.4%

676

0.4%

6,078

4.7%

8,256

4.6%

195

0.2%

248

0.1%

Some Other Race alone

2,498

1.9%

3,162

1.8%

Two or More Races

4,677

3.6%

6,149

3.4%

Non-white Hispanic

3,383

2.6%

4,257

2.4%

Children, 0-4 years old

8,119

6.3%

10,945

6.1%

Adults, 65+ years old

13,942

10.8%

20,339

11.4%

120

0.1%

180

0.1%

Limited English Proficiency, Speak English less than
'very well'

3,711

2.9%

4,962

2.8%

Living Below 100 percent of the poverty level

7,880

6.1%

10,329

5.8%

Living between 100 and 149 percent of the poverty level

6,650

5.2%

8,720

4.9%

People with disabilities

11,590

9.0%

15,900

8.9%

American Indian and Alaska Native
Asian
Native Hawaiian and Other Pacific Islander

Institutionalized

17,8397
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Future Changes in Demographics
The Weldon Cooper Center for Public Service (2017) has projected population for selected
social demographic groups in the City of Virginia Beach from 2020 through 2040. Only the
demographic groups of children, elderly, African Americans, and Asians were comparable to
the groups included in this study and none of the projections reach the target dates of this
study (2050, 2080). As such these data were not formally included in our analysis, but it may
be useful to use this data to speculate on how future changes in these population sub-groups
may have an effect on the results.
In order to use the Weldon Cooper projections, they must be extrapolated out to 2050 and
2080. This was done by linearly extrapolating each dataset using a trend line from the 2040
point. The projections and extrapolations are presented in Table 13. A graphical
representation of the projections and extrapolations is presented in Figure 6. Two groups
increase in both number and as a percentage of the total population: Population aged 65+ and
Asians. The population aged 0-4 increases in overall numbers from present to 2050 and 2080,
but are outpaced by the total city growth and thus represent a smaller percentage of the
population in 2050 and 2080 than they do now. African Americans are predicted to decrease
in numbers in the future with a dramatic decrease in their percent of overall population by
2050 and 2080.
Table 13. Population Projections of Selected Social Demographic Groups in the City of Virginia Beach, 20202080.
US Census
Total population

Weldon Cooper Projections

Extrapolations

2010

2020

2030

2040

2050

2080

437,994

467,134

482,578

491,054

503,013

538,892

Population aged
0-4

27,844

6.4%

29,879

29,848

29,321

29,042

5.8%

28,205

5.2%

Population aged
65+

44,959

10.3%

67,410

91,504

95,090

98,676

19.6%

109,434

20.3%

African-American

85,935

19.6%

86,078

79,972

72,029

65,004

12.9%

43,931

8.2%

Asian

26,769

6.1%

34,340

44,040

52,621

61,238

12.2%

87,090

16.2%

Projections from 2020 to 2040 from Weldon Cooper Center (2017). Extrapolations to 2050 and 2080 based on
linear trend from 2040.

To adjust these raw extrapolations to fit the city populations predicted by the ICLUS2
future growth scenarios, SSP2 and SSp5, the percent of total population for each group at each
extrapolated date, 2050 and 2080, was multiplied by each of the ICLUS2 projected total
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populations to create a predicted sub group population for each date and scenario (see Table
14).
Each future dasymetry polygon was then assigned a portion of the new social demographic
group’s population according to the 2010 dasymetric distribution scheme. For example, if a
polygon contained 1% of the 2010 Population aged 65+ population, then the polygon would be
assigned 1% of the updated future Population aged 65+ population. In this manner, the social
demographic group number change in accordance to the new predictions, but the spatial
distribution scheme is still based on the 2010 distribution.

Figure 6. Population Projections of Selected Social Demographic Groups in the City of Virginia Beach, 20202080. Projections from 2020 to 2040 from Weldon Cooper Center (2017). Extrapolations to 2050 and 2080 based
on linear trend from 2040.
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Table 14. Projected Social Demographic Group Contribution to Predicted ICLUS2 Populations for 2050 and 2080,
for Population Growth Scenarios, SSP2 and SSP5.

2050
Extrapolated
Population
percentage
ICLUS2 projected total
population

2080

SSP2

SSP5

487,300

569,369

Extrapolated
Population
percentage

SSP2

SSP5

501,547

685,267

Population aged 0-4

5.87%

28,135

32,873

5.23%

26,231

35,839

Population aged 65+

19.62%

95,594

111,693

20.31%

101,864

139,178

African-American

12.92%

62,959

73,562

8.15%

40,887

55,864

Asian

12.17%

59,304

69,292

16.16%

81,055

110,746

After each population was fully distributed within the given date and growth scenario
dasymetry datasets, the population within the study floodplains were extracted. Table 15
shows the populations of these social demographic groups within the four different 1.5 foot
SLR 1% hazard areas. Table 16 shows the population of these same groups within the two
different 3.0 foot SLR 1% hazard areas.
Table 15. Future Populations of Selected Social Demographic Groups in the 1.5-foot SLR 1% Flood Hazard Area
Sea Level Rise Scenario S1, 1.5 feet
ICLUS2 growth scenario, SSP2

Total population
Population aged 0-4
Population aged 65+
African-American
Asian

ICLUS2 growth scenario, SSP5

2050

2080

2050

2080

60,268

62,168

71,584

88,054

3,191

5.29%

2,984

4.80%

3,807

5.32%

4,261

4.84%

12,462

20.68%

13,303

21.40%

14,781

20.65%

18,847

21.40%

5,925

9.83%

3,854

6.20%

7,022

9.81%

5,415

6.15%

5,626

9.33%

7,703

12.39%

6,672

9.32%

10,851

12.32%

Table 16. Future Populations of Selected Social Demographic Groups in the 3.0-foot SLR 1% Flood Hazard Area

Total population

2080, Sea Level Rise Scenario, S2, 3.0 feet
ICLUS2 growth
ICLUS2 growth
scenario, SSP2
scenario, SSP5
128,994
178,397

Population aged 0-4

6,456

5.00%

8,997

5.04%

Population aged 65+

25,976

20.14%

35,855

20.10%

African-American

8,117

6.29%

11,169

6.26%

Asian

16,228

12.58%

22,521

12.62%
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The city-wide growth of the Asian and Population aged 65+ cohorts are reflected in the
floodplain populations of these groups. The Population aged 65+is still marginally over
represented in the various floodplains, while the other three cohorts are slightly under
represented. However, these demographic population projections do indicate that, compared
to present day, the number of Asians in the city and the city’s floodplains will approximately
double by 2050 and nearly triple by 2080. The number of people aged 65+, both in the city
and in the city’s floodplains will double by 2050 and only moderately increase thereafter.

Geographic Distribution
The geographic areas where elderly and disabled population show the highest vulnerability
align closely with high risk flood areas in the City. Figure 6 shows “focus areas” for flood risk
reduction across the City of Virginia Beach. These areas were identified based on their relative
concentration of annualized flood losses to existing and future coastal flood hazards. Of note,
the elderly and disabled populations show largest populations at risk to future flood hazard
areas within the Lynnhaven (focus areas 1 and 4) and along the border of the north and
southern regions of the City – just to the east of the Transition Area (focus area 5).
Maps of current and future population distributions of these populations within the current
and future 1 percent flood hazard areas are presented starting on page 28 (Figure 10 to Figure
13). The figures represent the SSP2 projected populations because the total percentage of the
citywide population compared to the SSP5 projections were slightly higher and therefore more
conservative for presentation of findings.
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Figure 7. Focus areas identified during the Virginia Beach coastal flood risk analysis.
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Figure 8. Example of current and projected dasymetric estimates for the disabled populations within the future
100-year floodplains (with 1.5 and 3 feet of SLR). Map shows population distribution in the Lynnhaven area (focus
area 1).
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Figure 9. Example of current and projected dasymetric estimates for the disabled populations within the future
100-year floodplains (with 1.5 and 3 feet of SLR). Map shows population distribution in the southern Lynnhaven
area (focus area 4).
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Figure 10. Example of current and projected dasymetric estimates for the disabled populations within the future
100-year floodplains (with 1.5 and 3 feet of SLR). Map shows population distribution along the north/south
transition area of the City (focus area 5).
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Figure 11. Example of current and projected dasymetric estimates for the elderly populations within the future
100-year floodplains (with 1.5 and 3 feet of SLR). Map shows population distribution in the Lynnhaven area (focus
area 1).
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Figure 12. Example of current and projected dasymetric estimates for the elderly populations within the future
100-year floodplains (with 1.5 and 3 feet of SLR). Map shows population distribution in the southern Lynnhaven
area (focus area 4).
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Figure 13. Example of current and projected dasymetric estimates for the disabled populations within the future
100-year floodplains (with 1.5 and 3 feet of SLR). Map shows population distribution along the north/south
transition area of the City (focus area 5).
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DATA DELIVERABLE
The data deliverable consists of an Environmental Systems Research Institute (ESRI)
geospatial information system file geodatabase containing the following layers:
Feature Layer
tl_2010_51810_tabblock10_demographics
CVB_2010_dasy_socvul
CVB_ssp2_2050_dasypop_socvul
CVB_ssp2_2080_dasypop_socvul
CVB_ssp5_2050_dasypop_socvul
CVB_ssp5_2080_dasypop_socvul
CVB_fpS0_2010_dasypop_socvul
CVB_fpS1_ssp2_2050_dasypop_socvul
CVB_fpS1_ssp5_2050_dasypop_socvul
CVB_fpS1_ssp2_2080_dasypop_socvul
CVB_fpS1_ssp5_2080_dasypop_socvul
CVB_fpS2_ssp2_2080_dasypop_socvul
CVB_fpS2_ssp5_2080_dasypop_socvul

Description of Layer
2010 Census Block Population with selected
demographic data
2010 Population Dasymetry Polygons with selected
demographic data
2050 SSP2 Projected Population Dasymetry Polygons
with selected demographic data
2080 SSP2 Projected Population Dasymetry Polygons
with selected demographic data
2050 SSP5 Projected Population Dasymetry Polygons
with selected demographic data
2080 SSP5 Projected Population Dasymetry Polygons
with selected demographic data
2010 Population Dasymetry Polygons within the
Baseline (S0) 1% floodplain.
2050 SSP2 Projected Population Dasymetry Polygons
within the 1.5 ft SLR (S1) 1% floodplain.
2050 SSP5 Projected Population Dasymetry Polygons
within the 1.5 ft SLR (S1) 1% floodplain.
2080 SSP2 Projected Population Dasymetry Polygons
within the 1.5 ft SLR (S1) 1% floodplain.
2080 SSP5 Projected Population Dasymetry Polygons
within the 1.5 ft SLR (S1) 1% floodplain.
2080 SSP2 Projected Population Dasymetry Polygons
within the 3 ft SLR (S2) 1% floodplain.
2080 SSP5 Projected Population Dasymetry Polygons
within the 3 ft SLR (S2) 1% floodplain.
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The following tables describe the contents (attributes) of each of the feature layers in the
deliverable geodatabase:
Layer = tl_2010_51810_tabblock10_demographics
Attribute
Description
STATEFP10
State FIPS
COUNTYFP10
County FIPS
TRACTCE10
Census Tract ID
BLOCKCE10
Census Block ID
GEOID10
Census ID
NAME10
Block name
POP10
Total population
Child
Children, 0-4 years old
Elderly
Adults, 65+ years old
Instit
Institutionalized persons
White
White or Caucasian
Black
Black or African American
Natam
American Indian and Alaska Native
Asian
Asian
Islander
Native Hawaiian and Other Pacific Islander
Other
Some other race alone
multi
Two or more races
BpEng
Limited English proficiency, speak English less than 'very well'
Bpov1
Living below 100 percent of the poverty level
Bpov2
Living between 100 and 149 percent of the poverty level
Bdis
People with disabilities
Bhlnw
Non-white Hispanic
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Layer = CVB_2010_dasy_socvul
Attribute
Description
blpop
Population of parent census block
dasypop
Dasymetric population, total persons
zone
Macro-scale region. 1 = north region; 2 = south region
GEOID10
Census ID
dasy_aa
dasymetric population, Black or African American
dasy_ai
dasymetric population, American Indian and Alaska Native
dasy_a
dasymetric population, Asian
dasy_hi
dasymetric population, Native Hawaiian and Other Pacific Islander
dasy_o
dasymetric population, Some other race alone
dasy_m
dasymetric population, Two or more races
dasy_nwh
dasymetric population, Non-white Hispanic
dasy_ch
dasymetric population, Children, 0-4 years old
dasy_el
dasymetric population, Adults, 65+ years old
dasy_int
dasymetric population, Institutionalized
dasy_lep
dasymetric population, Limited English proficiency, speak English less than 'very well'
dasy_pl1
dasymetric population, Living below 100 percent of the poverty level
dasy_pl2
dasymetric population, Living between 100 and 149 percent of the poverty level
dasy_dis
dasymetric population, People with disabilities
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Layers = CVB_ssp2_2050_dasypop_socvul, CVB_ssp2_2080_dasypop_socvul,
CVB_ssp5_2050_dasypop_socvul, CVB_ssp5_2080_dasypop_socvul
Attribute
Description
zone
Macro-scale region. 1 = north region; 2 = south region
dpop_prj
projected dasymetric population, Total persons
GEOID10
Parent Census Block ID
daa_prj
projected dasymetric population, Black or African American
dai_prj
projected dasymetric population, American Indian and Alaska Native
da_prj
projected dasymetric population, Asian
dhi_prj
projected dasymetric population, Native Hawaiian and Other Pacific Islander
do_prj
projected dasymetric population, Some Other Race alone
dm_prj
projected dasymetric population, Two or More Races
dnwh_prj
projected dasymetric population, Non-white Hispanic
dch_prj
projected dasymetric population, Children, 0-4 years old
del_prj
projected dasymetric population, Adults, 65+ years old
dins_prj
projected dasymetric population, Institutionalized
dlep_prj
projected dasymetric population, Limited English Proficiency, Speak English less than
'very well'
dpl1_prj
projected dasymetric population, Living Below 100 percent of the poverty level
dpl2_prj
projected dasymetric population, Living between 100 and 149 percent of the poverty
level
ddis_prj
projected dasymetric population, People with disabilities
wc_ch
alternative dasymetric population based on Weldon Cooper future projections,
Children, under 5 years old
wc_el
alternative dasymetric population based on Weldon Cooper future projections, Adults,
65+ years old
wc_aa
alternative dasymetric population based on Weldon Cooper future projections, Black or
African American
wc_a
alternative dasymetric population based on Weldon Cooper future projections, Asian
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Layer = CVB_2010_dasy_socvul
Attribute
Description
blpop
Population of parent census block
dasypop
Dasymetric population, total persons
zone
Macro-scale region. 1 = north region; 2 = south region
GEOID10
Parent Census Block ID
dasy_aa
dasymetric population, Black or African American
dasy_ai
dasymetric population, American Indian and Alaska Native
dasy_a
dasymetric population, Asian
dasy_hi
dasymetric population, Native Hawaiian and Other Pacific Islander
dasy_o
dasymetric population, Some other race alone
dasy_m
dasymetric population, Two or more races
dasy_nwh
dasymetric population, Non-white Hispanic
dasy_ch
dasymetric population, Children, 0-4 years old
dasy_el
dasymetric population, Adults, 65+ years old
dasy_int
dasymetric population, Institutionalized
dasy_lep
dasymetric population, Limited English proficiency, speak English less than 'very well'
dasy_pl1
dasymetric population, Living below 100 percent of the poverty level
dasy_pl2
dasymetric population, Living between 100 and 149 percent of the poverty level
dasy_dis
dasymetric population, People with disabilities
Layer = CVB_fpS0_2010_dasypop_socvul
Attribute
Description
ORIG_FID
ID of 2010 dasymetry population polygon. IF -1, then the polygon did not exist in the
2010 dasymetry population and population = 0.
dfp_pop
dasymetric population, Total persons
dfp_aa
dasymetric population, Black or African American
dfp _ai
dasymetric floodplain population, American Indian and Alaska Native
dfp _a
dasymetric floodplain population, Asian
dfp _hi
dasymetric floodplain population, Native Hawaiian and Other Pacific Islander
dfp _o
dasymetric floodplain population, Some other race alone
dfp _m
dasymetric floodplain population, Two or more races
dfp _nwh
dasymetric floodplain population, Non-white Hispanic
dfp _ch
dasymetric floodplain population, Children, 0-4 years old
dfp _el
dasymetric floodplain population, Adults, 65+ years old
dfp _int
dasymetric floodplain population, Institutionalized
dfp _lep
dasymetric floodplain population, Limited English proficiency, speak English less than
'very well'
dfp _pl1
dasymetric floodplain population, Living below 100 percent of the poverty level
dfp _pl2
dasymetric floodplain population, Living between 100 and 149 percent of the poverty
level
dfp _dis
dasymetric floodplain population, People with disabilities
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Layers = CVB_fpS1_ssp2_2050_dasypop_socvul, CVB_fpS1_ssp5_2050_dasypop_socvul,
CVB_fpS1_ssp2_2080_dasypop_socvul, CVB_fpS1_ssp5_2080_dasypop_socvul,
CVB_fpS2_ssp2_2080_dasypop_socvul, CVB_fpS2_ssp5_2080_dasypop_socvul
Attribute
Description
ORIG_FID
ID of projected dasymetry population polygon. IF -1, then the polygon did not exist in
the projected dasymetry population and projected population = 0.
pfp_pop
Projected dasymetric population, Total persons
pfp_aa
Projected dasymetric population, Black or African American
pfp_ai
Projected dasymetric floodplain population, American Indian and Alaska Native
pfp_a
Projected dasymetric floodplain population, Asian
pfp_hi
Projected dasymetric floodplain population, Native Hawaiian and Other Pacific Islander
pfp_o
Projected dasymetric floodplain population, Some other race alone
pfp_m
Projected dasymetric floodplain population, Two or more races
pfp_nwh
Projected dasymetric floodplain population, Non-white Hispanic
pfp_ch
Projected dasymetric floodplain population, Children, 0-4 years old
pfp_el
Projected dasymetric floodplain population, Adults, 65+ years old
pfp_int
Projected dasymetric floodplain population, Institutionalized
pfp_lep
Projected dasymetric floodplain population, Limited English proficiency, speak English
less than 'very well'
pfp_pl1
Projected dasymetric floodplain population, Living below 100 percent of the poverty
level
pfp_pl2
Projected dasymetric floodplain population, Living between 100 and 149 percent of the
poverty level
pfp_dis
Projected dasymetric floodplain population, People with disabilities
wc_ch
alternative dasymetric population based on Weldon Cooper future projections,
Children, under 5 years old
wc_el
alternative dasymetric population based on Weldon Cooper future projections, Adults,
65+ years old
wc_aa
alternative dasymetric population based on Weldon Cooper future projections, Black or
African American
wc_a
alternative dasymetric population based on Weldon Cooper future projections, Asian
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EXECUTIVE SUMMARY
To address the severe threats from sea level rise and associated recurrent flooding, the
Comprehensive Sea Level Rise and Recurrent Flooding (CSLRRF) Study is evaluating a wide
array of protection measures: structural, nonstructural, natural and nature-based
interventions, illustrated in Figure 1. Natural and Nature-Based Features (NNBF) are features
in the coastal landscape that reduce inland flood risks, while also providing economic,
environmental, and social benefits to the surrounding area. NNBF are considered a
complimentary flood risk management strategy, providing redundancy in flood protection,
increasing resiliency, and enhancing the performance and durability of structural measures.
This report focuses on identifying and evaluating opportunities for integrating natural and
nature-based strategies to decrease short- and long-term flood risk in Virginia Beach. The
proposed strategies will need to be evaluated along with policy measures, and neighborhood
and city-wide structural solutions to help identify the most effective and practical solution set.

Figure 1: Integrated approach to flood risk management with multiple lines of defense; illustration adapted from the U.S. Army
Engineer Research and Development Center.

The CSLRRF study will result in strategic response plans to address the unique flooding
issues within each of the City of Virginia Beach’s four major watersheds. In alignment with this
approach, the suitability of different types of NNBF strategies were evaluated within each of
the watersheds: the Lynnhaven, Elizabeth River, Oceanfront and Southern Rivers (here after
referred to as the ‘Southern’ watershed). This assessment resulted in a high-level
conceptualization of potential NNBF strategies across the City of Virginia Beach, shown in
Figure 2 on the following page.
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Figure 2: Potential natural and nature-based flood mitigation strategies for the City of Virginia Beach.
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Numerical modeling can be used to assess the flood risk reduction potential of different
NNBF design interventions. To accomplish this, the regional MIKE21 coastal hydrodynamic
model developed for the CLSRRF study was leveraged to evaluate potential flood reduction
benefits of a conceptual marsh island restoration in Back Bay and Northern North Carolina.
The MIKE21 simulations were used to evaluate the benefits of restoring marsh island systems
on flooding during a wind tide event for existing conditions (today) and also for a future
condition scenario with 3 ft of SLR. The future condition simulation considered the projected
degradation of the islands, as assessed by previous work evaluating marsh response to SLR
under the CSLRRF study. Model simulations showed that marsh island restoration both
reduced flood elevations and also delayed the propagation of flooding into the Back Bay. For
example, flood depths were reduced by up to 2 ft on Knotts Island and 1.5 ft along the
shorelines of Back Bay, and it took up to 4 days longer for flooding to occur. Overall, the
exercise demonstrated that marsh island restoration could help reduce flooding impacts during
wind tide events in the Southern watershed.
Additional work is required to understand how the other proposed natural and naturebased strategies compliment the identified policy measures, city-wide and neighborhood
structural solutions. Specifically, to fully evaluate the potential of nature-based measures, costbenefit assessments should be extended to quantify their full risk reduction benefits. This
assessment could be taken further by accounting for infrastructure, social, and environmental
losses avoided. This would enable a more holistic comparison to traditional engineering
approaches.
Furthermore, the evaluation framework and suitability parameters presented in this report
need to be systematically applied and evaluated with additional considerations such as design
costs, environmental and regulatory requirements. Table 1 outlines a process for incorporating
natural and nature-based flood protection measures into adaptation plans, based on a
framework from the World Bank. The research presented in this report accomplishes the
objectives of Step 3 of this process by developing an initial list of measures and a strategy map
of potentially suitable intervention locations. This document also lays foundation work for the
following steps through identification of best practices for evaluating, designing, constructing
and monitoring NNBF projects. Moving forward, future work will focus on better
understanding costs, benefits, and effectiveness of NNBF in Virginia Beach to determine which
design interventions are selected for implementation.
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Table 1: Process for incorporating nature-based flood protection measures into adaptation plans; graphic adapted from the World Bank
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1. INTRODUCTION
DEFINITIONS

1.1. Background
In 2015, the City of Virginia Beach initiated the
Comprehensive Sea Level Rise and Recurrent Flooding Study
(CSLRRF). The genesis of the study was both in recognition of
increased flooding and the need for a strategic plan to protect
the City of Virginia Beach. The goal was to produce the needed
information and strategies to enable the City of Virginia Beach
to establish long-term resilience to sea level rise (SLR) and
associated recurrent flooding. In alignment with the U.S.
Army Corps of Engineers’ (USACE) integrated coastal flood
risk management approach, the City of Virginia Beach is
considering a wide array of physical protection measures:
natural, nature-based, nonstructural, and structural
interventions. This report focuses on identifying and
evaluating opportunities for integrating natural and naturebased adaptation strategies in Virginia Beach, in combination
with other structural measures, to provide comprehensive
flood protection.

“Natural features are created
and evolve over time through
the action of natural physical,
biological, and chemical
processes. Natural coastal
features take a variety of
forms, including reefs (e.g.,
coral and oyster), barrier
islands, dunes, beaches,
wetlands”.
“Nature-Based Features are
those that may mimic
characteristics of natural
features but are created by
human design, engineering,
and construction to provide
specific services such as
coastal risk reduction. The
combination of both natural
and nature-based features is
referred to collectively as
NNBF” (Bridges et. al,
2015a).

Natural and Nature-Based Features (NNBF), also referred
to as “Green Infrastructure” (GI), are features in the landscape
that provide flood risk reduction benefits, while also
producing additional economic, environmental, and/or social
benefits. For example, coastal wetlands provide coastal storm surge protection by attenuating
waves and stabilizing sediments, but also provide benefits related to recreation and tourism,
clean water, and habitat for threatened or endangered species. These broader benefits to
human systems and interests derived from the natural environment are generally known as
ecosystem services.
The level of flood protection provided by NNBF will vary across geographic areas due to the
type and severity of the flood hazard. For example, at smaller scales such as protecting from
recurrent flood events along a neighborhood shoreline reach, a living shoreline may have equal
or greater benefits than a traditional rip-rap revetment. In this situation, considering NNBF as
an alternative strategy may be appropriate. However, at larger scales such as protecting from
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high storm surges in the Lynnhaven watershed, a storm surge barrier or tide gate at the
Lynnhaven Inlet will be much more effective at attenuating high storm surges than a living
shoreline. Even in situations where structural measures are necessary to serve as the primary
line of defense, NNBF can complement such a system. NNBF can often serve as a second line of
defense, and help prolong the useful life and function of the primary structural measures while
also providing an array of ecosystem services (Bridges et al. 2015b). Figure 3 illustrates an
integrated approach that employs the full array of flood risk mitigation strategies by combining
NNBF with more conventional flood defense systems and nonstructural policy measures. This
report will explore the suitability of different types of NNBF to mitigate the array of flood risk
conditions across City of Virginia Beach’s diverse watersheds. In particular, NNBF might be
well suited to the Southern watershed given the low-lying topography, frequent wind tide
events, and presence of degrading wetlands

Figure 3: Integrated approach to flood risk management with multiple lines of defense; illustration adapted from the U.S. Army
Engineer Research and Development Center.

When considering the use of NNBF, it is also important to recognize the dynamic and
variable nature of NNBF systems. The long-term flood risk reduction and ecosystem benefits
provided by NNBF varies depending on responses to external events and processes such as
coastal storms or urban development. For example, a newly constructed wetland could
potentially be destroyed by a storm event, but could also use the sediment supply brought in by
the storm to accumulate and grow. This uncertainty can be addressed through effective
planning, design, and monitoring to ensure the desired level of service is upheld throughout
the project’s lifetime. Furthermore, NNBF can adapt to changing environmental and risk
conditions, thereby potentially exceeding the design lifetime of traditional engineered
structures (World Bank 2017).

Nature-Based Flood Mitigation Strategies | 2

1.2. Purpose
The purpose of this report is to document best practices for identifying, evaluating,
designing, constructing, and monitoring NNBF projects, as determined through a review of
relevant local and international case studies, guidelines, and published literature. Based on
these findings, this document proposes evaluation metrics and methods for measuring project
performance and quantifying benefits. It also presents resources and recommendations for
project design, and lays out relevant local, state and federal environmental permitting
regulations that NNBF projects would likely need to navigate. This document lays out
foundational groundwork for including nature-based strategies in the watershed-level and
City-wide implementation plans.

1.3. Context
This report expounds upon the potential strategies outlined in the Analysis of Marsh
Response to SLR report (CVB 2018), the Water Resources in the Southern Watershed of
Virginia Beach report (CVB 2017), and explores applicable strategies identified in the Virginia
Beach Sea Level Rise Policy Response report (CVB 2019).
1.3.1. Marsh Response to Sea Level Rise
Marshes play an important flood attenuation role during storm events as they act as a
sponge, slowing down the movement of water. As part of the impact assessment phase of the
CSLRRF study, the City of Virginia Beach performed an analysis on marsh response to future
flooding conditions. Wetland changes under conditions of 1.5 and 3 ft of SLR were simulated
using the Sea Level Affecting Marshes Model (SLAMM), an industry-standard approach.
Simulation results were evaluated to understand what marsh types are most vulnerable or
resilient to SLR, and to identify areas in the City of Virginia Beach that are projected to
experience marsh loss or gain.
The analysis found that most marshes are projected to sustain substantial losses, especially
during the second half of the century under higher rates of SLR. The largest losses are
projected to occur in Back Bay, North Landing River, and Lynnhaven Bay within marsh island
systems and fringing marshes, shown in Figure 4. In addition to reducing overall marsh extent,
the spatial evolution reveals that higher sea levels result in smaller, fragmented wetlands,
impacting the provision of ecosystem services such as flood control. Some marsh types,
however, were found to be resilient to SLR. These marshes were mostly located in areas
without hardened shoreline or heavy upland development, allowing for marsh migration. The
analysis results make a compelling case for exploration of strategies that would ensure marshes
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in Virginia Beach can maintain or increase their flood protection services in the present and
into the future. The report outlines several of the recommended strategies, including marsh
restoration and living shorelines.

Today

Today

1.5 ft SLR

1.5 ft SLR

3 ft SLR

3 ft SLR

Figure 4: Virginia Beach SLAMM analysis results showing wetland response to 1.5 and 3 ft of SLR.

1.3.2. Water Resources in the Southern Watershed
Virginia Beach’s Southern watershed is particularly susceptible to repetitive flooding due to
the extensive low-lying areas, poorly draining soils, high groundwater levels and wind-driven
tides. The City of Virginia Beach undertook a comprehensive review of water resources in the
Southern watershed to better understand these issues, documented here. The Back Bay
experiences frequent wind tides, which result in flooding due to the low-lying nature of land
surrounding the Back Bay and North Landing River, shown in Figure 5 (left panel). Flooding is
worse during periods of southerly winds, which drive coastal waters up into Back Bay from the
Pamlico, Albemarle, and Currituck Sounds, shown in Figure 5 (right panel). Historic losses in
marshes and native submerged aquatic vegetation (SAV) have sparked interest in preserving
and restoring these habitats, in addition to exploring other nature-based solutions to reduce
flood risk in the Southern watershed.
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Figure 5: Land elevations less than 3 ft in Virginia Beach (left panel) and wind-driven tides generated from winds driving water
into Back Bay (right panel).

1.3.3. Policy Adaptation
The Virginia Beach Sea Level Rise Policy Response report lays out a framework for
integrating flood resilience into ongoing policy and planning processes city-wide. The report
includes a diverse range of policy action items to guide the implementation phase of the
CSLRRF. Each policy action item was ranked and prioritized under a collaborative effort
involving numerous departments within the City of Virginia Beach municipal government.
Several of the policy objectives relate to integrating nature-based flood mitigation solutions,
listed in Table 2 and Table 3. The report also highlights the value of employing engineering and
planning practices traditionally used to manage stormwater flooding—including NNBF
strategies such as forest restoration—to mitigate both inland and coastal flooding concerns at
the same time.
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Table 2: Living shoreline action items within the Virginia Beach SLR Policy Response Report.

Table 3: Floodplain management plan action items within the Virginia Beach SLR Policy Response Report.

1.3.4. Regional Green Infrastructure Planning
This work also builds upon the previous work of the City of Virginia Beach and regional GI
planning documents. The Green Infrastructure Plan for the Hampton Roads Region represents
an ongoing effort by the Hampton Roads Planning District Commission (HRPDC) to develop a
useful planning tool for local and regional planners. The goal of the plan is to delineate the
existing GI network and to identify and prioritize a network of valuable conservation lands.
The GI network model was created using multiple datasets including wetland, riparian
corridors, ecological cores, and land cover. A weighted overlay analysis was created using
geographic information system (GIS) mapping to identify and rank areas suitable for GI,
shown in shown in Figure 6. As significant component of this assessment, the vulnerability to
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development model identifies areas of the GI network that are most at risk for development,
shown in Figure 7. This model can be used to analyze development pressure as key factor in the
prioritization of lands for protection through conservation easements or purchasing when
funding is available.

Figure 6: Green infrastructure network in Virginia Beach identified in the GI Plan for the Hampton Roads Region
(2010).
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Figure 7: Green infrastructure vulnerable to development pressures in Virginia Beach identified in the GI Plan for the Hampton
Roads Region (2010).

The City of Virginia Beach incorporated information from the regional GI planning efforts
into its comprehensive plans, growth management strategies, watershed management plans,
parks and recreation plans, sustainability plans, and water quality implementation plans. For
example, GI recommendations from the Southern Watershed Management Program (SWAMP)
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are referenced in the City of Virginia Beach Comprehensive Plan. Building on SWAMP, The
Hampton Roads Conservation Corridor Study provided a GI-based approach to identifying
important natural resources in the Hampton Roads region. Also as part of SWAMP, the
Virginia Department of Conservation and Recreation’s Division of Natural Heritage prepared a
Conservation Plan for the Southern Watershed Area, which was adopted as part of the City of
Virginia Beach comprehensive plan and implemented by the Southern Rivers Watershed
Management Ordinance intended to protect, enhance, and restore water quality in the
Southern watershed. The ordinance develops a 50-foot buffer to control development landward
of wetlands and shorelines (Figure 8). The northern watersheds of Virginia Beach are subject
to the Chesapeake Bay Preservation Act (CBPA) Resource Protection Area (RPA). RPA’s are
composed of tidal wetlands, non-tidal wetlands connected by surface flow and contiguous to
tidal wetlands or water bodies with perennial flow, tidal shores, such other lands considered
necessary to protect the quality of state waters.
All of these efforts lead to a more detailed, multi-jurisdictional GI Plan for the North
Landing River Corridor called the Green Sea Blueway and Greenway Management Plan. This
effort aimed to develop and implement a collaborative watershed management strategy for
blueways (i.e., rivers, creeks, or streams that serve as a wildlife corridor, a means of preserving
water quality, and paddle trails) and greenways (i.e., protected corridor of open space that
include land and water conservation, recreation, and pedestrian and bicycle access) in the
Southern watershed.
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Figure 8: The Southern Rivers Watershed 50-foot buffer area stipulated in the Southern Rivers Watershed
Management Ordinance and the Chesapeake Bay Preservation Act Resource Protection Area 100-foot buffer area.

Nature-Based Flood Mitigation Strategies | 10

1.4. Objectives and Approach
The objective of this research is to identify and evaluate opportunities for implementing
natural and nature-based strategies for coastal flood risk mitigation in the City of Virginia
Beach. This report focuses on documenting best practices for identifying, evaluating, designing,
and monitoring the performance of NNBF projects. Table 4 describes these objectives and
outlines the approach used to accomplish these tasks.
Table 4: Outline of Objectives and Approaches.
Objective

Description

Approach

1) Identify potential
NNBF strategies

A menu of potential NNBF that could be
used to provide flood risk reduction
benefits will serve as a starting point for
this review. In addition, a range of factors
will determine which measures are
appropriate to a given location.
The next step is to evaluate which nature‐
based strategies may be appropriate in
different locations in Virginia Beach to
achieve flood risk reduction benefits.

Review best practices for identifying and selecting
different types of NNBF based on local conditions,
such as site suitability frameworks.

2) Evaluate
application of NNBF
strategies within
Virginia Beach

3) Design NNBF
projects.

4) Measure
performance of NNBF
projects.

Design guidelines provide direction to the
engineering and regulatory community on
how to address the full project life cycle of
NNBF projects, including
conceptualization, design, engineering,
construction, and maintenance
Performance metrics can be used to
evaluate (either qualitatively or
quantitatively) the effectiveness of NNBF
projects in providing coastal flood risk
reduction benefits.

Identify strategies that are appropriate to
different locations in Virginia Beach using the
information obtained in Objective #1. Provide
case study examples of strategies that have been
successfully implemented in Virginia Beach and
identify ongoing research activities and/or
innovative pilot projects.
Review best practices and guidelines for designing
NNBF projects.

Review best practices for monitoring and
measuring the performance of NNBF; Use case
studies with available project monitoring data to
highlight project successes, limitations, and
lessons learned.

2. IDENTIFICATION OF POTENTIAL STRATEGIES
The first step of this effort was to develop a menu of nature-based flood mitigation
strategies for Virginia Beach. The Virginia Institute of Marine Sciences (VIMS) Center for
Coastal Resources Management (CCRM) identified a number of design alternatives suitable for
coastal areas in Virginia (CCRM 2019). These strategies, along with the full array of coastal risk
reduction measures identified by the USACE North Atlantic Coastal Comprehensive Study
(NACCS) (Bridges et al. 2015), were evaluated for their ability to provide flood risk reduction
services. The following strategies were selected as having the highest potential to provide flood
risk reduction benefits in Virginia Beach.
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Non-structural methods focus on creating or enhancing the dominant natural features
already present and contributing to flood risk reduction, while hybrid techniques integrate
soft or 'green' natural and nature-based measures with harder materials for added structure
and stability. Many of the hybrid techniques can be classified as “living shorelines”—a label
which was originally applied only to low profile stone or natural breakwaters known as marsh
sills, but has since evolved to encompass a wide variety of projects that incorporate ecological
principles into engineering design (Stevens Institute 2016). A summary of the coastal hazard
mitigation and ecological benefits provided by these strategies is summarized in Table 5.
Table 5: Summary of coastal hazard mitigation benefits by strategy type.

X

X

Breaking offshore waves
Wave energy attenuation

X
X

Reduce current velocities
Shoreline
erosion/stabilization

X

X

X

X*

X*

X

X

X

X

X
X

X
X

X

Living Breakwater

Reduce peak flood height
and lengthen time to peak
flood

Ecologically‐
Enhanced
Revetment

X*

Living Shoreline

X

Submerged Aquatic
Vegetation (SAV)

Wetlands

Storm surge reduction

Maritime Forests/
Shrub Communities

Coastal Hazard Service

Dunes and Beaches

Natural and Nature‐Based Features

X

X
X

X

X
X

X
X

X

X

X

*Potential storm surge reduction during smaller storm events.

2.1. Non-Structural Strategies
2.1.1. Beach Nourishment/Dune Enhancement:
Beach nourishment is a soft armoring technique that involves pumping sand on an existing
beach to raise its elevation and increase beach width. A wider beach improves storm protection
by increasing the distance between the upland bank and waves. This encourages beach and
dune formation which can further be enhanced and stabilized with beach and dune plants that
can act as a buffer for coastal flooding. A nourished beach is expected to gradually erode away
through wind and wave action to other areas of the coast. In order to maintain the level of
desired protection, periodic nourishment is often required.

Nature-Based Flood Mitigation Strategies | 12

Figure 9: Sandbridge, Virginia Beach nourishment project; photograph obtained from VIMS.

2.1.2. Wetland Restoration, Enhancement, or Creation
Wetlands are low-lying ecosystems that accommodate specific types of vegetation adapted
to permanent or frequent inundation. Wetlands provide numerous essential functions in an
ecosystem, including flood and erosion control, water purification, and food and habitat for
wildlife. Crucially, the grasses within coastal or tidal wetlands provide vegetation-induced
resistance, which can dissipate wave energy, delay storm surge intrusion, buffer tidal flooding,
and alleviate erosion. Degraded wetlands can be restored or enhanced to reestablish or
increase wetland functions. Restoration involves returning a wetland habitat to the closest
approximation of the original natural condition that existed prior to degradation, while
wetland enhancement involves modifying an existing wetland by augmenting specific site
conditions to improve one or more wetland functions (NRCS 2008). Wetland connectivity and
size is an important aspect of restoration as fragmentation can impact the ability of wetlands to
provide ecosystem services. Most importantly, coastal wetlands that are too small or
fragmented are unlikely to provide adequate flood control services.
If a natural marsh is absent or too narrow to prevent shoreline erosion, creation of a new
wide marsh may be possible. Upland areas with low banks can be excavated and graded to
create new tidal marshes. Sand fill can be placed to raise the elevation, but this practice is
typically not effective without some type of containment structure, such as using temporary
growing materials. Temporary growing materials are manufactured products and geotextiles
that provide temporary stabilization for wetland planting areas (CCRM 2019). If sand fill or
plants may be washed out by waves or tidal currents, then another type of more permanent
containment structure may be needed (see marsh sills in Hybrid Strategies).
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Figure 10: Wetlands at Pleasure House Point; photograph courtesy of the City of Virginia Beach photographer.

2.1.3. Forest Restoration, Enhancement, or Creation
Maritime forests are new or restored forests that can tolerate strong winds, periodic or
permanent flooding, high salinity and sandy soils. Maritime forests also provide vegetativeinduced resistance, acting as an inland buffer to surge and waves during storms events. When
designed and maintained properly, these systems have the capacity to dissipate wave energy,
impede flow, retain sediment, and absorb and store flood waters. Additional benefits of these
forests include protection from coastal erosion and preservation of wetlands. Furthermore,
maritime forests with a healthy vegetative canopy act as natural vegetative barriers to reduce
wind speeds which is a particular concern in the Southern watershed in Virginia Beach. Studies
show that wind speeds through forests can be reduced by more than 50% at a leeward distance
of 20 times the forest height (Zhao et al. 2014)
The most notable limitation to forest restoration is the space requirements related to
strategy siting, sediment fill and erosion protection to allow vegetation to become established
in higher energy areas. Additionally and similar to wetlands, forest size connectivity is an
important factor in determining ecological benefits and flood hazard mitigation potential. For
example, studies have shown that miles of healthy forests are required to significantly
attenuate inundation caused by hurricanes. However, during smaller storm events, narrow
belts of coastal forests can reduce wind and storm wave impact. Understanding the effects of
patch dynamics can help improve design to promote a more effective arrangement (Zhao et al.
2014; Fritz and Blunt 2007).

Nature-Based Flood Mitigation Strategies | 14

Figure 11: Maritime forest at First Landing State Park.

2.1.4. Submerged Aquatic Vegetation Restoration
Underwater grass beds, known as submerged aquatic vegetation (SAV), are comprised of
rooted flowering plants that have colonized primarily soft sediment habitats in coastal,
estuarine, and freshwater habitats (Chesapeake Bay Program). High densities of SAV provide
friction in the water column that retards water flow and reduces amplitude and duration of
flood events. SAV also provide additional functions such as capturing and filtering sediment
and polluted runoff in the water, reducing turbidity and improving water clarity, and providing
habitat for fish and other aquatic species.
SAV restoration strategies involve making conditions more suitable for SAV survival. This
involves upland land-use planning activities such as riparian buffer planting to control nutrient
runoff, thus improving water quality. Activities that aim to reduce turbidity such as controlling
boat wake and dredging activities also benefit SAV by improving water clarity. Where water
quality is good enough to support SAV survival, hands-on restoration efforts such as seed
dispersal and plantings can help establish, expand, or diversify grass communities. Small test
plantings can be used to evaluate whether conditions at a particular location can support SAV.
If test plantings are successful, larger-scale restoration may accelerate the recovery of SAV
(VIMS 2019). SAV restoration is a complimentary strategy to marsh restoration because higher
densities of SAV mean less wave action, leading to less fringe marsh and marsh island erosion.
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Figure 12: Submerged Aquatic Vegetation (SAV). Photograph courtesy of VIMS.

2.1.5. Shellfish Reefs/Oyster Restoration
Shellfish reefs are submerged or semi-emergent aquatic habitats that function in a similar
manner to constructed breakwaters or marsh sills. Loose, uncontained shell is highly suitable
for shellfish recruitment, but is not usually effective for reducing wave height and energy
except for very low energy settings. Contained shell in bags or cages can be placed in similar
arrangements as stone sills for better wave attenuation. Shell-based reefs located next to
natural or planted tidal marshes will increase the living shoreline habitat diversity.

Figure 13: Oyster sanctuary on the Lynnhaven River near its inlet to Chesapeake Bay. Photograph courtesy of Dave Harp.

Nature-Based Flood Mitigation Strategies | 16

2.2. Hybrid Strategies
2.2.1. Living Breakwaters
Living breakwaters aim to achieve similar flood mitigation functions as conventional
breakwaters but incorporate ecological components to achieve multiple benefits. Living
breakwaters are built at emergent elevation in offshore shallow water areas, and can either be
designed to float or be attached to a bottom substrate. These features can break offshore waves
and attenuate storm surge on the protected side of the barrier. When utilized as part of a living
shoreline project, constructed breakwater islands are designed to reduce the wave energy to
acceptable levels to allow the establishment of a beach or vegetation (typically marsh or SAV)
in its lee. The constructed breakwater island appears more natural than traditional
breakwaters and provides favorable conditions for other natural features.

Figure 14: Example of a floating breakwater island constructed with wetland vegetation from Martin Ecosystems.

2.2.2. Ecologically-Enhanced Revetments
Revetments are shore-attached structures built along the shoreline to prevent erosion of the
bank and dissipate wave energy on their sloping face. These shoreline armoring structures are
typically constructed from rock or concrete armor units, but natural elements can be
incorporated to achieve additional ecosystem service benefits. As part of a living shoreline
strategy, the spaces in a traditional revetment can be planted, resulting in an ecologically
enhanced version of a traditional stone revetment. Incorporating vegetation within the
revetment can help stabilize the soil under the revetment and provide some flood storage
benefits.
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Figure 15: Example of an ecologically-enhanced revetment. Photograph courtesy of Jon K. Miller (Stevens Institute 2019).

2.2.3. Marsh Sills
Marsh sills are one of the most traditional types of hybrid living shoreline project. A marsh
sill is typically a low-profile stone structure constructed in the water parallel to the existing
shoreline. Suitable construction materials for the sill structure include rip rap stones or clean
broken concrete. Oyster castle blocks, constructed concrete blocks that contain 30% oyster
shells, are another form of a sill structure that can be used in environments suitable for
shellfish recruitment. Sills are used to create a new planted marsh where one does not occur
naturally, or to armor or widen an existing marsh. Sills cause waves to break on the offshore
structure, creating a protected area designed to allow sediment to accumulate between the
structure and the shoreline. Eventually, this process can increase the width and elevation of the
marsh platform. To accelerate this process, the area between the sill land shoreline is often
filled during construction and marsh plantings are added to further stabilize the new marsh
platform.

Figure 16: Example of a marsh sill. Photograph Courtesy of VIMS.
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3. SUITABILITY OF STRATEGIES

SITE SUITABILITY
PARAMETERS

3.1. Overview
There are a range of factors, listed to the right, which will
determine which measures are appropriate to a given
location. In general, the most suitable sites for non-structural
methods have only minor erosional problems, shallow slopes
and depths, and low wave energy. For higher energy sites
with more wave action and severe erosion issues, added
structural measures allows for the growth of vegetation and
persistence of natural habitat features.
The VIMS CCRM provides several useful resources for
evaluating site suitability for nature-based solutions. The
VIMS Living Shoreline website provides information on
suitable sites for different types of nature-based strategies.
VIMS also developed the Living Shoreline Design Guidelines
for Shore Protection in Virginia’s Estuarine Environments
(VIMS 2010) to provide guidance on where living shoreline
strategies are appropriate and what is involved in their
design and construction. This guidance includes a site
evaluation worksheet to help standardize data collection
when evaluating site suitability.
The CCRM also provides a Comprehensive Coastal
Resources Management Portal for the City of Virginia Beach
which serves as a gateway to information and tools to
evaluate shoreline conditions and determine appropriate
shoreline best management practices. One such tool is the
Shoreline Assessment Mapper for Virginia Beach which
provides various geospatial datasets to support site
suitability assessments. Another useful tool is CCRM’s
Shoreline Management Model (SMM), a geospatial model
that determines preferred shoreline practices based on
available spatial data. These resources are discussed in
further detail in the next section.



Bank vegetation cover &
bank height



Presence or absence of
natural buffers – tidal
marshes, beaches, riparian
forests



Nearshore water depth



Wave exposure (fetch)



Proximity of coastal
development to the shoreline



Shore morphology



Shoreline orientation



Erosion rate



Slope



Elevation



Depth offshore (and offshore
bathymetry)



Existing nearshore
vegetation



Water level



Tide range



Wind direction



Storm frequency/surge level



Wave climate



Boat wakes



Bank condition (e.g.
erosional, stable, transitional,
undercut, etc.)



Upland land use



Existing shoreline defense
structures



Property ownership
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3.2. Site Suitability in Virginia Beach
Four major watersheds exist across the
City of Virginia Beach, as shown in Figure
17.
The variety of physical and
hydrodynamic settings across the
watersheds provide a range of opportunities
for implementation of natural and naturebased flood mitigation strategies.
Additionally, while design interventions
ultimately occur at the site-scale, the long
term viability of flood-reducing NNBF
depends on the integrity and health of
ecosystems at the landscape scale (Word
Bank 2017), such as within watersheds.
Although each of the City of Virginia
Beach’s four major watersheds exhibit
internal variability, summarizing factors at
the watershed-level is a useful initial step
for identifying potentially suitable locations
for nature-based solutions. Table 6 provides Figure 17: Major watersheds in the City of Virginia Beach.
information on ten site suitability parameters identified in the Living Shoreline Design
Guidelines for Shore Protection in Virginia’s Estuarine Environments (VIMS 2010). Numerous
data sources were consulted to define and populate values for these parameters within the four
major watersheds, as summarized in Table 7.
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Table 6: Site suitability parameters outlined in the Living Shoreline Design Guidelines for Shore Protection in Virginia’s
Estuarine Environments (VIMS 2010).
Parameter
Shoreline
Orientation
Shore
Morphology
Fetch/Wave
Climate

Depth/Slope
Offshore

Nearshore
Morphology

Nearshore
Submerged
Aquatic
Vegetation
(SAV)
Wetlands
Tide Range

Storm Surge

Erosion Rates
Shoreline
Structures

Definition (VIMS 2010)
Shoreline orientation is the direction the shoreline faces.
Measured normal to the shoreline.
Shore morphology, or structure, includes the following types:
pocket, straight, headland, or irregular. This parameter
determines the level of protection from wave action.
Fetch is the horizontal distance over which wave‐generating
winds blow. Generally, the greater the fetch exposure, the
higher the waves for any given wind speed. Hardaway et al.
(1984) categorized wave energy acting on a shoreline into
three general categories based on fetch:
Low energy: fetch < 1 mile
Medium energy: fetch 1 – 5 miles
High energy: fetch > 5 miles
The nearshore gradient and depth offshore will influence
incoming waves. A broad shallow nearshore area tends to
attenuate waves relative to an area with the same fetch but
with deeper water offshore.
Nearshore morphology evaluates the presence of offshore,
non‐vegetated tidal flats and sand bars, which are typically
associated with shallow nearshore areas. Extensive tidal flats
and/or sand bars will help reduce wave action against the
shoreline.
Nearshore SAV have the potentially to efficiently attenuate
waves before reaching the shoreline.

Data Sources
Aerial photography
Aerial photography
(VIMS 2010)
VIMS (2005)
VIMS (2010)

Shoreline Management Model

Bathymetric LiDAR

Shoreline Assessment Mapper
Shoreline Management Model
VIMS (2010)

Shoreline Assessment Mapper
Shoreline Management Model
VIMS (2010)

Shoreline Assessment Mapper
Shoreline Management Model
SAV Chesapeake Bay Mapper
Expert knowledge

The presence of existing wetlands provides potential at a site
for restoration or wetland construction activities.
Mean tide range is the difference between mean high and
mean lower water levels. Tide range is an important factor
because features must be placed at the correct elevation to
align with the hydrodynamic regime at the site.
Storm surge refers to the maximum water elevation reached
during a 100‐year storm. High water levels during a storm can
result in shoreline erosion and can affect the performance of
the feature.
Long‐term erosion rates indicate shoreline stability at the site.
Proximity of the site to infrastructure and/or existing
shoreline defense structures may affect success of the project.
The condition of the structures and their effects on shoreline
processes should also be considered.

CVB (2018)
NOAA Tides and Currents
VIMS (2010)

Stillwater Elevation Surfaces (SWEL)
developed for the CSLRRF Study

VIMS Shoreline Change Data
Shoreline Management Model
Shoreline Assessment Mapper
Shoreline Management Model
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Table 7: Site suitability parameters for the City of Virginia Beach’s four major watersheds.
Parameter
Shoreline
Orientation

Oceanfront
Northeast

Lynnhaven
Variable

Elizabeth River
Variable

Shore
Morphology

Straight beaches
Tidal inlet (Rudee)

Headland beach (Fort
Story)
Straight beaches
Irregular (tidal sheltered
bays south of Lynnhaven
Inlet)

Irregular (Elizabeth
River shoreline)

Fetch/Wave
Climate

High energy along
Atlantic Ocean‐facing
shoreline
Low to medium energy
shorelines along tidally‐
influenced lakes west of
Rudee inlet

Low energy along
the Elizabeth River,
especially along the
tidal creeks

Depth/Slope
Offshore

Steep slope along
Atlantic Ocean‐facing
shoreline (depths range
from 1 to 7 feet)
Vertical slopes
(bulkheads) dominate
along Rudee Inlet with
relatively deep offshore
depths (3 to 4 feet)

Nearshore
Morphology

None

Nearshore
SAV

None

High energy along the
Chesapeake Bay‐facing
shoreline
Low to medium‐energy
along shorelines and
tidal creeks of Lynnhaven
Bay, branches of the
Lynnhaven River, Broad
Bay, and Linkhorn Bay
Relatively steep slope
along Chesapeake Bay‐
facing shoreline (depths
range from 1 to 5 feet)
Mix of vertical slopes
(bullheaded areas) and
gentle slopes (marsh
areas) along shorelines
south of Lynnhaven Inlet
with depths ranging from
1 to 1.5 feet.
Expansive coverage of
tidal flats and offshore
sandbars along
Lynnhaven and Broad
Bay and branches of the
Lynnhaven River
Sand bars along the
Chesapeake Bay‐facing
shoreline
Minimal

Southern
Variable along shorelines
of Back Bay and North
Landing River
Northeast along Atlantic
Ocean shoreline
Barrier beaches
(Sandbridge and Atlantic
Ocean side of Back Bay
National Wildlife Refuge)
Irregular (Back Bay and
North Landing River
shoreline)
High energy along
Atlantic Ocean‐facing
shoreline
Medium to high‐energy
within Back Bay due to
wind tides and large
fetch in some areas

Vertical slopes
(bulkheads)
dominate along the
Elizabeth River with
relatively deep
offshore depths (2
to 4 feet)

Wide, gentle slopes
dominate in Back Bay
with shallow offshore
depths (1 to 2 feet)
Somewhat steeper bank
slopes along North
Landing River with
offshore depths ranging
from 2 to 4 feet.

A few tidal flats
along the Eastern
Branch of the
Elizabeth River

None

None

Historically present (88%
coverage in the 1970s),
but generally absent
today
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Parameter
Wetlands

Oceanfront
Now: salt marsh
dominates
Future: significant loss of
salt marsh and
expansion of tidal flats in
Lake Rudee

Lynnhaven
Now: high marsh
dominates
Future: significant loss of
high marsh in Lynnhaven
Bay, expansion of tidal
flats and salt marsh
(Broad Bay)

Tide Range

3 – 3.5 feet

3 – 3.5 feet (north of
Lynnhaven inlet)
2 – 2.5 feet (south of the
Lynnhaven inlet)

Storm
Surge
(average
100‐year
elevation,
rounded to
whole
foot)
Erosion
Rates

7 feet

7 feet

8 feet

Atlantic Ocean‐facing
shoreline advancing
(likely due to
nourishment activities)

Generally low erosion
rates along Lynnhaven
Bay and Broad Bay
shorelines
Chesapeake Bay‐facing
shoreline advancing
(likely due to
nourishment activities)
Mostly residential

Generally low
erosion rates along
Elizabeth River
shoreline

Low to medium erosion
rates along Atlantic‐
Ocean facing shoreline

Mixed residential,
industrial, and
undeveloped
Majority of shoreline
contains a mixture
of bulkheads, riprap,
and marsh toe
revetments

Mixed light residential
and undeveloped

Shoreline
Land Use

Mostly residential

Shoreline
Structures

Seawall along resort area
of the Atlantic Ocean‐
facing shoreline
Rudee Inlet shoreline
contains a jetty,
bulkheads, marsh toe
revetments, and riprap

Majority of shoreline
contains a mixture of
bulkheads, riprap, and
marsh toe revetments

Elizabeth River
Now: high marsh
dominates with
some coverage of
salt marsh, woody
wetlands, and
shrub/scrub
Future: persistence
of marsh, but salt
marsh replaces high
marsh
2.5 - 3 feet

Southern
Now: salt marsh
dominates
Future: significant loss of
salt marsh, expansion
shrub/scrub and tidal flats

3.5 – 4 feet (along
Atlantic Ocean)
Negligible within Back
Bay; dominated by wind
tides
4 feet

Majority of shoreline
does not contain
shoreline structures;
some bulkhead, marsh
toe revetment, and
riprap.
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4. EVALUATION AND APPLICATION OF STRATEGIES
After identifying potential NNBFs, the next step is to evaluate which strategies may be
appropriate in different locations in Virginia Beach to achieve flood risk reduction benefits.
Results of the VIMS SMM in combination with the site suitability parameters estimated in the
previous section, were used as a starting point for identifying appropriate strategies within the
four major watersheds of the City of Virginia Beach. SMM uses decision-tree logic based on
various parameters to determine appropriate design interventions.
The SMM modeling framework does not include several of the priority strategies evaluated
in this study (e.g. SAV, living breakwaters, forest restoration, etc.) and were therefore
evaluated in addition to SMM outputs. Sources for each strategy are outlined in Table 8, and a
map summarizing potentially suitable locations for these strategies is provided in Figure 18.
The circled areas on the map show areas of high flood risk, identified by the economic flood
risk analysis conducted as part of the CSLRRF study.

Hybrid Strategies

Non‐Structural
Strategies

Table 8: Sources for Non-structural and Hybrid Strategies.
Strategy

Source

Restore, Enhance, or Create Marsh /
Marsh Islands

Marsh restoration areas were identified from the SMM; areas for
marsh island restoration were identified using aerial imagery

Marsh and Forest Migration

Areas for forest/wetland migration potential were identified
within the future high tide floodplain with 3 feet of SLR

Beach Nourishment / Dune Restoration

Beach nourishment / dune restoration shorelines were identified
from the SMM

Living Shoreline / Marsh Sill

Shorelines where living shorelines may be appropriate were
identified from the SMM

Living Breakwaters

Potentially suitable locations for living breakwaters were
identified from the site suitability parameters (specifically, wave
climate and depth)

Ecologically‐Enhanced Revetments

Shorelines where ecologically‐enhanced revetments may be
appropriate were identified from the SMM

NNBF in areas of special concern, shown in Figure 18, will depend on the need for and
limitation posed by navigation access or unique development areas such as marinas, canals,
industrial or commercial areas with bulkhead or wharf.
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Figure 18: Potential NNBF strategies in Virginia Beach.
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Evaluation of strategies at the citywide and watershed-level scales sets the stage for a
nature-based infrastructure network that could address current and future flood risk. The
objectives of the following sections are to:


Evaluate the application of these strategies in different locations across Virginia Beach.



Provide case study examples of strategies already being implemented in Virginia Beach’s
four major watersheds.



Explore pilot projects and identify ongoing research activities that utilize innovative
nature-based flood mitigation strategies in Virginia Beach, the surrounding region, or
other localities.

4.1. Beach Nourishment and Dune Restoration
Beach nourishment and dune restoration offers a soft-infrastructure strategy for the highenergy sandy shorelines of Virginia Beach. Ongoing beach nourishment projects in Virginia
Beach have historically focused on the Resort Area beach and Sandbridge Beach, shown in
Figure 19, although there have also been nourishment projects along the Chesapeake Bay
facing shorelines. The nourishment projects within these areas is described in the following
sub-sections.
4.1.1. Resort Beach
Nourishment of the Resort Beach began in the 1950’s, primarily using sand from the
Lynnhaven Inlet maintenance dredging project, which occurs on a three to four-year cycle. The
Resort Beach replenishment program, however, dramatically changed in 2001 with the
implementation of the beach restoration component of the Virginia Beach Erosion Control and
Hurricane Protection (BECHP) project. From this point forward, the Resort Beach is
programmed to be replenished through the mining of beach sand from offshore areas. During
the last nourishment event in 2012, contractors added 1.25 million cubic yards (CY) of sand
from 15th to 70th Streets. The project is next scheduled for nourishment in 2019.
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Navigation Channels
Nourishment Projects
Shoals

Figure 19: Existing beach nourishment projects and direction of sand transport in Virginia Beach. Map courtesy of USACE.

4.1.2. Sandbridge Beach
Nourishment of Sandbridge Beach began in 1998 and the latest nourishment was
completed in 2013 where 2.18 million CY of sand was placed on the beach between Back Bay
National Wildlife Refuge and Dam Neck Naval Facility, shown in Figure 20. The total cost of
the project was $15.9 million. Since completion of the 2013 nourishment, beach profile
monitoring of the project site has occurred in the spring and fall of each year to determine how
much sand is remaining within the system and to gauge the remaining project life. Results of
the Fall 2016 Beach Profile Monitoring Report indicate that the average remaining design life
for the project is just under 4 years. The next nourishment cycle is planned for 2018-19.
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Figure 20: Beach nourishment project area at Sandbridge, VA; May courtesy of USACE.

4.1.3. Chesapeake Bay Beaches
Nourishment of the Chesapeake Bay Beaches has been accomplished through smaller scale
projects than those at the Resort and Sandbridge Beaches. Several of the beaches adjacent to
the Lynnhaven Inlet, such as the Cape Henry and Ocean Park beaches, have been nourished
multiple times using sand from the Lynnhaven Inlet maintenance dredging project. Ongoing
and upcoming Capital Improvement Project (CIP) nourishment projects are discussed below.
The Chesapeake Beach Nourishment project (CIP 8-409) began in May 2018 where over
350,000 CY of sand were dredge from a nearshore borrow site and place on the beach to create
a wider beach berm and dune features (Figure 21). Based upon background erosion rates, a 6 to
8 year re-nourishment interval is planned for the entire beach with erosion “hot spots”
requiring additional material every 3 to 4 years.
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Figure 21: Nourishment and dune grass plantings along Chesapeake Beach; photography courtesy of Dewberry.

Nourishment restoration projects are being designed for Ocean Park and Cape Henry
Beaches through CIP 8-020. These projects will provide a level of storm protection that will
require more sand that is currently available from the dredging at Lynnhaven Inlet. Additional
sources of sand include nearshore borrow sites (e.g. shoals) and the Thimble Shoals and
Atlantic Ocean federal navigation channels.
4.1.4. Performance of Recent Nourishment Projects
In the most last round of beach nourishment projects for the Resort Beach and Sandbridge,
lower than expected sand costs offered the opportunity to place additional material on the
beaches. The City and the USACE seized this opportunity, and applied an “advance
maintenance” strategy during the original restoration and at each nourishment interval. This
has allowed the project nourishment cycle to be lengthened from an originally planned 3 to 4
year cycle to a much long 8 to 11 year cycle. This larger critical mass of sand has resulted in
several short- and long-term benefits including:


A wider recreation beach and greater than designed level of storm protection
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Cost savings due to a less frequent re-nourishment cycle and associated mobilization
of equipment



Less disruption to the benthic habitat and recreational beach uses

Another benefit from placement of additional nourishment fill is accelerated dune growth.
For example, monitoring of Sandbridge beach and dune elevations between 2013 and 2017
shows that these larger amounts of sand have resulted in growth of the dune features, shown in
green on the left panel in Figure 22. Re-emergence and growth of a dune system provides a
higher level of storm protection along with habitat creation. These outcomes demonstrate the
value of advance maintenance strategy.

Figure 22: Topographic elevation surfaces from Fall 2013 (right panel), Fall 2017 (middle panel), and comparison (left panel)
at Sandbridge. This figures shows that as the beach retreated through the nourishment cycle, dunes grew both in height and
width resulting in increased storm protection.
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4.1.5. Nourishment Funding
The City of Virginia Beach funds beach nourishment projects through the state Beach
Nourishment Funding Program, special tax districts, funding from the City of Virginia Beach’s
annual budget, and the Project Cooperation Agreement between the City of Virginia Beach and
the USACE (allows for a 65%-35% cost share between USACE and the City of Virginia Beach).
In 2016, Virginia Beach proposed annual contributions between $1.2 to 2.5 million for the next
six years to the restoration fund. In Sandbridge, the Sandbridge Special Service Tax District
helps fund replenishment efforts within the community. The Sandbridge Tax Incremental
Financing (TIF) designated nearly $10 million in FY2016-17 for beach replenishment. Relative
SLR influences shoreline erosion, with higher rates of SLR attributed to higher rates of
shoreline recession (i.e., Bruun, 1962; Zhang, Douglas and Leatherman, 2004). Acceleration of
the rate of SLR is already evident in the Hampton Roads areas (Boon et. al 2018). Continued
acceleration may start to increase shoreline recession rates, and in turn, result in potential
increased frequency of nourishment placement in the long-term.

4.2. Wetland Restoration, Enhancement, or Creation
There are opportunities for wetland restoration, enhancement and creation within each of
the City of Virginia Beach watersheds. Fringing marshes and marsh island systems within Back
Bay, North Landing River, and Lynnhaven Bay should be given priority due to their
vulnerability to inundation with rising sea levels, and their ability to attenuate wave action
driven by storms and wind tides. For fringing marsh restoration, areas with upland migration
opportunities are likely to have enhanced longevity under SLR conditions.
There are several degrading marsh island systems within Back Bay that have potential for
restoration or enhancement. Figure 23 shows the historical marsh extent in 1869 compared to
today’s marsh extent, illustrating moderate losses of fringing marsh along the shoreline and
more significant losses within the marsh island systems in the Back Bay.
Restoration of these riparian and island marsh systems could provide flood mitigation
benefits, especially with the ability to provide significant resistance to water flows, dissipating
wave momentum and energy. However, recent research has shown that marsh island
restoration typically works better for smaller, or shorter events. If the height of the water
moving over the marsh increases during larger wind-driven events in Back Bay, and marshes
become partially or fully inundated, the benefit of friction from these systems would have less
of an impact (Parquier et. al 2017).
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Figure 23: 1869 U.S. Coast Survey of Back Bay, Virginia Beach overlaid on 2016 aerial imagery.

Existing wetland restoration strategies in Virginia are outlined in the Virginia State
Wetland Program Plan for 2015-2020 (DEQ et al. 2018). The strategies can be summarized by
the following activities:


Upland Land Use Planning: The capacity of marshes to migrate landward is limited
by hardened shorelines and upland land uses. Strategies include using legal and policy
tools to intentionally leave room for upland marsh migration.



Voluntary Protection and Restoration: There are numerous voluntary activities
that occur outside of a regulatory program. Various non-governmental groups and
federal government entities restore, purchase, and protect wetland. Restoration projects
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have been undertaken by groups such as The Nature Conservancy (TNC), the
Chesapeake Bay Foundation (CBF), Lynnhaven River NOW, and the Living River
Restoration Trust (formerly, the Elizabeth River Project), among others.


Permitting and Compensatory Mitigation: Functions of impacted wetland must
be replaced through compensatory mitigation, such as with mitigation banks.



Setbacks/Buffers: Buffers such as the 100-foot buffer stipulated by the CBPA RPA
(shown in Figure 24) and the 50-foot buffer in the Southern watershed are used to
protect tidal and non-tidal wetlands from development pressures. Current research is
exploring the concept of a “rolling” RPA to allow this buffer to migrate naturally with
SLR as the shoreline and wetland migrate landward.

Figure 24: Jurisdictional boundaries of wetlands in Virginia.

In addition to the more traditional wetland restoration strategies described above, there are
several new marsh restoration strategies being explored in Virginia Beach. For example, TNC
conservation partners are investigating creative nature-based approaches for stabilizing
degraded marsh islands within Back Bay, such as planting native Bald Cypress seedlings in
strategic locations on the marsh islands. The vision involves using these Bald Cypress trees to
stabilize and gradually raise the marsh platform to be more resilient to SLR and wind tide
flooding events. The Knotts Island channel was identified as a critical gateway for floodwaters
moving from Currituck Sound into and out of Back Bay, shown in Figure 25. During a strong
wind tide event in Back Bay, many of these marsh islands are overtopped due to their low
elevations, shown in Figure 26. Therefore, the ability of these marsh islands to provide flood
attenuation is limited to smaller events.
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Another opportunity to focus
marsh restoration efforts includes
restoration and enhancement of marsh
island systems inside Lynnhaven Bay.
Similar to Back Bay, marsh island
systems in the Lynnhaven Bay area
projected to become fragmented with
1.5 ft of SLR and almost completely
submerged with 3 ft of SLR.
Lynnhaven River NOW recently
developed the Marsh Island Task
Force to evaluate strategies to slow down
Figure 25: Map showing marsh islands and conserved land
erosion and promote accretion of the
surrounding the Knotts Island; courtesy of The Nature Conservancy.
marsh island systems that are projected
to be especially vulnerable to rising sea
levels.
4.2.1. Beneficial Use of Dredged
Materials
A relatively new strategy for creating,
restoring, and maintaining coastal
marshes is building marsh elevations with
sediment delivered from nearby dredging
projects. Dredged material on coastal
wetlands provides a natural means of
increasing the elevation of sedimentKnott’s
Island
impaired wetlands when their ability to
adapt to SLR is threatened. In this
process, sediment removed from
navigation channels during dredging
projects is transported to a marsh
restoration site, where it is applied to the
surface of the marsh by spraying a slurry
of water, sand and silt, a process known
Figure 26: Simulation of water levels during a 100-year storm
as “thin-layer sediment addition.”
generating wind tides in Back Bay.
Challenges to the success of thin-layer
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marsh restoration projects include accounting for consolidation and erosion of newly deposited
sediment, and maintaining a hydrologic regime that distributes water and nutrients
throughout the marsh to ensure plant growth. Some of these challenges can be addressed by
using silt fences to prevent sediment erosion, planting marsh seedlings to stabilize new
sediment, and excavating new channels within the marsh to ensure proper tidal flooding and
drainage (VIMS 2014).
The USACE Engineer Research and Development Center (ERDC) maintains a database of
thin-layer placement marsh restoration projects. While the pilot projects have achieved varying
degrees of success, a notable case is the marsh restoration project within the Blackwater
National Wildlife Refuge (NWR) along Maryland’s eastern shore with a history of significant
wetland loss. In 2003, the USFWS, in partnership with the USACE, restored fifteen acres of
wetland in three different locations in the Blackwater NWR using dredged material from the
Blackwater River and planting native marsh vegetation. By 2005, post project monitoring
showed that the site completely revegetated, shown in Figure 27. The total cost of the project
was $300,000. Through a recent partnership, USACE, FWS, the Audubon Society, the
Conservation Fund and others are using a Hurricane Sandy Relief Grant from the National
Fish and Wildlife Foundation (NFWF) to add an additional 26 thousand cubic feet of sediment
to 40 additional acres within the refuge, costing a total of approximately $1.1 million.

Figure 27: Thin-layer marsh restoration project at the Blackwater NRW in Maryland; photographs courtesy of ERDC.

Nature-Based Flood Mitigation Strategies | 35

Despite the success of these pilot projects, it is estimated that between 13 and 65 million CY
of material will be required to fully restore Blackwater marshes. The only source for such a
large quantity of material is the Baltimore Harbor approach channels in the Chesapeake Bay,
which require the removal and placement of 4 million cubic yards of sediment per year. These
sediments are currently deposited at the Poplar Island Environmental Restoration Project. The
Blackwater NWR restoration project has been proposed as one of several dredged material
placement sites to be used when Poplar Island reaches capacity.

4.3. Submerged Aquatic Vegetation Restoration
The two key areas of opportunity for SAV restoration are within the Lynnhaven and Back
Bay, given the historical presence and loss of aquatic habitat. The suitability conditions within
these two areas for SAV restoration are unique and therefore require different approaches.
However, the common critical threat to SAV across Virginia Beach is poor water quality.
Increasing amounts of nutrients and sediments resulting from development of the shoreline
and watersheds can lead to diminished water clarity that blocks sunlight from reaching
underwater plants. Sunlight penetrates deeper in clear water than in cloudy water and SAV
depend on sunlight for reproduction (Dennison et al. 1993). Therefore, an overarching strategy
for SAV restoration in Virginia Beach should focus on continued water quality improvements
to make conditions more suitable for SAV survival.
4.3.1. Lynnhaven River SAV Restoration
The VIMS SAV Monitoring and Restoration Program was established in 1978 to monitor,
restore, and reintroduce Zostera marina (eelgrass) and other SAV species, such as Ruppia
maritime (widgeon grass) in Virginia’s coastal bays. Annual aerial surveys and field studies are
used to monitor the distribution and abundance of underwater grasses. While the overall
abundance is increasing across the Chesapeake Bay and tributaries, SAV acreage has declined
within the Lynnhaven watershed in Virginia Beach. The abundance of SAV beds from 1984
through 2017 in Broad Bay, located in the northeastern portion of the Lynnhaven River
watershed, is plotted on a graph in Figure 28 and shown on a map in Figure 29. SAV beds of
moderate density composed of eelgrass and widgeon grass existed along a narrow fringe
surrounding Broad Bay. However, the density of these beds became sparser and eventually
declined altogether. In Lynnhaven Bay, there has been no SAV except for one translate site of
eelgrass located inshore of an oyster reef planted by the Virginia Marine Resources
Commission (VMRC) around 1998, however this bed disappeared over time and was no longer
visible by the 2000 field study.
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Figure 28: Abundance of SAV in Broad Bay; data obtained from the VIMS SAV Restoration and Monitoring Program.

Figure 29: Delineation of SAV bed boundaries and estimates of SAV density; data obtained from the VIMS SAV Restoration
Monitoring Program.

Researchers at VIMS’ SAV Monitoring and Restoration Program are exploring creative SAV
transplant techniques to introduce grasses into areas where they have been eliminated. Their
recent experiments show that using eelgrass seeds can be much more efficient and effective for
large-scale restoration efforts than transplanting adult plants given the laborious and costly
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process of manual seagrass planting. SAV restoration efforts using seeds are being increasingly
recognized as a viable option for both small- and large-scale restoration projects. However,
many young seedlings fail to develop into adult plants because waves and currents can remove
them before they can become established. Therefore, the program’s current experimental work
is focused on the following areas:
1. Investigating seed planting as a tool to enhance seedling establishment
2. Understanding how different physical factors influence seedling establishment at
different restoration sites
3. Investigating the potential importance of high-density, repeated seeding
A recent study to evaluate the above questions shows that mechanized seed harvesting
(shown in Figure 30) has been an effective approach for seed collection because many grass
species produce and release large quantities of seeds over a period of weeks. When paired with
immediate seed distribution techniques, this approach reduces the infrastructure requirements
for processing and holding large number of seeds and improves seed survival. However, the
experiments found that if seeds are collected in the spring or summer, it is optimal to hold and
maintain them through the summer at high salinity and cool temperatures, and then disperse
them in the fall (Orth and Marion 2007). The study also compared the effectiveness of different
approaches for seed dispersal. One such method is deploying seed-bearing shoots in buoys and
another involves injecting seeds directly into sediments over large areas using machinery.

Figure 30: Mechanical aquatic grass harvester; photograph courtesy of Robert J. Orth.
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In addition to the restoration efforts led by VIMS, the USACE Norfolk District and the City
of Virginia Beach are partnering on the $34 million Lynnhaven River Basin Ecosystem
Restoration Project. The project is intended to restore approximately 38 acres of wetlands, 94
acres of SAV, and 31 acres of reef habitat within the Lynnhaven River and will be constructed
in several phases over the coming years. The SAV restoration will focus on restoring
populations of eelgrass and widgeon grass in areas where seagrass was historically abundant.
Implementation will involve hand broadcasting SAV seeds at a density of approximately
300,000 seeds/acre.
Phase 1 of the project includes the restoration of approximately 7.1 acres of wetlands along
Thalia Creek, 6.3 acres of submerged aquatic vegetation in Broad Bay, and up to 8 acres of reef
habitat near Dix Creek in the Lynnhaven Bay, shown in Figure 31. Implementation of Phase 1
of the project is anticipated to begin in spring 2019. While the extent of these SAV restoration
sites are relatively small, these pilot projects can be evaluated to accomplish more extensive
SAV restoration that would provide greater flood risk reduction benefits, namely slowing down
the movement of water. Post-planting monitoring of the pilot project will provide insight into
potential benefits and how well two grass types are establishing.

Figure 31: Lynnhaven River Ecosystem Restoration Phase 1 Project Sites.
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4.3.2. Back Bay SAV Restoration
SAV density began to decline in Back Bay in the 1920’s. In 1958, the U.S. Fish and Wildlife
Service (USFWS) and the states of Virginia and North Carolina began an extensive survey of
SAV in the Back Bay. The SAV in Back Bay has shown two periods of high frequency and two of
decline during the years 1954-1990 (Schwab et al. 1990). The second period of growth was
driven by the explosion in growth of Eurasian watermilfoil, an invasive, non-native plant first
documented in in the bay in 1966. Since the monitoring ended in 1990, SAV distribution has
remained sparse, covering somewhere between 10 and 15% of the bay. It is likely that a
combination of changes in land use, runoff, dredging and water clarity issues, as well as disease
and other factors, drove the decline (CVB 2017).

Figure 32: Frequency of SAV in Back Bay from 1958 – 1990; graph obtained from Schwab et al. (1990).Y-axis indicates
percent coverage of SAV in Back Bay.

Today, SAV restoration in Back Bay is challenged by both poor water quality due to nutrient
and sediment inputs from agricultural operations and other upland land uses as well as poor
water clarity driven by frequent wind tides. This is because of the open and shallow nature of
Back Bay—even the smallest wind action is enough to churn the water from the surface to the
bottom. One promising strategy currently being explored in Back Bay is the use of floating
turbidity curtains.
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In the spring of 2010, a floating turbidity curtain pilot project was implemented in Back Bay
to evaluate the value of this strategy for improving water clarity and encouraging the growth of
SAV. The curtains were placed on the southern side of Ragged island, positioned at an angle to
provide shelter from the southwesterly winds that are dominant in the spring and summer to
see if wind direction and/or fetch played a role in SAV dispersal in Back Bay. The location of
the pilot project is shown in Figure 33. Figure 34 provides a Google Earth image of the
curtains deployed.

Figure 33: Floating turbidity curtain pilot project location in Back Bay.
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Figure 34: 2010 Google Earth image of the deployed floating turbidity curtains on Ragged Island in Back Bay.

The project was monitored on a weekly basis from March through June, 2010. Data
collection involved using a Secchi disk, an instrument used for measuring turbidity. The depth
at which the disk is no longer visible is taken as a measure of the transparency of the water.
Secchi disk readings were taken on both sides of the curtain, windward and leeward. General
water quality parameters such as dissolved oxygen, temperature and salinity, and wind speed
and direction were also recorded for each sample day. In general, there was an 11- to 12-inch
difference in Secchi disk readings on the leeward side of the curtain meaning that water clarity
was much improved because of the curtains. While the pilot project did not quantify SAV
abundance before the curtains were deployed, the project team noted growth of SAV on the
leeward side of the curtains demonstrating the potential usefulness in using this strategy for
larger SAV restoration efforts. More photographs of the pilot project are shown in Figure 35
and Figure 36.
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Figure 35: Pilot project team deploying the floating turbidity curtains in Back Bay

Figure 36: Deployed turbidity curtains in Back Bay.

Another potential strategy to encourage the growth of SAV in Back Bay is the use of living
breakwaters that are designed to break up wave energy and reduce turbidity. This strategy will
be explored in more detail in Section 4.6
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4.4. Forest Restoration, Enhancement, or Creation
Forest conservation and restoration offers a robust flood mitigation strategy across the City
of Virginia Beach. Observations of aerial photographs over time show an overall decrease in
tree canopy cover over the past 75 years in Virginia Beach. This trend is strongly tied to
increases in residential and urban development, despite some localized gains due to changes in
land uses. Figure 37 provides an example of historical versus modern canopy cover in the Bay
Colony neighborhood at the Oceanfront. The top figure shows an aerial photograph from 1937
in which the area is dominated by open fields, forested areas, and coastal habitats along the
oceanfront - light residential development is along the coast. The bottom figure shows an aerial
photograph from 2007 in which residential development expands and while the forested areas
lost tree cover, the open fields and areas along the coast increased in tree cover.

Figure 37: Historical comparison of forest coverage from 1937 to 2007.
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As mentioned earlier in this report, there have been efforts at the regional and local levels to
develop a protected GI network, such as delineating conservation corridors and riparian buffer
areas to preserve and expand valuable forest habitat. The City of Virginia Beach Urban Forest
Management Plan, for example, recognizes the role urban forests play in flood mitigation. In
particular, the plan emphasizes the threat that forest fragmentation has on the ability of forests
to provide flood storage services. The plan provides the following recommendations:


Actively maintain trees on public property to ensure that they increase in size



Continue to educate and encourage the planting of trees on private property



Replace dead or diseased trees on public property



Work cooperatively with developers to preserve existing trees during development



Educate the public to plant trees that contribute to species diversity, minimizing the
chance of species ‘meltdowns’



Identify and preserving publicly-owned open space that can be allowed to regenerate to
forest



Manage pests and diseases effectively

In addition to the City of Virginia Beach’s existing GI planning documents, there are
numerous other research initiatives aimed at identifying innovative techniques to forest
conservation. One such initiative is the Virginia Beach Forest Conservation Working Group, a
collaborative effort between TNC, Lynnhaven River NOW, Virginia Tech, and various City of
Virginia Beach departments. The working group is exploring contemporary strategies for forest
restoration with the goal of achieving flood risk reduction. The group is evaluating strategic
locations for planting salt and flood-tolerant vegetation as well as identifying land area that
could be conserved for forest migration in response to future flood conditions. Figure 38 shows
forested areas in the Southern watershed that are expected to be inundated by daily tidal
flooding under the 3 ft SLR scenario. Bald cypress trees, which germinate on land but can
tolerate wet soil and salinity increases, could be planted in advance of this condition.
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Figure 38: Forest land area projected to be permanently inundated at high tide with 3 ft of SLR.

The Forest Hydrology Study is another forest restoration initiative led by researchers at
Virginia Tech. The objective of the study is to develop a decision-support tool that will help the
City of Virginia Beach identify the most important forested areas that can be restored to
minimize flood risk. The tool will focus on evaluating the potential of implementing forest
restoration projects on conserved lands, shown in Figure 39.
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Figure 39: Conserved land ownership in Virginia Beach; map courtesy of The Nature Conservancy. VOF stands for the
Virginia Outdoors Foundation.
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4.5. Living Shorelines / Marsh Sills
A commonly constructed form of a living shoreline is a marsh area that is protected by a
low-lying structure called a sill. Marsh sills can be used in Virginia Beach to armor or create
new fringe marshes that require a higher degree of protection. Sills dissipate wave energy by
causing waves to break on the offshore structure, rather than upon the natural, more fragile
shore. Sills are typically constructed from stone structures, but alternative materials such as
coconut fiber logs or oysters can also be used.
There are several examples of marsh sill living shoreline pilot projects in Virginia Beach. In
fact, living shorelines have become a widely accepted strategy for shoreline management as
identified in the Lynnhaven River Shoreline Management Plan (Hardaway et al., 2013). Figure
40 provides an example of a successful marsh planting project in Little Haven Creek assisted
by installation of fiber logs to stabilize the bank toe and newly established marsh vegetation.

Figure 40: Living shoreline project; photographs courtesy of Lynnhaven River NOW.
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Another type of sill structure commonly used in Virginia Beach and other areas are oyster
castle blocks. These features are constructed concrete blocks that contain 30% oyster shell,
which can be assembled in varying formations to fit the particular depth and contour of the
shoreline. In addition to providing valuable habitat for oysters, these castle blocks help protect
the shoreline from wave action, erosion, and encourage the spread of wetland grasses behind
the castle. In May and June of 2018, Lynnhaven River NOW moved more than 87,000 pounds
of oyster castle blocks to build 58 castles in 6 different locations in Virginia Beach and Norfolk.
Figure 41 shows an oyster castle living shoreline project implemented in 2015 in Virginia
Beach. The project involved placing 30 concrete oyster castles along the eastern branch of the
Lynnhaven River at Great Neck Park.

Figure 41: Volunteers with the Virginia Beach Project Green Teens building oyster castle reefs along the eastern branch of the
Lynnhaven River at Great Neck Park in Virginia Beach in 2015; photograph courtesy of the Virginia Pilot.

Similar to the discussion of marsh restoration strategies in Section 3.2, techniques such as
allowing for migration of living shorelines into upland areas can also be used to enhance the
long-term resilience of living shoreline projects. The Southern watershed is particularly
suitable for resilient living shoreline projects given the wide, gradual slopes along Back Bay, the
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North Landing River and West Neck Creek (shown in Figure 42), with mostly rural upland
development. These areas may be potential opportunities for marsh migration – places where
current wetlands are likely to end up in the future based on landscape topography and
hydrology. Although migration of these wetlands will provide flood risk reduction benefits to
upland landowners, it may also lead to loss of important land as wetlands infringe on
agricultural fields. Strategic marsh migration will need to involve the agricultural community
in providing technical assistance and identifying programs that can help transition these areas
such as planting transitional crops.

Figure 42: Land elevations in the Southern watershed of Virginia Beach.
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4.6. Living Breakwater Islands
Living offshore breakwater islands are most suitable when placed within larger bodies of
water such as open coast or larger bays that experience higher wave energy because of their
ability to attenuate storm waves. In Virginia Beach, there are currently only traditional
breakwaters on the eastern side of Fort Story and along the shoreline to the west of the
Chesapeake Bay Bridge Tunnel. Although there are no cases of existing living breakwater
projects in Virginia Beach, there are some local examples from neighboring communities as
well as examples from the Gulf Coast and Northeast.
Virginia Beach’s higher energy shorelines present opportunities for the enhancement or
creation of offshore living breakwater systems that incorporate natural features that provide
more structural stability, such as rocky or hard structured habitat which can function much
like oyster reefs. For example, the Raritan Bay, New Jersey living breakwater project, shown in
Figure 43, is located in a shallow estuary that historically supported shell fisheries. The project
involves constructing approximately 3,200 linear feet of a near-shore living breakwater located
between 730 and 1,200 feet from shore, designed not only to reduce flood risk, but also to
provide habitat enhancements through the specialized design of the breakwater structure and
the materials used. Closely spaced rock called “reef fingers” are being used to add habitat
complexity for recruitment or species such as shellfish and fish. The project designers
anticipate that the calmer near shore waters and wider beaches created by the breakwaters will
not only help reduce risk from coastal storms, but will also enhance recreational opportunities
along the shoreline including boating, fishing, and general beach use.

Figure 43: Conceptual design of the living breakwater project within Raritan Bay, NY.
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Another example of a living breakwater project that can withstand higher wave energy is
the Atlantic Reefmaker concept. The Reefmaker concept uses a series of wave attenuation
structures, termed “EcoSystem Units” comprised of a stack of concrete molded trays set with
natural rock material such as granite. These systems attenuate wave energy while allowing for
water and sediment exchange and passage of organisms through the structure. The Reefmaker
concept was implemented to protect the shoreline within Brunswick Town in North Carolina
from erosion and flooding, shown in Figure 44. The University of North Carolina at
Wilmington (UNCW) is currently conducting monitoring of the structure. In August 2018,
about one year after construction of Phase 1 was completed, there was 3 feet of accretion
behind the structure. Three areas of Spartina alterniflora recruitment were also noted. From
September 13-16, 2018, the structure withstood Hurricane Florence’s landing near the site.

Figure 44: The Reefmaker concept at Brunswick Town / Fort Anderson in North Carolina.

Reef ball living breakwater projects are also designed to attenuate wave energy but are
typically submerged or placed semi-emergent in shallow water and are therefore more suitable
for low to medium wave climates. Individual units are typically placed close together and
parallel to the shoreline. Artificial reefs can be designed for a variety of goals including wave
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attenuation or the creation of fish or shellfish habitat. Ideally, generations of reef species can
grow on these structures over time to form larger reef structures, allowing for increases in
elevation of the structure with rising sea levels. When placed at emergent (high wave-crest)
elevations, artificial reefs can function as breakwaters and provide both wave attenuation and
shoreline stabilization benefits. Furthermore, artificial reefs can provide similar functions as
marsh sills if the reef ball units are placed in a manner where a beach or marsh platform can be
created behind the units, as illustrated in Figure 45.

Figure 45: Example of a reef ball living shoreline project to protect West Bay in Texas; photograph courtesy of Reef
Innovations.

The Chesapeake Bay Foundation (CBF), with support of a National Fish and Wildlife
Foundation (NFWF) grant, constructed a reef ball project in 2010. 1,500, 100-pound reef balls
were placed between the Hermitage Museum and Gardens and Norfolk Yacht and Country
Club in Norfolk, Virginia, shown in Figure 46. A healthy oyster reef must have at least 50
oysters per square meter to sustain itself and meet standards set by the Environmental
Protection Agency’s (EPA) Chesapeake Bay Program. All of the reef balls surveyed by the CBF
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in November 2017 had densities over that threshold, with one reef as high as 152 oysters per
square meter. This project provides an example of a successful oyster restoration project that
provides both shellfish habitat as well as potential flood risk reduction benefits. Similar
projects may be suitable to the Elizabeth River and the Lynnhaven River in Virginia Beach.

Figure 46: Oyster restoration project in the Lafayette River in Norfolk, Virginia; image courtesy of the Elizabeth River Project.

Living breakwater islands that incorporate wetland vegetation are likely more suitable to
the low and medium wave energy environments of Virginia Beach that have expansive shallow
water environments with limited navigational obstacles, such as Back Bay. Examples of living
breakwater that incorporate vegetated wetland features include floating wetland islands or
marsh terraces, shown in Figure 47, which could be implemented in these areas to achieve
multiple objectives including:


Reduce fetch/surge height on the protected side of the breakwater because surge
overtopping can be limited or redirected during low-intensity, frequently occurring
storms.



Reduce turbidity to increase light penetration into the water column to promote
growth of SAV, similar to the floating turbidity curtain strategy.



Protect marsh islands and fringing marshes from erosion.
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Figure 47: Example of a constructed marsh terraces in the Gulf of Mexico; image obtained from Brasher (2015).

Marsh terraces or marsh islands offer a potentially suitable strategy in Back Bay to prevent
future projected losses of marsh with SLR, particularly because of their potential ability to
interrupt the negative feedback cycle of marsh erosion/drowning that is initiated once interior
marshes begin to fragment. In this cycle, as an intact marsh begins to fragment and convert to
open water, fetch increases and enables greater wave energy, which in turn increases marsh
erosion rates, ultimately accelerating conversion to an ever-expanding body of open water
(Brasher 2015). Marsh terraces are segmented ridges of bare soil and emergent marsh
constructed from excavated subtidal substrates in shallow, open water areas. Terraces are
typically designed and constructed with a height equal to surrounding marsh elevations to
enable periodic tidal inundation of the terraces and associated vegetation. Vegetation planting
includes Spartina alterniflora (smooth cordgrass) in saline and brackish waters. Marsh
terracing has become increasingly common in coastal Louisiana and Texas, and are most often
constructed in large water bodies that were once emergent marsh but have since been
converted to open water (Brasher 2015). Since 1990, marsh terraces have been constructed at
over 80 sites in Louisiana and Texas, encompassing over 4,000 individual terrace ridges.
Similar to the discussion on turbidity curtains, the value of terraces for encouraging the
growth of SAV has been measured directly through estimation of SAV habitat expansion and
indirectly through assessment of how terraces affect turbidity. Terraces have been

Nature-Based Flood Mitigation Strategies | 55

demonstrated to reduce fetch and resulting wave energy as well as reduce turbidity, although
this pattern is not consistent across project sites and varies temporally. Furthermore, direct
measures of SAV growth in terraced sites have been generally positive, but the magnitude of
this effect may vary significantly among sites and throughout the year (Brasher 2015). The
primary challenges associated with marsh terracing includes the permitting, construction, and
maintenance of a large in-water structure that requires an underwater installation along with
the potential for a large volume of sediment fill.

4.7. Ecologically-Enhanced Revetments/Bulkheads
Ecologically-enhanced revetments can be used at both open coastal locations as well as
lower energy sheltered shorelines. Revetments have been implemented as coastal protection on
many coastlines where the expected wave heights far exceed anything likely to be experienced
at a living shorelines site (Miller et al. 2016). Furthermore, these features are often used in
urban areas, in marinas, or along rivers and coasts where space is limited. In locations where
living shoreline projects are not possible because wave energy, land ownership, or other
factors, ecologically-enhanced revetments are preferred over vertical bulkheads (VIMS 2010).
However, in urban harbors that are lined with hardened bulkheads where living shorelines or
ecologically-enhanced revetments are not possible, alternatives could be explored such as a
new type of vertical wetland, termed the “Green Bulkhead.” The system consists of a porous
recycled plastic fabric that is draped over the surface of an existing bulkhead. Wetland plants
are grown in artificial growth media that is placed in pockets of the plastic fabric. Two
successful demonstration projects were implemented in Baltimore’s Inner Harbor and along
the Anacostia River in the District of Columbia.
This strategy could be explored across the City of Virginia Beach in locations with existing
revetments or bulkheads through replacement or incorporation of ecologically-friendly
materials and vegetation to reduce wave energy and further prevent shoreline erosion. As part
of the Hudson River Sustainable Shorelines Project, ten strategies that can be used as
alternatives or retrofits to traditional bulkheads and revetments were evaluated for different
hazard mitigation services, shown in Figure 48 (Rella and Miller 2012; Zhao et al. 2014).
Enhancements take a variety of forms ranging from simply incorporating vegetation into an
existing structure (e.g. joint planted revetment) to completely changing the geometry and
composition of the structure. Of these strategies, green (bio) walls, vegetated geogrids, and
joint plantings were found to be most applicable for ecological enhancements to traditional
bulkheads or revetments. For more information and illustrations of these various strategies,
refer to the Hudson River project report.
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Figure 48: Characteristics of ecological enhancement hazard mitigation measures for different types of revetment/bulkhead
retrofit strategies. Table obtained from Zhao et al. (2014).

5. MEASURING PERFORMANCE AND QUANTIFYING BENEFITS
Identifying appropriate and effective nature-based flood mitigation strategies should be
guided by the benefits and services these features can provide. There are several knowledge
gaps regarding the performance of nature-based interventions for flood risk management.
These gaps are mostly related to their performance under extreme storm conditions, especially
their persistence over longer time scales and after exposure to multiple storm events. Although
numerical models can be used to investigate performance and benefits, validation data from
experiments or from pilot projects is often lacking. Standardized performance metrics will also
enable comparison with conventional engineering interventions (World Bank 2017). The
following sections will explore performance metrics that have been identified as well as other
sources for evaluating potential success, such as pilot project case studies, field observations,
laboratory experiments, and numerical simulation results.

5.1. Performance Evaluation Metrics
A performance metric is an indicator that can be used to consistently estimate and report
the anticipated effect of an alternative or engineering design with respect to a particular
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objective (Bridges et al. 2015). Performance metrics help decision-makers compare the
expected performance across alternatives or engineering designs.
The USACE developed a set of relevant performance metrics for NNBF, expressed in terms
of ecosystem goods and services, that can be used to characterize (either qualitatively or
quantitatively) the benefits generated by these features. In total, 72 quantitative performance
metrics were developed that capture a full suite of social, environmental, and economic
benefits. Table 9provides a simplified summary of these performance evaluation metrics.
Table 9: Performance Evaluation Metrics; table adapted from the Coastal Green Infrastructure Research Plan for New York
City (Zhao et al. 2014).
Benefits
Storm surge/tide
Hazard
mitigation

Wind wave
Shoreline erosion
Water purification

SAV habitats
Marsh habitats
Ecological
benefits

Forest habitats

Wildlife habitats
Habitat diversity
Carbon sequestration
Air quality improvement

Performance Evaluation Metrics
Surge height and/or flood depth, flood limit of target event
(e.g., 100‐yr return period), phased delay of surge
Peak
Wave height reduction, wave power/energy of wave heights at
shoreline
Shoreline retreat/accretion distance or rate, bathymetric and
topographic variation
Concentration of total suspended solids, harmful substances (e.g.,
harmful bacteria, heavy metal), dissolved oxygen, and nutrients (N,
P, K), pH value; extent of water quality impairment; primary
production (chlorophyll a)
Density, biomass, diversity index, characteristic species abundance
Density, biomass above and below ground, vegetation morphology
(height, diameter), characteristic
species abundance, diversity index
Density, biomass above and below ground, vegetation biomass,
morphology (height, diameter,
foliage), characteristic species abundance, diversity index
Bird diversity, characteristic species abundance
Spatial heterogeneity, species richness, species abundance
Greenhouse gas (GHG) removal, GHG emission
Concentration of ozone, particulates, and SO2/NO2

5.2. Case Studies
Data from case studies—including project location, motivations, goals and objectives,
design, monitoring and evaluation—can be critically important to planning and design of new
NNBF projects. A virtual laboratory of pilot projects utilizing various innovative strategies
could be used to understand lessons learned and create design guidelines for future projects.
There are several existing databases that can be leveraged for this purpose, summarized in
Table 10.
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Table 10: Databases of nature-based case study projects.
Name

Source

Living Shorelines
Demonstration Sites

VIMS

SAGE Interactive
Mapper

SAGE
USACE

The Nature
Conservancy’s
Natural Infrastructure
Restoration Projects

TNC

Green Infrastructure
Effectiveness
Database

NOAA

Living Shorelines
Highlighted Projects

Living
Shorelines
Academy

Description
VIMS provides a list of locations and project descriptions for a
number of living shoreline projects in Virginia. The site also
contains more general information on the characteristics and
benefits of living shorelines.
This map displays completed projects from the Systems Approach
to Geomorphic Engineering (SAGE) Database with known
locations. The inset map on the lower left shows the area
depicted in the map window.
This resource contains a map that currently has 209 restoration
sites that have been submitted to the database. The sites can be
accessed either by pressing on a location or by scrolling through
the project list. Each location includes a summary, photos and
details such as techniques used, data collected, habitats, species,
and project objectives. There is also an option to filter search by
project type.
This online database of literature sources contains information on
the effectiveness of GI to reduce the impacts of coastal hazards,
such as inundation and erosion from tropical storms and
cyclones, more frequent precipitation events, and SLR. The
database contains records from a wide range of sources, such as
peer‐reviewed journals, online tools, and gray literature, and
includes information on 32 different coastal GI types. The GI
techniques referenced cover a full range of approaches to coastal
management, including natural, nature‐based (e.g., low‐impact
development), structural, and policies.
The Living Shorelines Academy, a partnership between Restore
America’s Estuaries, North Carolina Coastal Federation, EPA, and
the Southern Environmental Law Center, collected a highlighted
list of living shoreline projects from around the country. Each of
the highlighted case studies includes the project description,
location, site photos, technical details, funding and contact
information.

5.3. Cost Benefit Assessment
Although traditional risk assessment methods can be applied to nature-based solutions,
they do not incorporate the full range of benefits. To appreciate the full potential of naturebased measures, risk assessments should be extended with a benefit assessment to quantify
their ecosystem and socio-economic benefits. This would enable a more holistic comparison to
traditional engineering approaches (World Bank 2017), however, these metrics can be difficult
to quantify.
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NOAA developed A Guide to Assessing Green Infrastructure Costs and Benefits for Flood
Reduction. The purpose of this guide is to provide a process that communities can use to assess
the costs and benefits of GI to reduce flooding. The guide takes a step-by-step, watershedbased approach to documenting the costs of flooding; projecting increased flooding and
associated costs under future land use and climate conditions; and calculating benefits and
costs of reducing flooding with GI over the long term. Figure 49 lays out the framework
established by NOAA to assess the costs and benefits of GI for flood risk reduction.

Figure 49: NOAA framework for assessing GI costs and benefits for flood risk reduction.
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Numerical models can be used to quantify flood risk reduction potential of NNBF projects.
For example, the numerical model XBeach (Roelvink D., 2009) quantifies nearshore
hydrodynamic and morphodynamic behavior. XBeach will simulate different storm scenarios
to calculate the risk of flooding and erosion during extreme events. Another feature of XBeach
is its ability to add vegetation to represent nature-based defenses in the simulations, which
quantifies the potential of the nature-based features reducing flooding and waves (Roelvink et
al. 2009).
Numerical models like XBeach and MIKE21 are extremely valuable in quantifying the costs
and benefits of a nature-based solution to coastal erosion and flooding. With XBeach, a storm
event can be simulated both with and without vegetation, showing the benefits/costs of using
vegetation as a nature-based solution. When validated with sensor data that provides actual
water level and wave attenuation during an event, the amount of damage to a coastal area can
be quantified based on the model outputs and the data collected by the sensors. An example
application is a study conducted at George Mason University to quantify the wave attenuation
due to vegetation in a coastal salt marsh in Magothy Bay Natural Area Preserve on the Eastern
Shore of Virginia, shown in Figure 50. The top panel displays an example of existing vegetation
in the marsh while the bottom panel represents a hypothetical example of the marsh where the
vegetation is removed from the system. During storm events, the model shows the vegetation
reducing up to 83% of wave height within and landward of the marsh edge (Miesse and
Ferreira 2018).
In addition to using numerical models to quantify flood risk reduction potential,
social/environmental benefits can be derived based on the amount of vegetation added to a
model in XBeach. If the volume and type of vegetation is known, benefits such as carbon
sequestration can be estimated.
Using numerical models falls under steps 4 and 5 of the NOAA framework laid out in Figure
49. Other numerical models have similar features to quantify the risk of storm events, and the
ability to simulate different features to reduce the risk of these events. Numerical models can
be used to simulate a specific type of NNBF before it is implemented, allowing its potential
costs and benefits to be quantified. By doing this, the best solution to reducing flood risk can be
identified and put in to practice. This is key when identifying how to have the largest impact
with the amount of funds available for a project.
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Figure 50: XBeach model for Magothy Bay Natural Area Preserve, with and without salt marsh vegetation. Graphic courtesy of
Garzon et al. (2018).
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6. ASSESSING BENEFITS FOR FLOOD RISK REDUCTION
Coastal numerical model simulations were completed to estimate the flood risk reduction
potential of proposed natural and nature-based flood mitigation projects presented in this
report. The modeling exercise focused on the influence of marsh island systems in Back Bay
and northern North Carolina on flooding in southern Virginia Beach. This area was chosen for
several reasons. First, as mentioned earlier in this report, the marsh islands in Back Bay are
projected to be particularly vulnerable to fragmentation or drowning in response to SLR. It is
therefore valuable to evaluate the flood risks associated with conversion of these systems to
open water, and assess the benefits of restoration for flood risk reduction. Secondly, the
Southern watershed is particular susceptible to recurrent flooding during periods of prolonged
southerly winds. The marsh island systems, especially along the Knotts Island Channel, are
thought to provide a barrier to flood pathways, delaying time to peak flooding while also
dissipating wave energy. The purpose of this analysis was to assess the flood risk reduction
benefits these marsh island system provide during a wind-driven flood event.
To accomplish this, we leveraged the MIKE21 coastal hydrodynamic model. This model was
developed under the CSLRRF study to simulate the effectiveness of various large-scale flood
protection structures. The MIKE21 model is specifically oriented towards establishing flow
patterns in complex water systems, such as coastal waterways, estuaries, and wide floodplains
(Dewberry 2016). The current geographic extent of the model was sufficient for incorporating
the influence of the marshes at Knotts Island and marsh island systems along the Knotts Island
Channel, a critical flood pathway into Virginia Beach.
A total of four MIKE21 wind tide flooding simulations were evaluated, illustrated in Figure
51. The first two simulations reflect today’s existing sea level, with and without marsh island
restoration. The second two simulations reflect the future water levels with 3 ft of SLR, where
the future marsh island habitat has degraded in response to SLR as well as a future restored
condition where marsh islands are nourished to keep pace with SLR. The 3 ft SLR scenario was
selected over the 1.5 ft SLR scenario because of the significant amount of marsh island system
that is projected to convert to open water in response to the higher SLR rate.

Nature-Based Flood Mitigation Strategies | 63

Figure 51: Flood risk modeling simulation scenarios with and without marsh island restoration.

6.1. Projected Changes in Marshes
6.1.1. Degraded Marsh Islands
The SLAMM modeling outputs developed under the CSLRRF study and associated with the
3 ft SLR scenario were used for the future degraded marsh island condition in Virginia Beach.
For the North Carolina portion of the study area, marsh migration data from the NOAA Sea
Level Rise Viewer was obtained. The NOAA approach to mapping marsh response to SLR
attempts to account for local and regional tidal and estimated marsh accretion (NOAA 2016).
The 2 ft SLR NOAA marsh migration output was selected for its alignment with the magnitude
of marsh loss projected under the Virginia Beach SLAMM analysis. The degraded marsh island
system is shown in Figure 52 (left panel).
6.1.2. Restored Marsh Islands
For the restored marsh island scenarios, a historical NOAA National Geodetic Survey
shoreline from 1868 was used to estimate a restored condition of marsh island systems in Back
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Bay, and along the Knotts Island Channel. The restored marsh island system is shown in Figure
52 (right panel).

Figure 52: Comparison of degraded marsh islands (in response to 3 ft SLR), shown on the left, and restored marsh islands,
shown on the right.

6.2. Model Grid
The MIKE21 model grid (or mesh) was modified to reflect the different marsh island
scenarios. Both elevation and friction parameters were adjusted to reflect changes to land cover
or open water areas. The land class coverage from the SLAMM and NOAA-sourced outputs
were simplified into three sub-classes as changes of grass or woody marsh to open water, or
marsh to tidal flat were deemed most applicable to the modeling effort.
6.2.1. Friction Adjustments
The hydraulic roughness (also referred to as bottom bed roughness) is the measure of the
amount of frictional resistance water experiences when passing over different land or channel
features. Heavily vegetated or densely developed areas are assigned a higher hydraulic
roughness coefficient, while paved or open areas are assigned a lower roughness coefficient. A
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detailed discussion of the MIKE21 model can be found in the Numerical Modeling for Coastal
Flood Risk Reduction Strategy Development Report (working document)
6.2.2. Elevation Adjustments
Although SLAMM can generate output elevations for land classes, this data was not
available for the entire study area. Given the lack of elevation data, proxies were established to
provide values for grid modification as follows:


Grass and woody marsh: areas of grass and woody marsh were isolated,
respectively, and an average elevation value from the LiDAR-derived digital
elevation model (DEM) was extracted to represent an average elevation for these
marsh classifications. In general, woody marsh has a higher marsh platform
(computed to be located approximately 2.2 feet above the North American Vertical
Datum of 1988 (NAVD88) than areas dominated by grass marsh (computed to be
located 1.2 ft above NAVD88). This was expected because of the lower tolerance of
woody marsh plants to frequent inundation.



Intertidal areas (e.g. flats): tidal flats are typically found at elevations between
the average water level and the average low water level. A proxy elevation was
defined as the mid-point elevation between the two. This value was calculated using
the water-level time series from the Beggars Bridge water-level gauge maintained by
the City of Virginia Beach and the USGS. The average water level was computed to be
0.29 ft above NAVD88 and the computed low water elevation (e.g. the bottom 5th
percentile of water elevations over the gauge record) was computed to be 1.16 ft
below NAVD88.



Open water areas: a proxy elevation for open water areas was derived by
extracting an average offshore depth near the existing marsh islands from the LiDAR
data, computed to be approximately 0.8 ft below NAVD88. This agrees with the very
shallow nature of Back Bay, especially in near-shore areas.

Prior to implementation into the grid, a secondary proxy elevation was developed for the
marsh classifications to account for the simulations with SLR. To represent how these systems
would keep pace with SLR supported by restoration activities, 3 ft was added to the proxy area
elevations. It should be noted that marsh restoration techniques discussed in this report, such
as thin layer placement, would likely be required to help maintain marsh platform elevation
with respect to rising water levels.
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6.3. Modeling Simulation
A southern wind with constant speed at 20 MPH for 5-6 days, can raise the water level in
northern Back Bay by 2-2.5 ft, which is very close to the wind surge level that has been
observed recently in May 2017 and July 2018. To incorporate this event into the MIKE21
model, water level time series at the canal near Dam Neck Road and at Back Bay near
Currituck were extracted from simulations of wind tide conditions completed as part of the
Numerical Modeling of Wind Tides in Back Bay and North Landing River (working document)

6.4. Results
The modeling simulations were evaluated to assess flood risk reduction benefits in two
ways: 1) flood depth reduction and 2) timing of the maximum flood event. The benefits
associated with these elements are discussed in the following sections.
6.4.1. How could a marsh island restoration project impact the depth of flooding
during a wind tide event?
Both the existing and future condition modeling simulations showed an overall positive
affect of marsh island restoration with wind-driven flooding, shown in Figure 53 for today’s
condition, and in Figure 54 for the 3 ft SLR condition. The results are summarized for Knotts
Island and the Back Bay/Sandbridge shorelines separately due to the patterns of changes in
flooding within these areas.
6.4.2. Knotts Island
The greatest reduction in flooding occurs on Knotts Island, lowering flood depths by
approximately 0.5 to 1.8 ft today and 1 to 5 ft for the 3 ft SLR condition. This is a result of the
large amount of marsh island restoration potential within the Mackay Island National Wildlife
Refuge and the Knotts Island Channel. This suggest that the marsh system on Knotts Island, if
restored and nourished to maintain its elevation with respect to SLR, could provide significant
benefits to northern North Carolina.
6.4.3. Back Bay and Sandbridge Shorelines
The simulations of wind tide today show that marsh island restoration could result in minor
to moderate reductions in maximum flood depths along the Back Bay shoreline and
Sandbridge. Most areas show only 1 – 2 inches of reduction, however, other areas show larger
reductions ranging from 0.5 and 1.5 feet. Further inland, the simulations show reductions in
flood depths along some of the critical access roads, which will be discussed in more detail in
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the following section. There are also some reductions in flood depths within the most low-lying
portions of neighborhoods, such as Sandbridge where depths are reduced on average 1 inch to
4 inches.
Along the western shoreline of Back Bay, the 3 ft SLR simulation shows positive, but lesser
flood risk reduction benefits as compare to today’s conditions, providing on average less than
an inch reduction in flood depths. This is expected because some of the marsh island systems
in Back Bay become overtopped with the elevated water level, given their lower elevations
compared to the water surface elevation.
Along the edge of the marsh islands of Back Bay and some small sections of undeveloped
shoreline in False Cape State Park, there are minor increases in flood depths under the existing
sea level condition simulation, ranging from just a few inches to up to half a foot. This effect is
not surprising, as documented in other literature, often referred to as the damming or blocking
effect where the marsh islands slow down the movement of water and causing some local water
setup (referred to as hydraulic jump) along the edge of the fringe marsh. This effect is not as
noticeable for the 3 ft SLR scenario, as the low-lying fringing marsh is overtopped by the
elevated water level as mentioned in the previous paragraph.
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Figure 53: Comparison of the reduction in the maximum flood depth during a wind tide event today, between existing
conditions (e.g. no action) and a restored marsh island system.
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Figure 54: Comparison of the reduction in the maximum flood depth during a future wind tide event with 3 ft of SLR, between
the future degraded marsh island conditions (as projected by marsh migration modeling), and a restored marsh island system
that is nourished to keep pace with SLR.
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6.4.4. How could a marsh island restoration project impact the timing of flooding
during a wind tide event?
In addition to evaluating the impact of marsh on floodplain in the study area, the timing of
water levels through the model simulation period (Tuesday 1/2/2018 – Tuesday 1/9/2018) was
also evaluated at three locations adjacent to Back Bay: Sandbridge Road, Muddy Creek Road
and Marsh Causeway (shown in Figure 55). These locations were chosen given their propensity
to flood during wind tide events. It should be noted that water surface elevation changes,
rather than depth of flooding, is presented in this section.

Figure 55: Output locations for assessing flood risk reduction at critical access roads.
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For a wind tide event using current conditions, the model showed restoring marsh islands
has a positive effect on the timing of the event at all three locations. At Muddy Creek Road,
where elevations along the road are as low as 0.8 ft, maximum water surface elevations
reached 2.2 ft under the no action scenario. Under the restored marsh scenario, the road did
not flood for the entire length of the wind tide event (Figure 56). Although maximum water
surface elevations were only reduced by 0.1-0.2 ft at Sandbridge Road (Figure 57), the duration
of flooding was significantly reduced. In the restored condition, the road was not flooded until
the 7th day of the simulation. This represents a 3-day delay as compared to the flooding that
would have started on of the 4th day of the no action simulation. Similarly, along the Marsh
Causeway (Figure 58), maximum water surface elevations were only reduced by 0.2 - 0.3 ft.
However the duration of flooding was significantly reduced. In the restored condition, the road
was not flooded until the 6th day of the simulation. This represents a 4-day delay as compared
to the flooding that would have started on the 2nd day of the simulation under the no action
scenario.

Figure 56: Comparison of water levels at Muddy Creek Road for the no action simulation versus the restored marsh island
scenario at existing sea level condition.
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Figure 57: Comparison of water levels at Sandbridge Road for the no action simulation versus the restored marsh island
scenario at existing sea level condition.

Figure 58: Comparison of Water Level at the Marsh Causeway for the no action simulation versus the restored marsh island
scenario at existing sea level condition.
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For the future 3 ft SLR wind tide event, restoring marsh islands showed a less noticeable
positive affect. At Sandbridge Road (Figure 59) and Muddy Creek Road (Figure 60), while the
maximum water level was not reduced, the timing of flood waters was delayed. Water levels
were reduced by approximately 0.5 ft during the first three days of the event. Along the Marsh
Causeway, the maximum water surface elevations were reduced by approximately 0.1 – 0.2 ft
and flooding was delayed by 4 days.

Figure 59: Comparison of water levels at Sandbridge Road for the no action simulation versus the restored marsh island
scenario at the future 3 ft SLR condition.
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Figure 60: Comparison of water levels at Muddy Creek Road for the no action simulation versus the restored marsh island
scenario at the future 3 ft SLR condition.

Figure 61: Comparison of water levels at the Marsh Causeway for the no action simulation versus the restored marsh island
scenario at the future 3 ft SLR condition.
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These results show that marsh island restoration provides the greater overall flood risk
reduction benefit in Back Bay during a wind tide today, as compared to the 3 ft SLR scenario
where the baseline water level is elevated. Even if marsh islands are restored and nourished to
keep pace with SLR, a prolonged wind tide event with 3 ft SLR can still push enough water into
Back Bay to flood low-lying land. The simulation results also suggest that during a shorter
duration wind-tide event, marsh island restoration could provide even greater flood risk
reduction benefits. This is because the water elevation during a shorter event might not reach
an elevation capable of overtopping the marsh islands, thus allowing the marshes to still
provide more frictional resistance to water movement. Overall, the modeling simulations
suggest that marsh island restoration likely provides the greatest flood risk reduction benefits
for smaller, shorter duration events.
This modeling exercise focused on restoring marsh islands to their historical coverage.
However, there are other types of nature-based strategies that could be explored such as
assessing the benefits of different configurations of marsh terraces, living shorelines, or
restoration of fringing marshes in Back Bay. Additional numerical modeling could provide
insight into how different types of strategies compare against one another with respect to flood
risk reduction benefits.

7. DESIGN
The design phase of an NNBF project is one of its most essential components, especially
when attempting to maximize all of its benefits. This phase is when all of the key decisions
which impact a projects effectiveness are made. There are many existing resources, as laid out
in Section 7.1, which come from private, federal, and state entities. The resource with the most
potential, the International NNBF Guidelines, is still under development. This effort is a
collaborative one aimed at addressing all aspects of an NNBF projects full life-cycle. The
International NNBF Guidelines are summarized below, in Section 7.2. Furthermore, there are
several resources focused specifically on NNBF design amidst SLR. The two most notable of
these come from NOAA and the Stevens Institute of Technology, and are further explored in
Section 7.3.

7.1. Existing Resources
Several guidance documents have been published to help policy makers, regulators,
property owners, architects and engineers effectively design and construct NNBF projects.
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Table 11: Design guideline resources
Organization/
Author

State/
Region

Title

Natural
Resources
Conservation
Service (NRCS)

National

Wetland Restoration
Enhancement, or
Creation Engineering
Field Handbook

NOAA

National

Considering the Use of
Living Shorelines

National

A Design Manual:
Engineering with Nature
Using Native Plant
Communities

VA

Living Shoreline Design
Guidelines for Shore
Protection in Virginia's
Estuarine Environments

VIMS

VA

Shoreline Best
Management Practices:
Self‐Guided Decision
Tools

VIMS

VA

Design Alternatives for
Living Shorelines

VIMS

VA

Native Plants for Living
Shorelines

Stevens
Institute of
Technology

NJ

Living Shorelines
Engineering Guidelines

Northeast

Planning for Sea Level
Rise in the Northeast:
Considerations for the
Implementation of Tidal
Wetland Habitat
Restoration Projects

USACE
EWN Initiative

VIMS

NOAA

Resource Description
Chapter 13, Wetland Restoration, Enhancement, or Creation is
one of the 19 chapters of the U. S. Department of Agriculture
(USDA), Natural Resources Conservation Service (NRCS)
National Engineering Handbook (NEH), Part 650. This chapter
is intended to provide field personnel with guidance in
restoring, enhancing, or creating wetlands.
This guidance is intended to provide information on NOAA’s
perspective and roles regarding living shorelines
implementation. It starts by describing NOAA living shorelines
guiding principles, then highlights NOAA’s role in providing
science, tools, and training to help inform the selection of
appropriate techniques. It also discusses the agency’s role in
reviewing living shoreline projects, depending on their
location and potential effect on habitats of concern to NOAA,
such as critical habitat, essential fish habitat, or protected
areas.
This design manual identifies and documents the use of native
plants to provide engineered design elements that consider
the diverse range of USACE’s water resource projects. The
goal of this manual is to describe how to utilize plant
communities within the built environment to create
sustainable landscapes.
These guidelines provide site evaluation criteria, design
considerations, and case studies regarding living shorelines in
Virginia.

VIMS developed a series of decision trees that leads users
through questions about shoreline conditions to produce a
best practice recommendations. These tools are broken down
into two categories: undefended shorelines and failed defense
structures and currently defended shorelines.
This website provides a variety of living shoreline techniques
that include best practices/design guidelines.
Native plants adapted to local soil, salinity, wind, and tidal
flooding conditions should be the foundation for living
shoreline projects. These native plant lists and other resources
will help guide the selection of the best native plants to use
for different habitat features.
Guidance for engineers and regulators on living shoreline
design.
This document presents draft guidelines on how to assess and
incorporate sea level rise impacts into site‐specific tidal
wetland restoration planning and design.
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7.2. International NNBF Guidelines
The purpose of the International NNBF Guidelines Project, initiated by the USACE, is to
develop an authoritative international guidance that draws upon best practices from the
international community for using NNBF to provide engineering functions relevant to flood
risk management. The guidelines are planned to address the full project life cycle, including
conceptualization, design, engineering, construction, and maintenance. One of the key criteria
for the success of the guidelines will be their ability to support technically sound use of NNBF
based on best science and engineering practices. Developing these international guidelines will
be a multi-author effort that draws from organizations across all of the relevant sectors,
including government, academia, NGOs, engineering firms, and construction companies. To
facilitate clear communication within and across the participating organizations and define
scope and content for the final guidance document, a Scoping Document was prepared. The
document sets out both the business case for producing the NNBF Guidelines as well as the
overall plan for producing them. The finalized guidelines will be published in spring 2020.

7.3. Sea Level Rise Adaptation
Nature-based projects are particularly sensitive to SLR due to the living elements and
therefore it is critical to take SLR information into account during project design. Two
resources for accounting for SLR into the design of different type of NNBF projects are
highlighted below.
1. NOAA also developed a draft guidance in 2011 on how to assess and incorporate sea level
rise impacts into site-specific tidal wetland restoration planning and design.
Recommendations for incorporating SLR into project design include:


At a minimum, projects should plan for the predicted impacts of the current rate
of relative sea level rise (the “low” scenario). However, the “medium” and “high”
scenarios should also be fully considered and the risks assessed for each design
alternative. The CLSRRF study is evaluating the 1.5 and 3 ft SLR scenarios for
short- and long-term planning and a 5 ft SLR scenario to support longer-term
decision-making.



Design elevation of wetland restoration/creation projects should be based on the
current biological benchmarks (i.e., growth range of wetland plant communities)
and predicted future tidal levels. For many sites, NOAA should recommend
targeting elevations for the high end of the desired wetland community in order to
add resiliency to potential accelerating sea level rise impacts.



To allow for inland/landward migration of marsh from relative sea level change,
projects should consider maintaining or protecting transition/buffer zones,
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incorporating gradual slopes where appropriate, and removing barriers where
possible.
2. The Stevens Institute of Technology Living Shoreline Engineering Guidelines provides
information on how the effectiveness of different strategies are expected to change with
SLR, summarized in Table 12.
Table 12: Response of NNBF strategies to rising sea levels. Information obtained from the Stevens Institute of Technology
Living Shoreline Engineering Guidelines.
Feature

Expected response to sea level rise
Sills themselves are adaptable in that their crest elevations and widths can be modified
relatively easily to reduce some of the problems associated with SLR; however, the marsh
systems that develop behind the sill can be less capable of adapting.

Marsh Sills

Living Breakwater

Living Breakwater
(Cont.)

Recommendations suggest including SLR in the project design in a way that maximizes
ecological benefits, while minimizing adverse consequences such as risks to human life and
safety over the life of the project.
Living reef breakwaters have some capacity to adapt to changing conditions; however, they are
particularly sensitive to changes in water quality. As long as parameters such as water
temperature, salinity, and turbidity, remain within the range required by the constituent
species, living reefs can adapt naturally to slow changes in water level (e.g. lower rates of SLR)
through natural growth/migration.

If the changes are rapid however, they may outpace the ability of the natural system to respond
(Rella & Miller, 2012). If the increase in reef elevation lags behind the increase in sea level, the
effectiveness of the living reef in dissipating wave energy will be reduced as well and larger
waves will impact the reef and marsh.
Marsh vegetation which may be included as a part of a living reef project, is also highly
susceptible to the changes associated with sea level rise, i.e., drowning of root systems and salt
intrusion.
As sea level rises, an ecologically‐enhanced revetment will provide less protection and
overtopping will become more frequent. SLR will also allow larger waves to impact the structure
and may change the location and characteristics of the breaking waves.

Ecologically‐Enhanced
Revetment

While revetments themselves are adaptable in that their crest elevations and widths can be
modified relatively easily to reduce some of the problems associated with SLR, joint plantings
will eventually die out as they become submerged. These possibilities should be considered
during design.

8. PERMITTING
NNBF projects are often subject to multiple local, state, and federal environmental
regulations. These regulations manifest themselves in the form of permits. Acquiring the
necessary permits for an activity or project is often a cumbersome task. The number of
different permitting agencies that may have jurisdiction over a given project are shown in
Figure 62.
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Figure 62: Agencies that may be involved in permitting a natural or nature-based project; image courtesy of the VIMS.

The USACE, the VMRC, and the Virginia Department of Environmental Quality (DEQ) have
created a standardized permitting process that streamlines many of the typically burdensome
and hard-to-navigate regulatory processes through their Joint Permit Application (JPA). The
JPA is used to apply for permits from the Norfolk District USACE, which includes Virginia
Beach, for work in the waters of the United States. The USACE Federal Regulatory Program
involves regulating of discharges of dredged or fill material into waters of the United States and
structures or work in navigable waters of the United States, under section 404 of the Clean
Water Act and section 10 of the Rivers and Harbors Act of 1899. The project’s proposed
impacts to these areas will determine what permit type is required. Projects that are
anticipated to have more than minimal adverse impacts are required to obtain an individual
(or standard) permit, which are evaluated using additional environmental criteria and involve
a more comprehensive public interest review. A general permit is issued for structures, work or
discharges that will result in only minimal adverse effects. There are three types of general
permits – Nationwide Permits (NWP), Regional Permits, and Programmatic General Permits,
summarized in Table 13.
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Table 13: USACE Regulatory Program Permit Types; information obtained from the USACE Headquarters.
General Permit Type
Nationwide Permits

Description
Nationwide permits are issued by USACE on a national basis and are designed to
streamline Department of the Army authorization of projects such as commercial
developments, utility lines, or road improvements that produce minimal impact
the nation’s aquatic environment. More information on nationwide permits can
be found here.

Regional Permits

A regional general permit is issued for a specific geographic area by an individual
USACE District. Each regional general permit has specific terms and conditions, all
of which must be met for project‐specific actions to be verified.
Programmatic general permits are based on an existing state, local, or other
federal program and designed to avoid duplication of that program. A State
Programmatic General Permit (SPGP) is a type of permit that is issued by USACE
and designed to eliminate duplication of effort between USACE districts and state
regulatory programs that provide similar protection to aquatic resources. In some
states, the SPGP replaces some or all of the USACE nationwide permits, which
results in greater efficiency in the overall permitting process.

Programmatic General
Permits

The JPA is also used as an application for the corresponding permits from the VMRC, DEQ,
and Local Wetland Boards. There are two different JPAs available depending on the type of
activity being proposed. One of these two versions, the Tidewater JPA, is an abbreviated
version of the JPA. According to the USACE, the Tidewater JPA covers a wide array of eligible
activities, including “piers, boathouses, boat ramps, moorings, marinas, aquaculture facilities,
riprap revetments, bulkheads, marsh toe stabilizations, breakwaters, beach nourishment,
groins, jetties, road crossings over tidal waterways, and utility lines over or under tidal
waterways,” (USACE Regulatory Branch - Joint Permit Application). These permits, as well as
information and resources regarding them, are summarized and linked below, in Table 14.
Table 14: Resources and information on relevant regulations and permitting processes for NNBF projects.
Organization/
Author

VMRC

VMRC

State/
Geography

Title

VA

Living Shoreline Group 1
General Permit for Certain
Living Shoreline Treatments
Involving Tidal Wetlands

VA

Living Shoreline Group 2
General Permit for Certain
Living Shoreline Treatments
Involving Submerged Lands,
Tidal Wetlands, or Coastal
Primary Sand Dunes and
Beaches

Resource Description
Streamlines the permitting process in Virginia for
living shoreline projects that involve activities in
tidal wetlands (landward of mean low water)
that require authorization form the VMRC or
local wetlands board.
Streamlines the permitting process in Virginia for
living shorelines projects that involve activities
involving submerged lands, tidal wetlands, or
sand dunes and beaches requiring authorization
from the VMRC or local wetlands board. The
Group 2 Permit is similar to the Group 1 Permit
but differs in that Group 2 permits may allow for
filling on state‐owned bottomlands.
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Organization/
Author

State/
Geography

Title

VIMS

VA

Education: Wetlands Self
Taught Education Units

VIMS

VA

Living Shorelines: Permitting
Steps

VMRC

VA

Applying for a General
Wetlands Permit to Address
Catastrophic Erosional
Situations

Habitat
Management
Division

VA

Resources for Habitat
Management Division
Permitting

USACE, VMRC,
VA DEQ, Local
Wetlands
Board

Standard Joint Permit
Application Form
VA

Joint Permit Application
Information
VA Beach JPA Guidelines
Virginia Water Protection
Permit Information
USACE Letters of Permission,
Regional and State General
Permit Program Information
and Resources

VA DEQ

VA

USACE

Regional

USACE

Regional

USACE

Regional

17‐SPGP‐01

USACE

Regional

Regional Permit 05 (16‐RP‐05)

USACE

Regional

Regional Permit 15 (18‐RP‐15)

Regional Permit 02 (18‐RP‐2)

Resource Description
Self‐paced educational seminars regarding
permit processes in VA, coastal defense
structures, wetlands ecology, and more.
Lists steps and provides links to permits and
forms that may be required for different type of
living shoreline projects, specifically involving
activities that modify riparian buffers, tidal
wetlands, and subaqueous lands.
This regulation describes the qualifications,
procedures and manner of applying for a general
wetlands permit to address catastrophic
erosional situations which are attributable to a
specific storm event or natural calamity.
Information and resources regarding
environmental permits issued by the Habitat
Management Division, of which there are three
types; subaqueous or bottomlands, tidal
wetlands, and coastal primary sand dunes.
The Joint Permit Application (JPA) process and
Standard JPA are used for permitting purposes
involving water, wetlands, and dune/beach
resources, including, but not limited to, major
water supply and water withdrawals projects (as
defined in DEQ Regulation 9 VAC 25‐210).
Information regarding the VA DEQ’s use of the
Joint Permit Application.
List of permits provided through the USACE with
information and resources for each.
Used to authorize both new maintenance
dredging (channels and basins) for certain
navigation related dredging projects.
Used to authorize the discharge of dredged or fill
material in non‐tidal waters, including wetlands,
associated with certain residential, commercial,
and institutional developments and linear
transportation projects.
For construction of certain small impoundments
except stormwater management ponds.
Used to authorize certain activities associated
with the maintenance of existing drainage
ditches.
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Organization/
Author

State/
Geography

Title

USACE

Regional

Regional Permit 17 (18‐RP‐17)

USACE

Regional

Regional Permit 18 (18‐RP‐18)

USACE

Regional

Regional Permit 19 (18‐RP‐19)

USACE

Regional

Regional Permit 20 (17‐RP‐20)

USACE

Regional

Regional Permit 22 (18‐RP‐22)

USACE

Nationwide

Nationwide Permit 13: Bank
Stabilization

USACE

Nationwide

Nationwide Permit 54: Living
Shorelines

VMRC

VA

Information on permits for
Submerged Aquatic
Vegetation Transplantation

VMRC

VA

Information on VA
Subaqueous Guidelines

Resource Description
Used to authorize the installation and/or
construction of open‐pile piers, mooring
structures/devices, fender piles, covered
boathouses/boat slips, boatlifts, osprey pilings,
platforms, accessory pier structures, and certain
devices associated with shellfish gardening, for
private use.
Used to authorize the installation and/or
construction of open‐pile piers, mooring
structures/devices, fender piles, covered
boathouses/boat slips, boatlifts, osprey
pilings/platforms, accessory pier structures, and
certain devices associated with shellfish
gardening, for private, commercial, community,
and government use.
Used to authorize living shorelines, riprap
revetments, bulkheads, breakwaters, groins,
jetties, spurs, baffles, aquaculture activities and
boat ramps.
For certain state owned, operated, or managed
artificial reefs.
Used to authorize specific activities within the
Virginia portion of Lake Gaston.
This permit lays out criterial for bank
stabilization activities necessary for erosion
control or prevention, such as vegetative
stabilization, bioengineering, sills, rip rap,
revetment, gabion baskets, stream barbs, and
bulkheads, or combinations of bank stabilization
techniques.
This permit lays out criteria for the placement of
sandy fill material, including the
placement of sandy fill material landward of the
sills provided the fill is for erosion control and/or
wetland enhancement (and not solely
recreational activities). The maximum fill area
within waters of the United States that can be
authorized under this NWP is one (1) acre.
Provides regulatory information regarding
Submerged Aquatic Vegetation Transplantation,
directing the use of the JPA.
Provides regulatory information regarding the
Subaqueous Guidelines, directing the use of the
JPA.

Although general permits and the JPA process may streamline the permit application
process, they do not preclude the need to acquire additional permits from agencies. For
example, FEMA requires a Federal Development Permit (FDP) for mining, dredging, filling,
grading or excavating for major landscaping projects in the regulatory floodplain. Additionally,
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it is very difficult to receive Community Rating System (CRS) credit under the NFIP for a living
shoreline project. Living shoreline projects may qualify for up to 120 points for CRS credit as a
Natural Shoreline Protection (NSP) providing that several conditions are met. In Virginia,
however, one of the requirements to receive credit is that there must be a prohibition on
shoreline armoring including the construction of bulkheads. Currently in Virginia, there are no
current prohibitions on shoreline armoring given that living shorelines are not the ideal
shoreline stabilization practice at every location (Antoine 2018).
In summary, consultation with all appropriate regulating entities is essential to ensure
regulatory compliance for natural and nature-based flood mitigation projects. If regulatory
compliance is not achieved, there is potential for fines and litigation. This highlights the
importance of acquiring all necessary permits prior to any type of construction, especially in
water ways, wetlands, marshes, or coast lines of any kind, where regulations are often quite
strict.

9. NEXT STEPS
NNBF’s ability to provide adequate and reliable flood risk protection in Virginia Beach varies
across geographic areas and conditions. The suitability of NNBF depends on the location, scale,
and desired level of flood protection. In some locations, such as at the parcel-level or a
neighborhood shoreline reach, NNBF may offer an appealing and cost-effective alternative to
traditional structural measures with the added advantage of bringing multiple co-benefits. At
larger scales, such as protection at the watershed or City-wide scale, NNBF will not be able to
provide a sufficient level of flood reduction and would need to be a complimentary feature to
harder structural measures. Including a solution set of potential NNBF strategies will be an
important component of both the City-wide and watershed action plans for strategy
implementation.
While the research documented in this report provides a high-level conceptual evaluation of
NNBF strategies, more work is needed to systematically apply the evaluation framework and
suitability parameters against other considerations. Other factors that will determine where
NNBF can be implemented include design costs, stakeholder needs and public perception, and
regulatory considerations.
Furthermore, to fully appreciate the potential of nature-based measures, cost-benefit
assessments should be extended to quantify their full risk reduction benefits. While numerical
models and other tools can be used to estimate flood risk reduction against performance
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metrics as demonstrated by the modeling expertise presented in this report, this assessment
could be taken one step further by accounting for infrastructure, social, and environmental loss
avoided. Furthermore, as discussed earlier, NNBF can provide complimentary benefits to
adjacent structural measures — enhancing protective functionality and extending the useful life
of structures. NNBF benefits with respect to reduction in Operation and Maintenance (O&M)
costs to adjacent structures can and should be quantified. For example, NNBF such as oyster
reefs have been shown to reduce wind generated wave hazard by approximately 20 – 50%. This
reduction can be used to estimate the reductions in O&M to adjacent structural measures
(USACE and the City of Norfolk 2018). This would enable a more holistic assessment of the
benefit of implementing multiple lines of defense. Additionally, as there may be several
suitable alternatives at a given location in Virginia Beach, the broad portfolio of measures
should be evaluated in this fashion. This approach will avoid implementation of suboptimal
solutions in critical locations.
Assessments should also account for the dynamic nature of the risk reduction functions of
natural ecosystems, including the evolution of nature-based measures over time especially in
response to SLR. As nature-based strategies evolve over time, they require continuous
management and monitoring of their effectiveness. As such, implementation of nature-based
solutions should be accompanied by an adaptive management plan. Adaptive management is
an iterative process in which management actions are followed by targeted monitoring and
assessment, permitting project refinement as performance becomes better understood.
The World Bank provides an 8-step process to guide for the planning, assessment, design,
implementation, monitoring, management, and evaluation of nature-based solutions for flood
risk management, presented in Figure 63. Much of the work already completed under the
CSLRRF study addresses the requirements of Steps 1 and 2, such as hazard analysis and
mapping and stakeholder engagement. The research presented in this report accomplishes the
requirements of Step 3 by developing an initial list of measures and a strategy map. This
document also lays foundational work for the following steps through identification of best
practices for evaluating, designing, constructing and monitoring NNBF projects, as determined
through a review of relevant local and international case studies, guidelines, and published
literature. Moving forward, additional work will need to be done to estimate costs, benefits,
and effectiveness (Step 4), which will determine which design interventions are selected for
implementation (Steps 5 – 8).
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Figure 63: Process for incorporation natural and nature-based flood protection measures into adaptation plans, as adapted
from the Word Bank framework.
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EXECUTIVE SUMMARY
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study (CSLRRF) in recognition of increased flood risk and the need for a
strategic plan to reduce the flood risk within the city. The goal was to produce the needed
information and strategies to enable the City to establish long-term resilience to sea level rise
(SLR) and associated recurrent flooding. The City is considering a wide range of SLR
adaptation strategies, with one being the need for large scale flood risk reduction structures,
which is the focus of this report.
A multi-step evaluation process and close collaboration with the City of Virginia Beach led
to the development of three alternatives - with each alternative consisting of a flood risk
protection structures at specific locations within the City and would provide varying levels of
flood risk reduction benefits. Virginia Beach receives coastal flooding through pathways from
the Chesapeake Bay, Atlantic Ocean, Currituck Sound, and Elizabeth River. Almost all of
Virginia Beach’s flood risk is not on the open coast but inside the city’s coastal perimeter.
Review of coastal flood pathways into the interior of the city provided insights on various
opportunities and limitations for the choice of potential sites that could intervene in flood
propagation and reduce flood risk within interior areas. This effort included a review of
existing waterways, as well as low-lying areas that will be overtopped during significant flood
events. Initial site location feasibility included a total of twelve potential sites. Site conditions
developed for each site provided an understanding of various constraints and opportunities for
placement of a flood risk reduction intervention. Through close collaboration with the City and
qualitative assessment of these twelve potential sites were narrowed down to ten sites.
For each site, building an understanding of site conditions, such as key flood pathways,
topography, access and others, led to the development of an alignment for the intervention.
Along the alignment, the team evaluated the feasibility of placing various intervention
typologies such as the combination of floodwalls, raised dunes, levees or elevated roadways,
storm surge barriers, and flood gates. The City of Virginia Beach provided the Design Flood
Elevation (DFE) criterion for the intervention structures. The DFE criteria included flood risk
reduction from a 100-yr recurrence interval (or 1% annual chance probability) coastal flood
and 3 feet (ft) of SLR. Structures built to this DFE criteria would have the additional benefits of
National Flood Insurance Program premium discounts, assuming the flood risk reduction
system is accredited by the Federal Emergency Management Agency (FEMA).
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With input from the City of Virginia Beach, the team developed ten coastal flood risk
reduction alternatives using combinations of alignments at various locations. Each alternative
was then evaluated across metrics including cost, area of reduced flooding, potential increased
flooding for adjacent areas, number of protected buildings, benefit-cost ratio, and qualitative
environmental impacts. Performance for flood risk reduction and potential adverse flood
impacts were evaluated using an integrated coastal flood and rainfall-runoff numerical model.
The evaluation results of these ten alternatives were reviewed by the City of Virginia Beach
along with the team and through a qualitative assessment were down-selected to three
alternatives.
The three alternatives represent strategic approaches to provide coastal flood protection for
the City of Virginia Beach. All alternatives have benefit-cost ratios equal to or greater than 1,
which means benefits in flood reduction over the anticipated project lifespan are greater than
or equal to the estimated present-day costs.
Alternative A focuses on blocking floodwaters coming through the Lynnhaven Inlet, which
would protect approximately 28,000 buildings and remove an estimated 41 square miles (mi2)
of the coastal floodplain (at the 100-yr recurrence interval or 1% annual chance flood level)
from inside of the City. The alternative has a rough-order-of-magnitude cost of $1.13 billion in
present-day dollars, and a cost-benefit ratio of 2.01. If collaboration is possible, this line of
protection could be extended across the Chesapeake Bay shoreline to benefit both Joint
Expeditionary Base Little Creek and the City of Norfolk.
Alternative B provides more holistic protection to the City of Virginia Beach as a whole.
Flood protection structures and storm surge barriers would be constructed on the north end of
the City and across Lynnhaven Inlet. The Resort seawall would be raised, and a surge barrier
would be constructed across Rudee Inlet. The developed area of Sandbridge would be
protected by raised dunes on the Oceanside, and floodwalls and gates on the bayside.
Additional protection within Back Bay would be provided by raising Sandbridge and Muddy
Creek roads, with gates installed at waterways. A gate would also be installed on West Neck
Creek at West Neck Road. This alternative would protect approximately 39,000 buildings and
remove an estimated 78 square miles of coastal flooding (at the 100-yr or 1% annual chance
flood level) from inside the city. The rough-order-of-magnitude cost was estimated at $2.22
billion in present-day dollars, providing for a cost-benefit ratio of 1.73. The alternative has an
optional alignment that would construct three gates inside the Lynnhaven Bay. This option
would reduce the potential for minor flooding due to interior water movement, but leaves the

City-wide Structural Alternatives for Coastal Flood Protection | iii

area west of the Lesner Bridge unprotected. Additional structures and cost would be required
to protect this area.
Alternative C builds further on the City-wide protection provided by Alternative B with an
additional gate on the Elizabeth River, sited in Norfolk near the old Ford plant. A gate at this
location offers benefits to the cities of Virginia Beach, Norfolk, and Chesapeake, but would
require a regional collaborative approach. Assuming a cost-share of this gate, costs to the City
of Virginia Beach for this alternative would total $2.42 billion in present-day dollars. This
alternative protects an estimated 45,000 buildings and reduces the coastal floodplain by
approximately 85 mi2 (at the 100-yr or 1% annual chance flood level) inside the City of Virginia
Beach. The benefit-cost ratio for the City of Virginia Beach portion of this alternative would be
1.69.
The three down-selected alternatives would provide significant flood benefits to the City of
Virginia Beach. However, these solutions are expensive, with costs in the billions. Each
alternative is also subject to significant hurdles such as environmental impacts and permitting.
Some alternatives propose structures in coordination and potential cost-sharing with adjacent
municipalities and/or the military. The existing analysis identifies but was not intended to
address these issues. The next steps to advance consideration of these concepts include: 1)
gathering public feedback, 2) engaging with the USACE to complete a coastal storm risk
management feasibility study, and 3) evaluating the City’s ability to finance such large and
expensive infrastructure projects.
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1. INTRODUCTION
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study (CSLRRF). The genesis of the study was both in recognition of
increased flooding and the need for a strategic plan to protect the city. The goal was to produce
the needed information and strategies to enable the City to establish long-term resilience to sea
level rise (SLR) and associated recurrent flooding. The City is considering a wide range of
physical protection measures: natural, nature-based, nonstructural, and structural
interventions.
This report details the iterative steps taken to identify large-scale flood risk reduction
infrastructure projects that protect one or more watersheds in Virginia Beach. Such projects
consist of storm surge barriers, flood gates, seawalls, etc., in combination with drainage
improvements. These conceptual projects have high costs, in the billions of dollars, but offer
considerable flood risk reduction benefits for tens of thousands of flood-prone buildings and
their occupants. Descriptions are provided for the process, review criteria, and considerations
for down selection that has led to the three alternatives (with one variation for each alternative)
chosen for detailed analysis. The results of the detailed analysis are also included, along with
recommendations for moving forward towards a final alternative selection for an in-depth
study beyond the scope of this document.
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2. METHODOLOGY
Conceptual coastal flood risk reduction structures were developed to offer broad protection
to the City of Virginia Beach. Key flood pathways, potential benefits in reducing flood risk, site
constraints, performance under flood conditions, and potential adverse impacts were
considered. Determining the best path toward a robust and resilient flood protection system is
a complicated and iterative process.
Combinations of structures at a site to provide flood protection are referred to as
“Alignments.” Alignments can be considered separately, or in combination with other
Alignments to create flood protection “Alternatives.” The design team employed a multi-step
process to identify where and what conceptual structural alignments and flood protection
alternatives would offer the most value. The process followed is outlined in Figure 1, with
detailed explanations of key aspects points in the following subsections.

Figure 1: Overview of approach for City-wide conceptual flood risk reduction strategy development.
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2.1. Watershed Approach
The City of Virginia Beach is exposed to coastal flooding from multiple water bodies and
pathways. Some pathways cross through adjacent municipalities, such as Norfolk and
Chesapeake, military bases (such as Joint Expeditionary Base – Little Creek), or other states
(North Carolina, i.e., Figure 2). Given the complicated nature of the flood pathways, a
“watershed” approach was critical to assessing strategies for the placement of flood protection
structures. In other words, the City of Virginia Beach must consider how water crosses through
adjacent lands outside its municipal borders. In this, strategies must be identified for reducing
the amount of coastal floodwaters from entering the City – both in a potential collaboration
with adjacent municipalities, or, if such collaboration may not be feasible, within the
boundaries of the City.

Figure 2: Coastal flood sources and pathways into the City of Virginia Beach.

Building-level flood depth-damage analysis completed during the coastal flood hazard and
risk assessment for the CSLRRF identified seven focus areas for flood risk reduction (Figure 3,

City-wide Structural Alternatives for Coastal Flood Protection | 3

CVB, 2019a). Most of these areas are experiencing flood loss under today’s condition. A
common thread for these risk areas is that they are exposed to interior flooding. Given this,
strategies focused on preventing coastal floodwater from entering into the city at the perimeter
or through key interior waterways, where feasible. In areas where large structural solutions are
not possible, the strategy pivots to identifying locations where smaller, neighborhood
structural alignments prevent floodwaters from impacting buildings and infrastructure.
Furthermore, the City-wide structural strategies are being evaluated alongside policy
measures, individual site/parcel-level strategies, and natural and nature-based interventions to
help identify the most effective and practical solution set.

Figure 3: Seven focus areas where flood loss is clustered and relatively intense, were
identified during the economic coastal flood risk assessment.
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2.2. Data Collection and Site Assessment
Data collection involved reviewing multiple data sources, including:
•

•

•

•

•

•

•

•

City of Virginia Beach stormwater data
o Used to identify locations of stormwater outflows throughout the city, which
could become potential areas for localized flooding. This data was used as
input for modeling purposes.
City of Virginia Beach individual site parcel data
o Used to understand site constraints and optimize alignments to minimize real
estate impacts
2015 FEMA Flood Insurance Study (FIS)
o Provided information for existing flood hazards at the 100-yr and 500-yr
flood return periods
o Used in conjunction with CSLRRF data to determine Design Flood Elevations
CSLRRF Hazard and Risk data
o Provided information on best knowledge of existing and future coastal flood
hazard elevations and floodplains
o Identified hotspots of flood risk, as determined by economic flood loss
modeling
U.S. Geological Survey topographic LiDAR
o Provided best-available topographic base map. High-resolution/accuracy
LiDAR collected by the U.S. Geological Survey in 2013. Reported vertical
accuracy for this dataset was 0.129 m (0.423 ft) at the 95% confidence level
based on the RMSE metric.
o Original data tiles mosaicked and horizontal resolution down-sampled from
2.5 to 5 ft.
United States Army Corps of Engineers (USACE) federal navigation charts
o Identify and confirm locations of federally registered navigation channels
o Inform optimal positioning of proposed flood gates and allow for minimal
impact on existing infrastructure, commercial vessel traffic, and private vessel
traffic
USACE bathymetric surveys
o Provides best available depth and channel cross-sectional data to inform gate
design parameters
U.S. Fish and Wildlife Service (USFWS) wetlands data
o Evaluate the environmental impact of each alternative. The path of some
alternatives may go through these wetlands which could affect construction
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•

cost or the feasibility of considering that alternative. This data would also be
able to be used to determine if an alternative would protect various areas.
National Oceanic and Atmospheric Administration (NOAA) water level data
o Provided data on tidal variations and datums, monthly and annual high water
levels to inform design

These data were combined in GIS and overlaid with the proposed designs for each location.
This allowed for a high-level of potential environmental, economic, and sociological impacts.

2.3. Overview of Structural Toolkit for Coastal Flood Reduction
Many types of structures exist to protect low lying regions from flooding. The following is a
brief overview of several permanent, in-water deployable, and on-land deployable intervention
options that will be considered during the development of the alternative. This intervention
typologies list is generalized and not specific to any particular location or site for this report
and will be developed further with the final recommendation.
The first three typologies represent typical passive protection systems or systems without
the need for human intervention during a flooding event. The remaining typologies are all
active systems, requiring the development of a detailed operations manual and deployment
strategy for effective protection. Specific information regarding the operation of active systems
is omitted from this report, as operational parameters are customizable based upon design
decisions not within the scope of this study.
2.3.1.

Earthen Levee

It should be noted here that the term ‘earthen levee’ is used for a variety of similarly
designed/constructed protection systems. The broad definition is any embankment that
provides a free-standing gravity structure that is resistant to water infiltration. This can include
grass-covered soils, sands (typically referred to as dunes), and even rock (typically referred to
as revetments). These protective systems will require some sort of hydrophobic barrier to
prevent floodwaters from seeping through the soils, such as different soils requiring different
barriers based upon hydraulic conductivity or sheeting located within the levee footprint.
Figure 4 shows an example of an earthen levee with dual functionality as flood protection and
roadway.
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Advantages:
•
•
•
•

Natural aesthetic
Long history of use world-wide
Potential to serve dual functionality such as an evacuation route and/or roadway
Typically difficult to damage (dunes are an exception to this)

Constraints:
•
•
•

Large footprint (width) requirements
Longer construction times, especially with any consolidation requirements
Difficult to assess condition of hydrophobic barrier

Figure 4: Highway 4 Road Levee in Sacramento CA at the San Joaquin River Delta, courtesy of AirTalk.

2.3.2.

Floodwalls

Floodwalls are free-standing structures that are typically designed to protect areas from
flooding in fluvial, pluvial, and coastal environments. In a coastal environment, floodwalls such
as a T-wall, L-wall or I-wall configuration can also be designed (up to certain height
restrictions) for wave and vessel impact load conditions to protect areas from coastal storms.
There can be major aesthetic impacts from floodwalls, especially with increases in height over
3 feet. Figure 5 shows an example of a coastal floodwall structure set adjacent to a roadway and
sidewalk.
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Advantages:
•
•
•

Small footprint (width) required
Can be constructed as a curb or safety wall where Design Flood Elevation (DFE) is low
Relatively quicker construction than other types of permanent floodwall structures

Constraints:
•
•

Very visible protection
Higher DFE and design load criteria increases cost exponentially

Figure 5: Floodwall in Norfolk, VA, courtesy of Dewberry.

2.3.3.

Seawalls

Seawalls are typically seen around industrial areas like ports or harbors, with the capability
of supporting significant loads above the structure as well as protect from coastal storm surge
and waves. This option is typically costly but allows for minimal aesthetic impact from the
landward side. Figure 6 shows an example of a seawall integrated with a recreational
boardwalk.
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Advantages:
•
•
•

Small footprint (width) required
Structure also retains material on the upland side, providing erosion control in addition
to flood risk reduction
Potential to build roadway or esplanade type of structures on the upland side

Constraints:
•
•
•

Constant exposure to the marine environment and tidal action leads to shorter structure
lifespan
Limitations on structure height above the upland portion
Significant disruption to existing structures if tieback connections are required

Figure 6: Concrete Seawall in Virginia Beach, Virginia, Courtesy of VA Beach’s Public Works
Coastal Engineering Section.

2.3.4.

In-Water Sector Gates

In-Water Sector Gates are very costly and require significant maintenance but are massive
protective structures capable of spanning large shipping channels as shown in Figure 7.
Advantages include the ability to limit the impact on federally maintained channels and the
commercial and private vessel traffic. These gates are typically only seen adjacent to significant
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shipping lanes. They will require significant infrastructure support in terms of access and
power requirements.
Advantages:
•
•
•
•
•

Sector gates can accommodate very large widths, in some cases greater than 300 ft
Gates can accommodate large depths
Does not affect vertical navigational clearance
Maintenance can be performed when the gate is in the “open” position
USACE already designs/builds within their navigation channel limits (New Orleans, LA)

Constraints:
•
•
•
•
•

Upland requirements can become large depending upon the layout
Mechanical, and electrical requirements increase based on size and number of gates
Gate closure time becomes longer as gate size increases
Requires tracks at the bottom of the waterway to be at level grade
Siltation on tracks can become an issue

Figure 7: Seabrook Floodgate Complex in New Orleans, LA, courtesy of the Flood Protection Authority.

2.3.5.

In-Water Vertical Lift Gates

In-Water Vertical Lift Gates that are relatively easy to construct and can potentially be an
affordable option to protect against flooding. Typically deployed adjacent to existing bridge
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infrastructure to minimize the steep aesthetic impact, the Vertical Lift Gates hang above the
water column when ‘open’ and when ‘closed’ are mostly submerged in the waterway to prevent
intrusion. These gates are not generally suited for high vessel traffic areas.
Advantages:
•
•
•
•

Maintenance can be performed when the gate is in open position
Relatively lesser complex design and construction techniques
Hydrodynamic flow impact can be minimized by aligning with existing bridge
infrastructure
Gates can be installed in sections to span large widths

Constraints:
•
•
•

Very visible protection
Will have a major impact on navigation traffic
Requires structural piers between sections on large in-water spans

Figure 8: Bayou Bienvenue Lift Gate in New Orleans, LA, courtesy of the Flood Protection Authority.
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2.3.6.

In-Water Miter Gates

Navigation locks are historically the most prevalent in-water flood control structure
worldwide, and they are a good choice for any water body crossing that does not exceed the
recommended overall width of the gate. The miter gate is the most common navigation lock
historically and today. This gate is named for the unique closing mechanism of the two gate
doors and prevents intrusion of floodwaters using the gate doors as shown in Figure 9.
Advantages:
•
•
•
•

Construction is relatively simpler than other types of in-water gate typologies
Gates have a relatively quick deployment time (<20 minutes)
Gates do not affect vertical navigational clearance
Easier to operate

Constraints:
•
•
•
•

Limited to widths of 100 feet
Maintenance typically requires gates in ‘closed’ position
Level tracks on waterway bottom required
Siltation/debris buildup may prevent gates from opening immediately after a storm
event

Figure 9: Miter Lock Gates at Cremona Ship Canal, Italy, courtesy of the F.lii Baruzzi.

City-wide Structural Alternatives for Coastal Flood Protection | 12

2.3.7.

In-Water Movable Gates

In-Water Movable Gates encompass a variety of flood protection systems types, known
under many names. The primary system reviewed here lays on the waterway bottom when
open and pivots up, resting on pier or abutment structures to seal the waterway entrance as
shown in Figure 10. Alternative designs include the wall sliding from the land to close
(requiring significant upland storage) or a floating caisson wall system (requiring significant
in-water storage).
Advantages:
•
•
•
•

Gates can accommodate extremely large depths
Does not affect vertical navigational clearance
Gates can be installed in sections to span large widths
USACE already designs/builds within their navigation channel limits (Stamford, CT)

Constraints:
•
•
•
•

Can be affected by sedimentation
Will affect dredging operations
Difficult to perform maintenance and inspections without closing the gate
Construction of underwater foundations

Figure 10: In-Water Movable Gate in Stamford CT, courtesy of the USACE. Photograph depicts high water during Super
Storm Sandy in 2012.
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2.3.8.

In-Water MOSE Gates

Completely invisible until deployed, In-Water MOSE (MOdulo Sperimentale
Elettromeccanico, or Experimental Electromechanical Module) Gates operate on hinges from
their caisson foundations beneath the water surface. As shown in Figure 11, these gates
installed in the inlets of the lagoon surrounding Venice, Italy, float up to prevent floodwaters
from entering the bay surrounding Venice. This system is still in construction and was
designed specifically for Venice to prevent high tide flooding and wave action from further
deteriorating the foundations of the historic city. As such, the worldwide application of inwater MOSE gates is limited, and the success of this emerging technology for withstanding
impacts and punctures is yet to be determined. This typology is not currently recommended
but is mentioned here for completeness of the research record and with the understanding that
construction methods continuously improve and this emerging technology should not be
discounted without a schematic review during design.
Advantages:
•
•
•

Accommodate large depths (up to 97 ft)
Does not restrict vertical navigational clearance
Gates can be installed in sections to span large widths

Constraints:
•
•
•

Will influence dredging operations
Construction of significant underwater foundation structures
Difficult construction due to tolerances

Figure 11: MOSE barrier system in Venice Italy, courtesy of Vincenzo Pinto/AFP/Getty Images.
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2.3.9.

In-Water Movable Circular Gates

Figure 12 shows an example of a specialized type of in-water movable gate constructed
along Thames River in London, United Kingdom. The Thames River gate, constructed in 1974
has a public record with numerous (183) reported closures as of October 2017. The gate has
suffered minor damage in the 45 years of gate operation, despite being struck by vessel traffic,
and even a fully laden dredge barge. This gate typology is difficult to classify, as there are no
quickly identifiable examples beyond the Thames River Barrier.
Advantages:
•
•
•
•

Gates can accommodate extremely large depths
Does not affect vertical navigational clearance
Small upland area required
Gates can be installed in sections to span large widths, with each section spanning
further than other In-Water Moveable Gate systems

Constraints:
•
•
•
•

Can be affected by sedimentation
Will affect dredging operations
Difficult to perform maintenance and inspections without closing the gate
Construction of underwater foundations

Figure 12: Thames River Barrier in London, England, courtesy of Flickr.
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2.3.10. In-Water Inflatable Gates
The inflatable gate system is a water retention structure consisting of a rubber membrane
filled with either water or air when deployed to provide a water-tight barrier preventing
floodwaters from encroaching upon protected areas. These gates can be reinforced with
structural plates (typically steel) to provide added protection from hazards during a flood
event. These systems are designed to be robust enough to withstand impact forces and
hydrostatic loads during the design flood event; however, the worldwide application of
inflatable gates is limited, with a mediocre success record for withstanding impacts and
punctures. This typology is not currently recommended but is mentioned here for
completeness of the research record and with the understanding that construction methods
continuously improve and this emerging technology shouldn’t be discounted without a
schematic review during design. An example of an in-water inflatable gate is provided in Figure
13.
Advantages:
•
•
•

Does not restrict vertical navigational clearance
Gates can be installed in sections to span large widths
Relatively inexpensive to install

Constraints:
•
•
•

Will influence dredging operations
Significant risk of damage due to rubber materials used
Material suspect to UV wear

Figure 13: Inflatable rubber gate with steel protective reinforcement in Germany, courtesy of PIANC Report "Inflatable
Structures in Hydraulic Engineering" dated 2018.
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2.3.11. Inland Flood Logs
There are several types of deployable flood barriers, all requiring a significant long-term
storage area when not in use and a significant manpower commitment before the storm event.
Inland flood logs are shown being deployed in Figure 14. Depending on the size of the flood
logs, it may require major mechanical and electrical equipment to deploy. It also requires a
significant lead time to permit a full and adequate deployment.
Advantages:
•
•
•
•

Small footprint (width) required
Minimal impact when not deployed (other than storage)
System may have warranty through the manufacturer
Can provide very localized protection

Constraints:
•
•
•
•

Long deployment time (>hours, potentially >day)
Requires crew of laborers for deployment
Units require accessible, nearby storage – potentially a large volume
Incorrect deployment can lead to failure of the whole system

Figure 14: Flood log system during deployment at 17th Street in Washington, DC, courtesy of USACE.
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2.3.12. Inland Rolling and Swing Gates
Inland rolling and swing gates can appear as standard security gates when open. These
gates remain open until they need to be closed before a storm event. These gates typically run
on tracks and seal with a deployable gasket once fully closed. These types of gates are typically
constructed in-line (Figure 15) or across floodwalls to allow access to critical infrastructure
areas (Figure 16).
Advantages:
•
•
•
•
•

Small footprint (width) required
Can double as a security gate
Rapid deployment time (<20 minutes)
Minimal disruption to infrastructure when open
Often used across roadways and rail tracks

Constraints:
•
•

Requires full-length track for storage along the alignment
Requires regular maintenance and operation to avoid failure during deployment during
a flood event

Figure 15: Inland rolling gate in downtown Norfolk, courtesy of Dewberry.
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Figure 16: Inland swing gate in downtown New Orleans, courtesy of Dewberry.
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The above intervention typologies will be further specified for the alternatives selected for
consideration by the City of Virginia Beach. Criteria for selection, and a general scoring metric
system, is presented in Table 1.
Table 1: Coastal flood risk reduction intervention typology criteria metrics.
Criteria
Relative Cost

Constructability
(Relative)

Real Estate*
Operation &
Maintenance
Functional Use of
Waterways & Traffic
Circulation

Difficulty to Deploy

Metrics
Good
Low
(c < $10,000/LF)
No special equipment/
construction techniques
are required. Minimal
site constraints
challenges during
construction.
Maximum use of public
land
No mechanical parts or
human interference is
required
No effect on functional
use of waterways and
least impact on vehicular
and pedestrian
circulation
Will require little to no
human involvement
during flood event

Fair
Moderate
($10,000 < c < $25000/
LF)
Some use of special
equipment/ construction
techniques is required.
Some site constraints
challenges during
construction.
Mixture of public &
private land use
Some mechanical parts
or human interference is
required
Moderate effect on
functional use of
waterways and least
impact on vehicular and
pedestrian circulation
Will require moderate
amount of human
involvement to deploy
typology

Poor
High
(>$25,000/LF)
Special equipment/
construction techniques
are required. Extremely
challenging site
constraints exist during
construction.
Minimum use of public
land
Requires mechanical
parts or human
interference to operate
Significant effect on
functional use of
waterways and least
impact on vehicular and
pedestrian circulation
Requires heavy human
involvement for typology
to protect desired area.

*Constructing structural alignments on public land is considered preferable given the added costs and legal
challenges associated with land acquisition.

Using the above metric, the different typologies can be generally scored as in Table 2. It
should be noted that this is a general scoring only and does not represent site-specific
conditions. Site-specific scoring will be left until a final recommended alternative is selected at
a later phase of the study.
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Table 2: General evaluation criteria for scoring of coastal flood risk reduction intervention typologies.
Risk Reduction
Structure

Relative
Cost

Constructability
(Relative)

Real Estate

Operation &
Maintenance

Earthen Levee

Fair

Good

Poor

Good

Functional
Use of
Waterways &
Traffic
Circulation
Good

Floodwall

Good

Good

Good

Fair

Fair

Good

Seawall
In-Water Sector
Gate
In-Water
Vertical Lift
Gate
In-Water Miter
Gate
In-Water
Moveable Gate
In-Water MOSE
Gate
In-Water
Moveable
Circular Gate
In-Water
Inflatable Gate
Inland Flood
Log
Inland Swing
and Rolling
Gate

Poor

Fair

Good

Fair

Good

Good

Poor

Poor

Good

Poor

Fair

Fair

Fair

Fair

Good

Poor

Poor

Fair / Poor

Good

Fair

Good

Fair

Good

Good

Fair

Poor

Fair

Poor

Fair

Fair

Poor

Poor

Good

Poor

Good

Fair

Poor

Poor

Fair

Poor

Good

Fair

Good

Good

Good

Poor

Poor

Fair

Good

Good

Fair

Good

Good

Poor

Good

Good

Fair

Fair

Fair

Fair

Difficulty to
Deploy
Good

2.4. Design Standards Review
In general, two federal regulatory agencies – FEMA and USACE – have developed
guidelines and standards to design flood risk reduction projects. Both agencies have a long
history of providing risk reduction methodology and standards to municipal communities,
although their methods differ.
FEMA uses levee accreditation (44 CFR §65.10) process to govern the floodplain mapping
and flood insurance requirements of flood risk reduction system. This code typically uses the
highest of the four (4) cases outlined in Table 3 to govern the development of the DFE. It
should be noted that FEMA levee accreditation does not require including any analysis of SLR
into the DFE calculations.
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Table 3: FEMA coastal levee accreditation DFE criteria.
Scenario Case

DFE Calculation Description

Case 1

Height of 1% wave + 100-yr stillwater elevation + 1 ft freeboard

Case 2

Height of maximum wave runup + 100-yr stillwater elevation + 1 ft freeboard

Case 3

100-yr stillwater elevation + 2 ft freeboard

Case 4

100-yr stillwater elevation + crest freeboard to minimize wave overtopping

The USACE’s design of coastal flood risk reduction system is governed by their extensive
body of knowledge and Engineering Reports (ER) and design manuals, specifically the Coastal
Engineering Manual and ER 1105-02-100. The USACE usually follows the National Economic
Development guidelines that are based upon an optimum DFE to provide a maximum Benefit
to Cost ratio. It should be noted that USACE does require including the effects of SLR based on
ER 1100-2-8162.

2.5. Cost Estimation
A rough order of magnitude cost estimate was performed on the schematic alternatives
presented in this report. The estimate represents an approximate equivalent to the Association
for the Advancement of Cost Engineering, Class 5 estimate for the conceptual engineering
phase. The following assumptions were made to develop cost estimates:
•
•
•

•

Does not include estimates for real estate and/or property acquisition
Does not include estimates for initial site development (i.e. if part of the site needs regraded to allow the selected flood gate structure to be built)
Estimates of flood protection structures are based on comparison to similar
construction both in the United States and overseas and do not reflect estimates based
upon the actual design
Cost estimates are based on year 2018 and do not reflect the future escalation costs

The following design and analysis decisions were made to allow for the development of cost
estimates:
•
•
•

Sites were reviewed and flood gate typology selected based upon local navigation and
water depths
Limited optimization (where flood protection coverage was redundant, then the
redundancy was removed)
Detailed economic analysis or modeling not performed
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Capital cost per unit length and average annual operation and maintenance costs were
compiled for each intervention type from multiple sources. The primary source for unit costs
was the North Atlantic Coast Comprehensive Study (NACCS) (USACE 2015). Unit quantities
from NACCS were updated based on the Texas Coastal Resiliency Master Plan (Texas General
Land Office, 2017). Where needed, unit costs were supplemented with additional sources,
including the New York City Department of Design and Construction, the Saugus River and
Tributaries Flood Damage Reduction Study (USACE, 1989) and Texas Coastal Resilience
Master Plan. Costs were escalated from the year of the reported values to 2018 costs using the
Consumer Price Index (CPI) Inflation Calculator.
Utilizing the above criteria and information, a dynamic Excel-based tool was developed to
incorporate various factors to determine the overall total project cost for each alternative.
•

•

•

•

•

Gate type: Initial cost estimates assumed a single gate typology for each crossing,
with a height equal to the height required at the deepest portion of the channel. The
current cost estimates include optimized gate typologies with an average height for
each section of the gate to determine costs, leading to drastically reduced gate costs
at every location.
Approximate total length and height of intervention typology: CAD
software was utilized in conjunction with the topography data to estimate lengths
and heights for each of the proposed interventions.
Average annual O&M costs: O&M estimates are either taken directly from cost
estimate sources or assumed at 0.5% of the initial capital cost where O&M is not
provided.
Hard construction costs: These costs include the materials, labor, mobilization,
and finishing of the major design elements (floodwalls, gates, levees, elevated
roadways). These costs do not include the individual pump stations required to
lower the water level before a major storm event and remove rainwater during the
storm event, operating costs, procedural costs, or other elements beyond the scope of
this report. Pump costs have been excluded at this time due to the significant
variability in costs based upon operating procedures, which will be determined at a
later date.
Construction cost contingency: Hard construction cost contingencies were set
at 30% for all locations and are inclusive of weather delays, variations in material
costs, unforeseen construction obstructions, and similar project delays that could not
have been avoided through standard best management practice. This contingency
does not include any foreseeable design elements.
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•

•
•

Soft construction costs: Soft construction costs are fees associated with site
investigations and design, environmental assessment and permitting, construction
management, and other components of construction such as drainage improvements
and utility relocation. These costs are further described below.
o Site investigations and design: This includes costs associated with site
investigation activities such as topographic and bathymetric surveys, utility
surveys, geotechnical borings, and other investigation activities as determined
by the Engineer of Record. Design costs include a feasibility study,
preliminary and final design, and design services during construction. The
costs associated with site investigation and design is assumed to be 10% of
hard costs (before contingency).
o Environmental assessment and mitigation: This includes any required studies
to perform an Environmental Impact Statement (EIS) and minor mitigation
design required for the overall flood risk reduction system. In most cases,
since the alignments fall within the footprint of existing wetlands or similarly
protected areas, it is assumed an EIS will be required. The cost of the
environmental assessment and related mitigation work is assumed to be 15%
of hard costs (before contingency).
o Drainage improvements: Various drainage improvements will be required
along the flood risk reduction alignment including potentially rerouting
runoff, backflow prevention, and other actions. This does not include the
installation of new pump stations. The cost of drainage improvements was
assumed to be 7% of hard costs (before contingency).
o Utility relocation: The interventions along each alignment could potentially
interfere with existing utilities such as sewer, electric, telephone, gas, cable,
and others and may require potential rerouting or adjustments. The cost for
minor utility-related activities that exclude any major utility relocation items
such as sewer interceptor was assumed to be 2% of hard costs (before
contingency).
Soft Cost contingency: An additional 15% contingency was added to soft costs.
Escalation: This measurement accounts for inflation and other economic factors
that change currency values as time progresses. Costs are based on 2018 values.
Escalation was set at 3% per year based upon USACE standard practice.

An alignment can be comprised of multiple types of flood protection system components
with costs associated with each component (also referred to as reach). Appendix A provides a
breakdown of the cost estimates for each set of recommended alternatives. The cost estimates
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provided in this report reflect the culmination of several rounds of refinement with additional
sources of data and coordination with the City on the choice of various intervention typologies.

City-wide Structural Alternatives for Coastal Flood Protection | 6

3. DEVELOPMENT OF CITY-WIDE LOCATION AND ALIGNMENTS FOR
COASTAL FLOOD RISK REDUCTION SYSTEM
Appropriate site locations with the potential to place structural flood risk reduction
intervention typologies along various alignments were identified through the process outlined
in Figure 17. The alignments, as discussed in this section, represent the initial concepts. These
were later refined through the overall process; the reader should refer to Section 5 and 6 for the
recommended set of alternatives that includes location and intervention typologies.
A short discussion of each step in the conceptual alignment development process is below,
followed by a review of site characteristics and initial alignments identified for each site.

Figure 17. Alignment development process.

City-wide Structural Alternatives for Coastal Flood Protection | 7

Overview Site Plan and Constraints:
•

•

The first step of the process is to identify existing constraints at each site. This includes
site topography, flooding pathways, existing structures and utilities, special zones
(wetland, protected areas, etc.), traffic circulation, private/public properties, etc.
Areas were then grouped into locations for schematic design and reviewed to identify
suitable alignments.

Identify High Ground:
•

The topography is reviewed against a range of flood elevations to identify flow pathways,
overtopping, and high ground for structural tie-in locations.

Identifying Potential DFE:
•

•

•

The DFE varies by location. Areas with exposure to offshore storm events (like
hurricanes) can experience significantly increased flood levels due to offshore surge and
waves, while interior regions such as Back Bay have unique, wind-driven surge events
not experienced within the many rivers and creeks that run through the City.
The DFE criteria, including freeboard, SLR, and wave runup (where applicable) are
applied to develop DFE options that are feasible to each site, in consideration of
available high ground and exiting site conditions.
Considers standards set forth by FEMA, ASCE, and USACE.

Table 4 shows a combination of factors considered to develop four preliminary DFE
criteria. These DFE criteria were applied appropriately based upon flood flow paths,
overtopping, and practical considerations at each location.
Table 4: Initial DFE criteria.
DFE Criteria
A
B
C
D

BFE
1% FEMA BFE
1% FEMA BFE
1% FEMA BFE
1% FEMA BFE

SLR (ft)
1.5
3.0
1.5
3.0

Freeboard (ft)
2
2
2
2

Wave Runup (ft)
1
1

Develop Alignments and Potential Interventions for each DFE
•
•
•

Through an iterative process, suitable alignments are conceptualized based on site
conditions and constraints.
Alignments are drawn in GIS/CAD in planimetric (plan) view.
Initial intervention typology options are identified for various sections along the
alignment.
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•

Identify options for alignments/intervention combinations for the DFE scenario at each
site.

Alignment Comparison
•

A brief list of alignment features, including benefits and drawbacks, are prepared based
on key metrics such as relative cost, real-estate impact, and constructability for
comparison with each other.

Discuss Suitable Alignment and DFE for the Site
•
•
•
•

Elements, as identified above discussed at each site location.
Facilitated a design workshop to discuss site locations, alignments and DFEs with City
of Virginia Beach staff
Identified preferred DFEs, any gaps in current locations, and initial removal of
considered site locations.
Collaborative creation of ten alternatives that included combinations of the site
locations/alignments to create holistic City-wide flood protection.

The above process was used to identify the 12 initial locations, shown in Figure 18 and
discussed in further detail in the following sections. The benefits of each location were
considered in isolation at this stage. Alignments are combined in Section 4 to create more
holistic alternatives for City-wide coastal flood risk reduction.
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1 Chesapeake Bay
1* Norfolk Extension
2 Long Canal
3 Upper Western Branch Lynnhaven
4 Lower Western Branch Lynnhaven
5 Upper Eastern Branch Lynnhaven
6 Lower Eastern Branch Lynnhaven
7 Atlantic Oceanfront
8 Elizabeth River
9 West Neck Creek Bridge
10 Knotts Island
11 Sandbridge Road
12 Muddy Creek Road
Figure 18: Site locations for potential coastal flood risk reduction alignments.
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Note on Locations 4 and 6: Lower Western Branch Lynnhaven (Location 4) and Lower
Eastern Branch Lynnhaven (Location 6) were not studied beyond the initial planning phase.
These locations were abandoned as the Upper Branch locations offered more protection to the
City and at a lower cost based on preliminary cost estimation and analysis of the potential
reduction in the area of the coastal floodplain. Given this, these are not presented in the report.

3.1. Chesapeake Bay and Lynnhaven Inlet
The location for intervention typologies in Lynnhaven Inlet includes the area near the
Lesner Bridge and the bayfront to the east and west. The primary configuration turns south
about the location of the Chesapeake Bay Bridge Tunnel. Approximately 36,100 linear ft of
flood protection structures were identified. The flood risk management structures for this
conceptual alignment include floodwalls, deployable floodwalls, levees, in-water moveable
gates, and in-water sector gates. A structure at this location would protect flood-vulnerable
infrastructure in the three branches of the Lynnhaven Bay, as well as areas south towards Dam
Neck Road. An alternative alignment, extending approximately 25,000 linear ft further west
into Norfolk, crossing Little Creek Cove, and continuing until the southern tie-back along
Interstate 64.
The Lynnhaven Inlet itself is a federal navigation channel, with a defined width of 150 ft
and depth at -7.8 ft NAVD88 (refer to NOAA Navigation Charts 12254 and 12222). This
requires a minimum setback from either side of the channel of approximately 8 ft. Recent
bathymetric surveys have measured the navigation channel to a depth of approximately -40 ft
NAVD88. Figure 19 presents a combined GIS map showing site condition details considered
during the development of this alignment.
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Figure 19: Lynnhaven Inlet site characteristics

The overall preliminary alignment options are shown in Figure 20. Coordination with the
Fort Story military base to the northeast will be required, as a significant portion of this
location is on military property. Careful coordination with the Virginia Department of
Environment Quality (DEQ) will be required during the design of the beachfront levee/dune
protection system. Depending on the required slopes and widths to reach the recommended
DFE, some of this system may fall within identified estuarine and marine wetland areas. A
small portion of the inland levee systems fall within freshwater forest, shrub, or emergent
wetlands areas, and will require environmental consultation during design to minimize
mitigation requirements.
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Figure 20: Initial conceptual Chesapeake Bay and Lynnhaven Inlet alignment options.

3.2. Long Canal
This location covers the northeastern section of Virginia Beach, wrapping around the
eastern abutment of the Lesner Bridge and spanning the Long Canal on the way south to tie
into natural elevations. Approximately 29,700 linear ft of flood protection structures were
identified. Flood intervention typology choices along this alignment include floodwalls,
deployable floodwalls, levees, and a circular in-water moveable gate. Flood intervention
structures at this location would protect flood vulnerable buildings and infrastructure in Broad
Bay and Linkhorn Bay, Little Neck Creek, and Crystal Lake.
Long Canal is identified as a federally mapped channel, with a defined width of 72 ft and a
depth of -3.8 ft NAVD88 (refer to NOAA Navigation Charts 12254 and 12222). Due to the
rapidly shifting nature of the natural sediment, the canal fluctuates and can experience
frequent shoaling, where wave heights increase entering shallower water. This channel is used
exclusively for recreational boating and will likely require little to no interruption in the water
column to maintain current usage. A circular in-water moveable gate was conceptualized here
to minimize the impact on recreational boating. Figure 21 presents a combined GIS map
showing site condition details considered during the development of this alignment.
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Figure 21: Long Canal site characteristics.

Coordination with the Fort Story military base to the east will be required, as a significant
portion of this location is on military property. Careful coordination with the Virginia DEQ will
be required during the design of the beachfront levee/dune protection system. Depending on
the required slopes and widths to reach the recommended DFE, some of this system may fall
within identified estuarine and marine wetland areas. There is an increase in the impact on
residential land in the vicinity of Long Creek. The overall preliminary alignment options are
shown in Figure 22.
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Figure 22: Initial conceptual Long Canal alignment options.

3.3. Upper Western Branch Lynnhaven
This location aims to protect the Western Branch of the Lynnhaven Bay from flooding,
spanning across the inlet between the Bayville Golf Course and Little Neck Point.
Approximately 4,100 linear ft of flood intervention structures are required to provide the
desired level of protection. Flood intervention typology choices along this alignment include
floodwalls, deployable floodwalls, levees, and a circular in-water moveable gate.
This location does not have any mapped federal navigation channels. Many watercraft are
moored within this area, which should be considered during the design phase. Circular inwater moveable gates would minimize the impact on recreational boating. Figure 23 presents a
combined GIS map showing details considered during the development of the alignment.
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Figure 23: Upper Western Branch Lynnhaven site characteristics.

This location does not have any military land-use constraints. A significant impact to the
local residential and commercial industries is likely with various alignments within this area.
Consultation with Virginia DEQ will be required during the design phase to identify any impact
on estuarine and marine wetland areas. The preliminary alignment options are shown in
Figure 24.
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Figure 24: Initial conceptual alignment options at Upper Western Branch Lynnhaven location

3.4. Upper Eastern Branch Lynnhaven
This location aims to protect vulnerable buildings and infrastructure along the Eastern
Branch of the Lynnhaven Bay from flooding. The alignment spans were conceptualized as a
gate across the waterway between Avery Island and Lynndale Road. Approximately 6,000
linear ft of flood intervention structures are required to provide the desired level of protection.
Flood intervention typology choices along this alignment include floodwalls, deployable
floodwalls, levees, and an in-water moveable gate.
This location does not have any mapped federal navigation channels. Many recreational
watercraft are moored within this area and should be considered during the design phase. An
in-water moveable gate will be utilized to minimize the impact on recreational boating. Figure
25 presents a combined GIS map showing details considered during the development of this
alignment.
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Figure 25: Site characteristics at the Upper Eastern Branch Lynnhaven location.

This location has no impact on military land. There may be a significant impact local
residential property. Consultation with Virginia DEQ will be required during the design phase
to identify any impact on estuarine and marine wetland areas. The overall preliminary
alignment options are shown in Figure 26.
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Figure 26: Initial conceptual alignment options at Upper Eastern Branch Lynnhaven location.

3.5. Atlantic Oceanfront
South of Grommet Island Park and north of Lake Wesley is the armored and maintained
Rudee Inlet. The inlet features a jetty protecting from northern sediment infilling and an
offshore breakwater in front of a sediment deposition basin. This area also serves Naval Air
Station (NAS) Oceana and the Virginia Aquarium and Marine Science Center. Approximately
40,000 linear ft of flood intervention structures are required to provide the desired level of
protection, north, and south of the inlet. Flood intervention typology choices along this
alignment include levees and an in-water sector gate.
Rudee Inlet is identified as a federally mapped channel, with a defined width of 80 ft and a
depth of -11.8 ft NAVD88 (refer to NOAA Navigation Charts 12205). Due to the rapidly shifting
nature of the natural sediment, Rudee Inlet experiences frequent shoaling and fluctuation. An
in-water sector gate will be used to minimize the impact on the channel. It is recommended
that a more detailed sediment transport study be performed based upon the USACE and
NOAA’s note of frequent shoaling at the Inlet. Figure 27 presents a combined GIS map showing
details considered during the development of this alignment.
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Figure 27: Site characteristics at the Atlantic Oceanfront location, zoomed-in in area surrounding Rudee Inlet.

This location has a significant impact on military land, with the majority of the construction
to the south occurring on Dam Neck Naval Annex. Nearly all the construction to the north will
directly impact the Virginia Beach boardwalk area. Consultation with Virginia DEQ will be
required during the design phase to identify any impact on estuarine and marine wetland
areas. The overall preliminary alignment options are shown in Figure 28 and Figure 29. Note –
these options were later refined with raised dunes to the south of Rudee, and moving any
protection from Back Bay flooding to Sandbridge Road.
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Figure 28: Initial conceptual alignments at the Atlantic Oceanfront location, option 1.

Figure 29: Initial conceptual alignment at the Atlantic Oceanfront location, option 2.
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3.6. Elizabeth River
The Elizabeth River provides a flood pathway from the Chesapeake Bay, through Norfolk
and Chesapeake into the southwestern segments of Virginia Beach. Most of the Elizabeth River
waterfront in Virginia Beach is residential. The identified site for this conceptual alignment is
within the municipal boundaries of the City of Norfolk. Flood intervention structure at this
location would offer coastal flood protection to the cities of Virginia Beach, Norfolk, and
Chesapeake. The Integrated City of Norfolk Coastal Storm Risk Management Feasibility Study
(Norfolk CSRM, USACE 2018) identified a surge barrier on Broad Creek, which is upstream of
this location. Although a surge barrier on Broad Creek would provide some protection to areas
of Virginia Beach, siting a barrier at this proposed location may be more beneficial to the three
cities. The Norfolk CSRM did not consider this proposed location due to the lack of authority to
assess flood risk reduction benefits outside of the City of Norfolk. Approximately 4,300 linear
ft of flood intervention structures are required to provide the desired level of protection. Flood
intervention typology choices along this alignment include floodwalls, levees, and an in-water
sector gate.
Elizabeth River is identified as a federally mapped channel, with a defined width of 200 ft
and a depth of -26.8 ft NAVD88 (refer to NOAA Navigation Charts 12205). An in-water circular
gate is utilized to minimize the impact to commercial traffic and the channel. Figure 30
presents a combined GIS map showing details considered during the development of this
alignment.

Figure 30: Site characteristics at the Elizabeth River location.
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This location has no impact on military land or identified parkland. The development area
to the north includes Grandy Village, while the southern tie-in is on the former Norfolk Ford
Plant site. There are container barge docking/storage areas located in the near vicinity of the
conceptual location. A large stormwater outfall at the tie-in location to the north will
necessitate a tide gate. The overall preliminary alignment option is shown in Figure 31.

Figure 31: Initial conceptual alignment option at the Elizabeth River location.

3.7. West Neck Creek Bridge
Some areas of flood vulnerability are governed by narrow gaps in low elevation, such as the
areas surrounding the West Neck Creek. The creek allows a significant volume of floodwaters
to inundate the residential properties north of the bridge across West Neck Creek, and
placement of flood intervention structure at this bridge location would prevent this flood
vulnerability. Approximately 7,100 linear ft of flood intervention structures are required to
provide the desired level of protection. Flood intervention typology choices along this
alignment include floodwalls, levees, and an in-water moveable gate. Figure 32 presents a
combined GIS map showing details considered during the development of this alignment.

City-wide Structural Alternatives for Coastal Flood Protection | 23

Figure 32: Site characteristics at West Neck Creek Bridge location.

This location does not have any mapped federal navigation channels. An in-water moveable
gate would minimize the impact on local sightseeing, fishing, and wildlife. This location has no
impact on military land or identified parkland. A significant portion of the flood intervention
structures is on the natural floodplain and wetland areas. Consultation with Virginia DEQ will
be required during the design phase to identify any impact on estuarine and marine wetland
areas. The overall preliminary alignment options are shown in Figure 33.
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Figure 33: Initial conceptual alignment at West Neck Creek Bridge location.

3.8. Knotts Island
Conceptual flood intervention structures at the Knotts Island location would shelter the
majority of Back Bay from coastal floodwaters, and thus protect the southern extents of the
City of Virginia Beach. The significant drawback to this location is that the alignment crosses
into Currituck County, North Carolina. Construction of the flood intervention structure along
this alignment would require a significant cooperative agreement and be subject to approval by
both Virginia and North Carolina Coastal Zone Management regulations. The design team
perceived that feasibility of this alignment was especially low, but included it to allow for
complete consideration of alignment options. Approximately 73,100 linear ft of flood
intervention structures are required to provide the desired level of protection. Flood
intervention typology choices along this alignment include deployable floodwalls, elevated
roadway, roadway levees, and an in-water moveable gate.
This location does not have any mapped federal navigation channels. An in-water
moveable gate would minimize the impact on local sightseeing, fishing, and wildlife. This
location has no impact on military land. Figure 34 presents a combined GIS map showing
details considered during the development of this alignment.
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Figure 34: Site characteristics at Knotts Island location.

The majority of the roadway improvements required are within the Mackay Island National
Wildlife Refuge and the residential community on Knotts Island. Almost the entire length of
flood intervention structures is on the natural floodplain and wetland areas. Consultation with
Virginia DEQ along with North Carolina regulatory and permitting agencies would be required
during the design phase to identify the full extent of the impact on estuarine and marine
wetland areas. The overall preliminary alignment options are shown in Figure 35.
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Figure 35: Initial conceptual alignment at Knotts Island location.

3.9. Sandbridge Road
Sandbridge Road is an alternate location to Knotts Island to achieve flood protection for the
southern extents of the developed portion of Virginia Beach while allowing Back Bay to
respond naturally to storm events. Approximately 49,700 linear ft of flood intervention
structures are required to provide the desired level of protection. Flood intervention typology
choices along this alignment include floodwalls, deployable floodwalls, elevated fill, elevated
roadways /levees, fill, and in-water gates.
The alignment includes the bayside of Sandbridge Beach, which has multiple canals for
recreational boating. To maintain boat access in these canals would require a series of in-water
gates; otherwise, the canals could be closed by the alignments. At this phase, recreational
navigation has been accommodated by gates. It should be noted that the two required gates
(one on Sandbridge Road at the Hell Point Creek crossing and the other at Ashville Bridge
Creek) add significant cost and potential points of failure for the line of protection. The
alignment location does not intersect military land. Consultation with Virginia DEQ along with
the Back Bay Wildlife Refuge agency would be required during the design phase to identify the
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full extent of the impact to estuarine and marine wetland areas. Figure 36 presents a combined
GIS map showing details considered during the development of this alignment.

Figure 36: Site characteristics at Sandbridge Road location.

The majority of this proposed system goes through residential and commercial
communities, with a significant impact on private land. Sandbridge Road will be raised, with a
flood gate installed for the drainage ditches and creeks it crosses. Consultation with Virginia
DEQ will be required during the design phase to identify the extent of the impact on estuarine
and marine wetland areas. The overall preliminary alignment options are shown in Figure 37.
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Figure 37: Initial conceptual alignment at Sandbridge Road location.

3.10. Muddy Creek Road
As the second potential alternative to the Knotts Island location, an alignment along Muddy
Creek Road could be combined with the Sandbridge Road Alignment to offer flood protection
for the southern extent of Virginia Beach. Such an alignment would protect important rural
and agricultural assets, representing the 3rd largest economic engine in the city. When
combining this with the Sandbridge Road alignment, it requires approximately 88,900 linear ft
of protective structures to provide the design protection. The conceptual flood risk
management structure types for this alignment include seawalls, deployable floodwalls,
elevated roadway/levees, fill, miter gates, and in-water gates. This location has the same
recreational boating constraints as previously discussed for Sandbridge Road. Figure 38
presents a combined GIS map showing details considered during the development of this
alignment.
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Figure 38: Site characteristics at Muddy Creek Road location.

Aside from the Sandbridge Road and Sandbridge elements, the majority of this conceptual
system goes through residential and agrarian communities, with a significant impact on private
land. Muddy Creek Road will be raised, with flood gates installed at Muddy Creek, Beggars
Bridge Creek, and Nawney Creek. Consultation with Virginia DEQ will be required during the
design phase to identify the extent of the impact on estuarine and marine wetland areas. The
overall preliminary alignment options are shown in Figure 39.
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Figure 39: Initial conceptual alignment at Muddy Creek Road location.

Two alternative alignments were also reviewed for the Muddy Creek Road alignment. These
include:
•

•

An alignment that followed the local high elevation which would require a significantly
smaller flood protection system (named the “Secondary Ridge” option), as shown in
Figure 40.
Extending the alignment south and west to connect with Pungo Ferry Road and cross
the North Landing River (the Southern Extension option), as shown in Figure 41.

The Secondary Ridge option was deemed to provide inadequate protection to the residents
and businesses around Muddy Creek Road. The Southern Extension option would eliminate
the need for the West Neck Bridge alignment, but would require two additional water crossings
and a larger water crossing at North Landing River than the original West Neck Bridge
crossing, and was deemed too costly to pursue. Neither of these options was developed beyond
the preliminary alignment location phase, and are therefore not shown with typologies or
DFEs.
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Figure 40: The Secondary Ridge initial conceptual alignment Figure 41: The Southern Extension initial conceptual
alternative for Muddy Creek Road.
alignment alternative for Muddy Creek Road.

City-wide Structural Alternatives for Coastal Flood Protection | 32

4. ALTERNATIVE DEVELOPMENT AND EVALUATION
4.1. Overview
The alignments identified and discussed in Section 3 each offer protection to a part of the
City. Combinations of the alignments, referred to as alternatives, are intended to protect to
most of the areas in the City that are vulnerable to coastal flooding. A total of ten alternatives
were identified by the design team and the City of Virginia Beach. The combinations were
chosen to evaluate the benefits and drawbacks of protection approaches for each part of the
City. The identified alternatives range from the Lynnhaven Inlet alignment in isolation, to
“maximum protection” approaches that combine alignments for all parts of the City of Virginia
Beach.
It should be noted for all alternatives, that optimal choice of structural and/or nature-based
coastal flood risk reduction intervention options are dependent on site conditions,
constructability constraints, real estate availability and other factors. Parkland, wetlands, and
forest land would be required to construct various components within this alternative. Some
alternatives would require coordination and approval from other municipalities, states, and /or
the military. In some cases, these are significant challenges that provide for low feasibility of
projects moving forward. Such alternatives have been considered here to provide a thorough
assessment of flood protection options for the City of Virginia Beach.

4.2. Evaluation of Alternatives
Each alternative was evaluated across a set of metrics that included:
•
•
•
•

A numerical modeling analysis of flood risk reduction benefits and adverse impacts;
A GIS analysis of flood risk reduction benefits, such as area of reduced floodplain,
and number of buildings protected;
Estimated costs; and
Initial benefit-cost analysis.

A review of the results of these analyses allow a better understanding of the potential
impacts (both positive and negative) of each of the conceptual locations and the interactions
with each other. This information was used to cull the number of alternatives to enable
prioritization and refinement of the cost-benefit analysis.
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4.2.1.

Environmental Benefits and Impacts

Environmental benefits and impacts assessed for each alternative using a high-level,
qualitative assessment. Items considered and their relative classifications are summarized in
Table 5.
Table 5: Summary of environmental benefits and impacts qualitative assessment categories.
Item

Inland Permanent

In-Water

Beach, Wetlands, Forest,
Developed Areas

Wetlands, Navigation
Channels, Bridges

Effects on Habitat and
Existing Infrastructure

Minor – deployable units
will be stored nearby for
use during storm events
(typically within existing
infrastructure)

Moderate/Major –
Beachfront and wetlands
area with existing wildlife
crossings; drainage
patterns will be altered
with changes in water
levels in existing habitat
areas, alignments follow
existing roads wherever
possible

Major – narrowing of
existing channels,
potential change in water
quality, marine food
sources and or/spawning
areas; potential to change
existing sedimentation
patters and require new
dredging programs

Ambient Noise

Minor – limited to
construction and
deployment activities

Moderate/Major –
significant noise and
vibration occurrence
during construction

Visual and Scenic
Areas

Only impacts during a
storm event

Circulation (Vehicular,
Boat and Pedestrian)

No impact during nonstorm conditions; major
impacts to circulation and
evacuation during storm
events

Impact varies depending
on the Design Flood
Elevation

Habitat/Infrastructure
Crossing Types

4.2.2.

Inland Deployable
Roadways, Bridges,
Culverts, Developed
Areas

No major impacts to
circulation; roadways
designed as levees could
serve as evacuation routes

Moderate/Major –
significant noise and
vibration during
construction and
deployment
Major impact limited to
Vertical Lift and Sector
Gates
Impacts to boat and vessel
circulation during storm
conditions; potential
benefit to pedestrian
circulation

Numerical Flood Modeling of Alternatives

A 2-Dimensional (2D) coastal storm surge model was developed using Danish Hydraulic
Institute’s (DHI) MIKE 21 2016 software. The MIKE 21 hydrodynamic flood module, called
MIKE 21fm HD, was used to evaluate flood propagation of coastal storm surge within the study
area. MIKE 21fm is a well-documented, proven modeling technology that has been applied in
many coastal and marine engineering projects around the world. It is a FEMA-approved
hydrodynamic model and it offers additional capabilities for application in coastal urban
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settings through the integration of stormwater models using MIKE FLOOD. Full
documentation of the model development process is provided in the report “Numerical
Modeling for Coastal Flood Risk Reduction Strategy Development” (CVB 2019).
The MIKE 21 model domain encompassed the lower Chesapeake Bay, Atlantic Ocean, and
northern North Carolina (Figure 42). The model was tidally calibrated against water level
stations both inside and outside of the City. Model performance to replicate surge was tested
against Hurricane Isabel, Hurricane Matthew, and winter storm Nor’Ida, and found to provide
acceptable performance.
To incorporate overland flows from rainfall into the model the stormwater consultant
provided hydrographs at various locations across the City where detailed hydrologic and
hydraulic (H&H) models were available. The rainfall distribution used in these models and the
approximate HMS models developed by Dewberry where PCSWMM models were not available.
The City of Virginia Beach provided rainfall distributions developed and used in ongoing
drainage basin studies by CDM Smith, which were used as climatological data input in the
hydrologic models developed as part of the study. The localized 25-year storm distribution was
adopted as the rainfall distribution for storms of all return periods modeled in this study. The
25-year distribution was chosen since it was close to the average and was the return period
used by NRCS for the spatially averaged distribution. The normalized 25-year storm
distribution was multiplied by the total depth to determine the rainfall hyetograph used in the
hydrologic model. Total rainfall depth varies spatially throughout the study area. Total rainfall
depth was obtained using TR-20 software at the location of the centroid of the drainage basin.
Each identified alternative was implemented into the MIKE model to enable evaluation.
Floodgates were modeled as a MIKE 21 gate structure with user-specified operation (control
water level for gate open/close, time interval to check control water level). Levees and
floodwalls were modeled using a sub-grid technique with MIKE 21 dike structures. The
structures were completely aligned with the model mesh to make sure there is no leakage
around the structure in the models.
Results from the model runs provide data to evaluate the benefits and impacts of each
structural alternative. To accomplish this, model simulations were performed for a proxy 10and 100-yr coastal storm surge event track and forcing data from the FEMA Region 3 Storm
Surge Study. These events were simulated with and without 10-yr 24 hour runoff modeled as
discharge point sources. Structures were evaluated against future conditions, incorporating a
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3 ft SLR and a 20% increase in the 10-yr rainfall-runoff. Rainfall simulations were only
performed for the down-selected alternatives.
Model outputs were processed using GIS tools into flood maps depicting changes to
floodplain area, and flood depth for each alternative. Adverse impacts, such as increases in
water level outside of the protected areas were also analyzed. Pump stations were not
accounted for in this stage of the study and will need to be analyzed further to account for
floodwaters trapped behind flood protection structures.
The original model was developed using MIKE21 Flexible Mesh (FM) 2016 version to
evaluate each initial flood protection alternative. During the course of study, a newer version
of MIKE21 (2019 version) became available to use. The initial ten alternatives were evaluated
using the 2016 version, whereas, the 2019 version was used for the down-selected alternatives.
Essential changes for the 2019 version of the software were an updated wetting and drying
solver, and updated gate structure controls. The updated wetting and drying solver provided
for better calculations of flow on steep slopes within the model domain. A sensitivity test
showed that the difference in model version did not largely affect the model results. Changes
in the 2019 version now require that the open water level to be lower than the close water level
for the gate to function properly. As such, this altered the procedure for setting the open and
closing values which were updated to set the open and close value to be equal.
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Figure 42: MIKE 21 model domain, inset shows detail of grid topography in middle of City of Virginia Beach.
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4.3. Development of Alternatives
The alignments considered during development of the initial ten alternatives are shown on
the map in Figure 43 on the following page. As mentioned earlier in this report, the alignments
Lower Western and Lower Eastern Branch of the Lynnhaven (Alignment locations 4 and 6)
were eliminated as Upper Branch locations provide larger flood risk reduction benefits. The
initial ten alternatives are summarized below and further described in the following sections.
•
•
•
•
•
•
•
•
•
•

Alternative 1 = Alignment locations 1 + 7 + 8 + 9 + 10
Alternative 2 = Alignment locations 1 + 7 + 8 + 9 + 11 + 12
Alternative 3 = Alignment locations 2 + 3 + 5 + 7 + 8 + 9 + 10
Alternative 4 = Alignment locations 2 + 3 + 5 + 7 + 8 + 9 + 11 + 12
Alternative 5 = Alignment locations 1 + 7 + 9 + 10
Alternative 6 = Alignment locations 1 + 7 + 9 + 11 + 12
Alternative 7 = Alignment locations 2 + 3 + 5 + 9 + 10
Alternative 8 = Alignment locations 2 + 3 + 5 + 9 + 11 + 12
Alternative 9 = Alignment location 1
Alternative 10 = Alignment locations 2 + 3 + 5

As previously mentioned, the MIKE model was applied to quantify differences in flood
elevation and flood area with each alignment. These outputs are summarized in the narrative
for each alignment. Maps showing the difference in flood elevations for Alternatives 1, 3, 5, and
7 are provided in Appendix B. Maps for the alternatives moved forward in the down-selection
process are provided in Section 5.
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1 Chesapeake Bay
1* Norfolk Extension
2 Long Canal
3 Upper Western Branch Lynnhaven
4 Lower Western Branch Lynnhaven
5 Upper Eastern Branch Lynnhaven
6 Lower Eastern Branch Lynnhaven
7 Atlantic Oceanfront
8 Elizabeth River
9 West Neck Creek Bridge
10 Knotts Island
11 Sandbridge Road
12 Muddy Creek Road
Figure 43: Alignment locations considered during the development of the initial City-wide alternatives.
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4.3.1.

Alternative 1

Alternative 1 includes approximately 30.5 mi of coastal flood protection structures,
comprised of a combination of alignments at the Chesapeake Bay, Atlantic Oceanfront,
Elizabeth River, West Neck Creek Bridge, and Knotts Island locations (Figure 44). This
alternative represents the most comprehensive flood risk reduction system for the City of
Virginia Beach and was chosen as it has the potential to minimize intrusion of coastal storm
surge and sea level rise through all major waterbodies. It should be noted that the location of
Knotts Island flood risk reduction system alignment extends into the State of North Carolina.
Wave runup was included for the Lynnhaven Inlet and Rudee Inlet due to their exposure to
the Atlantic Ocean. Detailed wave runup calculations were not performed, instead, a wave
runup of 2 ft was assumed and was included in the DFE calculations, as shown in Table 6.
Table 6: Alternative 1 DFE calculations.
Location
Name
Chesapeake Bay
Atlantic
Oceanfront
Elizabeth River
West Neck
Creek Bridge
Knotts Island

DFE Calculation
Component
Inlet
Beachfront
Inland
Inlet
Beachfront
In-water
Inland
In-water and
Inland
In-water and
Inland

Approximate
Total Length
(ft)

1% BFE*
(ft NAVD)

Freeboard
(ft)

SLR**
(ft)

11
11
7
11
9
9
8

2
2
2
2
2
2
2

3
3
3
3
3
1.5**
1.5**

Wave
Runup
(ft)
2
2
-

4

2

3

-

9

7,100

4

2

3

-

9

73,100

Final DFE
(ft NAVD)
18
16
12
18
14
12.5
11.5

36,100
40,000
4,300

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels
**SLR is assigned lower in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft elevation

Alternative 1 was found to reduce the 100-yr coastal floodplain by approximately 23.9 mi2,
equivalent to a 19.8% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 49.5 thousand buildings. Model results indicate the following benefits for flood
depth reduction for the proxy 100-yr event, including:
•
•
•
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay
Around 3 ft reduction in maximum water depth in Rudee Inlet Area
Around 7 ft reduction in maximum water depth in Elizabeth River Area (in Norfolk)
Around 3 ft reduction in maximum water depth in Back Bay
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•

Around 1 to 4 ft reduction in other areas within the City

Adverse impacts were significant south of Knotts Island, with increased water depths up to
0.5 ft. Water depths increased by approximately 1 - 3 inches outside of the Elizabeth River
Gate.
Observations from animations of the model simulation showed that waters can move about
within Lynnhaven Bay. This occurs when the winds change direction as the tropical event
moves through the City. Given the relatively large size of Lynnhaven Bay, this can result in
minor flooding inside the protected area.
Initial costs for Alternative 1 alignments are summarized in Table 7:
Table 7: Initial cost estimate for Alternative 1.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$2,973 M

$928 M

$3,901 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 44: Overview plan of conceptual Alternative 1.
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4.3.2.

Alternative 2

Alternative 2 includes approximately 33.8 mi of coastal flood protection structures,
comprised of a combination of alignments at the Chesapeake Bay, Atlantic Oceanfront,
Elizabeth River, West Neck Creek Bridge, Sandbridge Road, and Muddy Creek Road locations
(Figure 45). This alternative offers a near-maximum flood protection approach to protect the
City of Virginia Beach from coastal flooding from all major connected water bodies. In a
concession to the low feasibility of the Knotts Island alignment shown in Alternative 1, the
Muddy Creek and Sandbridge Road alignments offer protection in the Back Bay.
Wave runup was included for the Lynnhaven Inlet and Rudee Inlet due to their direct
exposure to the Atlantic Ocean. Detailed wave runup calculations were not performed, instead,
a wave runup of 2 ft was assumed and was included in the DFE calculations, as shown in Table
8.
When compared to Alternative 1, this Alternative will allow for a very clear understanding
of the differences in utilizing the Sandbridge Road and Muddy Creek Road alignments versus
Knotts Island locations.
Table 8: Alternative 2 DFE calculations.
Location
Name

Chesapeake Bay
Atlantic
Oceanfront
Elizabeth River
West Neck
Creek Bridge
Sandbridge
Road
Muddy Creek
Road

DFE Calculation
Component

1% BFE*
(ft NAVD)

Freeboard
(ft)

SLR**
(ft)

Inlet
Beachfront
Inland
Inlet
Beachfront
Inlet
Inland

11
11
7
11
9
9
8

2
2
2
2
2
2
2

3
3
3
3
3
1.5
1.5

Wave
Runup
(ft)
2
2
-

Inland

4

2

3

-

9

Inland
Sandbridge
Bulkhead

3 to 4

2

3

-

8 to 9

3 to 5

2

3

-

8 to 10

Inland

3

2

3

-

8

Final DFE
(ft NAVD)
18
16
12
18
14
12.5
11.5

Approximate
Total Length
(ft)
36,100
40,000
4,300
7,100
38,200
52,800

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels
**SLR is assigned lower in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft elevation
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Alternative 2 was found to reduce the 100-yr coastal floodplain by approximately 26.9 mi2,
equivalent to a 22.2% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 44.1 thousand buildings. Model results indicate flood risk reduction benefits for
the proxy 100-yr event, including:
•
•
•
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay
Around 3 ft reduction in maximum water depth inside Rudee Inlet
Around 7 ft reduction in maximum water depth in Elizabeth River
Around 2 to 4 ft reduction in other areas within the City

Adverse impacts were noted in Back Bay, with an increase of up to 0.5 ft. Water depths
increased by approximately 3 inches outside of the Elizabeth River Gate.
Observations from animations of the model simulation showed that waters can move about
within Lynnhaven Bay. This occurs when the winds change direction as the tropical event
moves through the City. Given the relatively large size of Lynnhaven Bay, this can result in
minor flooding inside the protected area.
Initial costs for Alternative 2 alignments are summarized in Table 9:
Table 9: Initial cost estimate for Alternative 2.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$2,888 M

$902 M

$3,790 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 45: Overview plan of conceptual Alternative 2.
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4.3.3.

Alternative 3

Alternative 3 includes approximately 31.4 mi of coastal flood protection structures. Figure
46 shows a conceptual layout of Alternative 3 which is a combination of the Long Creek, Upper
Western Branch Lynnhaven, Upper Eastern Branch Lynnhaven, Atlantic Oceanfront, Elizabeth
River, West Neck Creek Bridge, and Knotts Island locations. This alternative exchanges the
conceptual alignment at Lynnhaven Inlet for the three alignments on each major branch of
Lynnhaven Bay. It should be noted that the location of Knotts Island flood risk reduction
system alignment extends into the State of North Carolina.
Wave runup was included for the Long Canal, Upper Western Branch Lynnhaven, Upper
Eastern Branch Lynnhaven, and Lynnhaven Inlet and Rudee Inlet due to their exposure to the
Altnatic Ocean or Chesapeake Bay. Detailed wave runup calculations were not performed,
instead, a wave runup of 2 ft was assumed for Rudee Inlet due to direct exposure and 1 foot for
the others from indirect exposure, and these values were included in the DFE calculations,
shown in Table 10.
When compared to Alternative 1, Alternative 3 allows for a clear understanding of the
differences in utilizing the Lynnhaven Inlet location versus the Long Creek, Upper Western
Branch Lynnhaven, and Upper Eastern Branch Lynnhaven locations.
Table 10: Alternative 3 DFE calculations.
Location
Name
Long Canal
Upper Western
Branch
Lynnhaven
Upper Eastern
Branch
Lynnhaven
Atlantic
Oceanfront
Elizabeth River
West Neck
Creek Bridge
Knotts Island

DFE Calculation

Approximate
Total Length
(ft)

Component

1% BFE*
(ft NAVD)

Freeboard
(ft)

SLR**
(ft)

Inlet
Inland
Inlet

11
7
10

2
2
2

3
3
3

Wave
Runup
(ft)
1
1

Inland

10

2

3

-

15

Inlet

11

2

3

1

17

Inland

11

2

3

-

16

Inlet
Beachfront
Inlet
Inland

11
9
9
8

2
2
2
2

3
3
1.5**
1.5**

2
-

18
14
12.5
11.5

Inland

4

2

3

-

9

7,100

Inland

4

2

3

-

9

73,100

Final DFE
(ft NAVD)
13
12
16

29,700
4,100
6,000
40,000
4,300

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels
**SLR is assigned a lower value in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft elevation
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Alternative 3 was found to reduce the 100-yr coastal floodplain by approximately 24.7 mi2,
equivalent to a 20.4% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 44.4 thousand buildings. Model results indicate flood risk reduction benefits for
the proxy 100-yr event, including:
•
•
•
•

Around 1 ft reduction in maximum water depth in Western Branch of the Lynnhaven
River
Around 3 ft reduction in maximum water depth in Eastern Branch of the Lynnhaven
River
Around 7 ft reduction in maximum water depth in Elizabeth River
Around 1 to 4 ft reduction in other areas within the City

Adverse impacts were significant south of Knotts Island, with increased water depths up to
0.5 ft. Water depths increased by approximately 1 to 2 inches outside of the Elizabeth River
Gate.
Initial costs for Alternative 3 alignments are summarized in Table 11:
Table 11: Initial cost estimate for Alternative 3.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$2,167 M

$677 M

$2,844 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 46: Overview plan of conceptual Alternative 3.
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4.3.4.

Alternative 4

Alternative 4 includes approximately 34.5 mi of coastal flood protection structures. Figure
47 shows a conceptual layout of Alternative 4 which is a combination of alignments at Long
Creek, Upper Western Branch Lynnhaven, Upper Eastern Branch Lynnhaven, Atlantic
Oceanfront, Elizabeth River, West Neck Creek Bridge, Sandbridge Road, and Muddy Creek
Road locations. Alternative 4 is similar to Alternative 2, but with the northern alignments
exchanged.
Wave runup was included for the Long Canal, Upper Western Branch Lynnhaven, Upper
Eastern Branch Lynnhaven, and Lynnhaven Inlet and Rudee Inlet due to their exposure to the
Atlantic Ocean or Chesapeake Bay. Detailed wave runup calculations were not performed,
instead, a wave runup of 2 ft was assumed for Rudee Inlet due to direct exposure and 1 foot for
the others from indirect exposure. These values were included in the DFE calculations, shown
in Table 12.
When compared to Alternative 2, this Alternative will allow the interactions of partial
flooding of Lynnhaven Bay, with the more feasible alignments inside of Back Bay, rather than
at Knotts Island.
Table 12: Alternative 4 DFE calculations.
Location
Name
Long Canal
Upper Western
Branch Lynnhaven
Upper Eastern
Branch Lynnhaven
Atlantic
Oceanfront
Elizabeth River
West Neck Creek
Bridge
Sandbridge Road
Muddy Creek Road

DFE Calculation
Component

1% BFE*
(ft NAVD)

Freeboard
(ft)

SLR**
(ft)

Inlet
Inland
Inlet
Inland
Inlet
Inland
Inlet
Beachfront
Inlet
Inland

11
7
10
10
11
11
11
9
9
8

2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
3
3
3
1.5**
1.5**

Wave
Runup
(ft)
1
1
1
2
-

Inland

4

2

3

-

9

Inland
Sandbridge
Bulkhead
Inland

3 to 4

2

3

-

8 to 9

3 to 5

2

3

-

8 to 10

3

2

3

-

8

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels

Final DFE
(ft NAVD)
13
12
16
15
17
16
18
14
12.5
11.5

Approximate
Total Length
(ft)
29,700
4,100
6,000
40,000
4,300
7,100
38,200
52,800
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**SLR is assigned lower in Elizabeth River due to the lack of reasonable tie-in features at the +3 ft elevation

Alternative 4 was found to reduce the 100-yr coastal floodplain by approximately 27.7 mi2,
equivalent to a 22.9% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 44.4 thousand buildings. Model results indicate flood risk reduction benefits for
the proxy 100-yr event, including:
•
•
•
•

Around 1 ft reduction in maximum water depth in Western Branch of the Lynnhaven
River
Around 3 ft reduction in maximum water depth in Eastern Branch of the Lynnhaven
River
Around 7 ft reduction in maximum water depth in Elizabeth River
Around 6 ft reduction in maximum water depth in Broad Bay

Model results indicate increased water depths (impacts) up to 0.5 ft throughout Back Bay,
North Landing River, and Knotts Island. Water depths increased by approximately 3 inches
outside of the Elizabeth River Gate.
Initial costs for Alternative 4 alignments are summarized in Table 7:
Table 13: Initial cost estimate for Alternative 4.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

7

$145 M

$46 M

$191 M

8

$781 M

$244 M

$1,025 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$2,082 M

$651 M

$2,733 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 47: Overview plan of conceptual Alternative 4.
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4.3.5.

Alternative 5

Alternative 5 includes approximately 29.6 mi of coastal flood protection structures,
comprised of a combination of alignments at the Lynnhaven Inlet, Atlantic Oceanfront, West
Neck Creek Bridge, Sandbridge Road, and Muddy Creek Road locations (Figure 48). This
alternative isolates the benefits and drawbacks of the Elizabeth River gate by comparison to
Alternative 1. It should be noted that the location of Knotts Island flood risk reduction system
alignment extends into the State of North Carolina.
The appropriate DFE of the flood risk reduction system was determined by assessing the
site conditions, especially the available high ground elevation areas where the system would
tie-in. Wave runup was included for the Lynnhaven Inlet and Rudee Inlet due to their direct
exposure to the Atlantic Ocean. Detailed wave runup calculations were not performed, instead,
a wave runup of 2 ft was assumed and was included in the DFE calculations, shown in Table 14.
Table 14: Alternative 5 DFE calculations.
Location
Name
Chesapeake Bay
Atlantic
Oceanfront
West Neck Creek
Bridge
Knotts Island

DFE Calculation
Component
Inlet
Beachfront
Inland
Inlet
Beachfront
In-water
and Inland
In-water
and Inland

1% BFE*
(ft NAVD)

Freeboard
(ft)

SLR
(ft)

11
11
7
11
9

2
2
2
2
2

3
3
3
3
3

Wave
Runup
(ft)
2
2
-

4

2

3

-

9

4

2

3

-

9

Final DFE
(ft NAVD)
18
16
12
18
14

Approximate
Total Length
(ft)
36,100
40,000
7,100
73,100

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 5 was found to reduce the 100-yr coastal floodplain by approximately 20.2 mi2,
equivalent to a 16.7% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 41.3 thousand buildings. Model results indicate flood risk reduction benefits the
proxy 100-yr event, including:
•
•
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay
Around 3 ft reduction in maximum water depth inside Rudee Inlet
Between 0 to 4 ft reduction in other areas within the City
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Adverse impacts were significant south of Knotts Island, with increased water depths up to
0.5 ft. These higher water levels decrease to less than 4 inches along portions of the North
Landing River.
Initial costs for Alternative 5 alignments are summarized in Table 15:
Table 15: Initial cost estimate for Alternative 5.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$2,192 M

$684 M

$2,876 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 48: Overview plan of conceptual Alternative 5.
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4.3.6.

Alternative 6

Alternative 6 includes approximately 33.0 mi of coastal flood protection structures,
comprised of a combination of alignments at the Lynnhaven Inlet, Atlantic Oceanfront, West
Neck Creek Bridge, Sandbridge Road, and Muddy Creek Road locations (Figure 49). This
alternative isolates the benefits and drawbacks of the Elizabeth River gate via comparison to
Alternative 2. This alternative represents a conservative flood risk reduction system by
exchanging Knotts Island for the alignments inside Back Bay and removing the Elizabeth River
location.
Wave runup was included for the Lynnhaven Inlet and Rudee Inlet due to their direct
exposure to the Atlantic Ocean. Detailed wave runup calculations were not performed, instead,
a wave runup of 2 ft was assumed and was included in the DFE calculations, shown in Table 16.
Table 16: Alternative 6 DFE calculations.
Location
Name

Lynnhaven Inlet
Atlantic
Oceanfront
West Neck
Creek Bridge
Sandbridge
Road
Muddy Creek
Road

DFE Calculation
Component
Inlet
Beachfront
Inland
Inlet
Beachfront
In-water and
Inland
Inland
Sandbridge
Bulkhead
Inland

1% BFE*
(ft NAVD)

Freeboard
(ft)

SLR
(ft)

11
11
7
11
9

2
2
2
2
2

3
3
3
3
3

Wave
Runup
(ft)
2
2
-

4

2

3

-

9

3 to 4

2

3

-

8 to 9

3 to 5

2

3

-

8 to 10

3

2

3

-

8

Final DFE
(ft NAVD)
18
16
12
18
14

Approximate
Total Length
(ft)
36,100
40,000
7,100
38,200
52,800

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 6 was found to reduce the 100-yr coastal floodplain by approximately 23.1 mi2,
equivalent to a 19.1% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 40.6 thousand buildings. Model results indicate flood risk reduction benefits
the proxy 100-yr event, including:
•
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay
Around 3 ft reduction in maximum water depth inside Rudee Inlet
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•

Around 0 to 4 ft reduction in other areas within the City

Model results indicate increased water depths (impacts) up to 0.5 ft throughout Back Bay,
decreasing in North Landing River, and south of Knotts Island.
Observations from animations of the model simulation showed that waters can move about
within Lynnhaven Bay. This occurs when the winds change direction as the tropical event
moves through the City. Given the relatively large size of Lynnhaven Bay, this can result in
minor flooding inside the protected area. Initial costs for Alternative 6 alignments are
summarized in Table 17:
Table 17: Initial cost estimate for Alternative 6.
Location

Hard Costs*

Soft Costs**

Total***

1

$1,707 M

$532 M

$2,239 M

7

$145 M

$46 M

$191 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$2,107 M

$658M

$2,765 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 49: Overview plan of conceptual Alternative 6.
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4.3.7.

Alternative 7

Alternative 7 includes approximately 22.7 mi of coastal flood protection structures,
comprised of shows a combination of alignments at the Long Creek, Upper Western Branch
Lynnhaven, Upper Eastern Branch Lynnhaven, West Neck Creek Bridge, and Knotts Island
locations (Figure 50). This alternative isolates benefits and drawbacks of the Elizabeth River
gate and the Atlantic Oceanfront improvements through comparison to Alternative 3. The
effects of Rudee Inlet, Elizabeth Creek, and the central portion of Lynnhaven Bay will be
modeled and compared to other models to assess the overall impacts of Rudee Inlet.
Wave runup was included for the Long Canal, Upper Western Branch Lynnhaven, Upper
Eastern Branch Lynnhaven, and Lynnhaven Inlet and Rudee Inlet due to their exposure to the
Atlantic Ocean or Chesapeake Bay. Detailed wave runup calculations were not performed,
instead a wave runup of 1 foot was assumed due to indirect exposure and this value was
included in the DFE calculations. Table 18 below shows the preliminary DFE calculations
utilized for the development of this alternative.
Table 18: Alternative 7 DFE calculations.
Location
Name
Long Canal
Upper Western
Branch Lynnhaven
Upper Eastern
Branch Lynnhaven
West Neck Creek
Bridge
Knotts Island

DFE Calculation

Approximate
Total Length
(ft)

Inlet
Inland
Inlet
Inland
Inlet
Inland

1%
BFE*
(ft
NAVD)
11
7
10
10
11
11

Inland

4

2

3

-

9

7,100

In-water and
Inland

4

2

3

-

9

73,100

Component

Freeboard
(ft)

SLR (ft)

Wave
Runup (ft)

Final
DFE (ft
NAVD)

2
2
2
2
2
2

3
3
3
3
3
3

1
1
1
-

13
12
16
15
17
16

29,700
4,100
6,000

*Base Flood Elevation (BFE) taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 7 was found to reduce the 100-yr coastal floodplain by approximately 20.2 mi2,
equivalent to a 16.7% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 37.7 thousand buildings. Model results indicate flood risk reduction benefits the
proxy 100-yr event, including:
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•
•
•
•
•

Around 4 ft reduction in maximum water depth in Eastern Branch of the Lynnhaven
River
Around 2 ft reduction in maximum water depth in the Western Branch of the
Lynnhaven River
Around 6 ft reduction in maximum water depth in Broad Bay
Around 1 ft reduction in maximum water depth in West Neck Creek
Around 1 to 4 ft reduction in other areas within the Back Bay

Adverse impacts were significant south of Knotts Island, with increased water depths up to
0.5 ft. These higher water levels decrease to less than 4 inches along portions of the North
Landing River.
Initial costs for Alternative 7 alignments are summarized in Table 19:
Table 19: Initial cost estimate for Alternative 7.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

9

$19 M

$6 M

$25 M

10

$321 M

$100 M

$421 M

Total

$1,241 M

$387 M

$1,628 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 50: Overview plan of conceptual Alternative 7.
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4.3.8.

Alternative 8

Alternative 8 includes approximately 26.1 mi of coastal flood protection structures
including alignments at the Long Creek, Upper Western Branch Lynnhaven, Upper Eastern
Branch Lynnhaven, West Neck Creek Bridge, Sandbridge Road, and Muddy Creek Road
locations (Figure 51). This alternative isolates the benefits and drawbacks of the Elizabeth
River gate and Atlantic Oceanfront improvements through comparison to Alternative 4.
Comparison to Alternative 7, in addition to the other pairs of alternatives where Back Bay is the
only difference, the effects of Back Bay on the overall flood dynamics of Virginia Beach will be
more fully understood.
The appropriate DFE of the flood risk reduction system was determined by assessing the
site conditions, especially the available high ground elevation areas where the system would
tie-in. Wave runup was included for the Long Canal, Upper Western Branch Lynnhaven, Upper
Eastern Branch Lynnhaven, and Lynnhaven Inlet due to their exposure to the Chesapeake Bay.
Detailed wave runup calculations were not performed, instead, a wave runup of 1 foot was
assumed due to indirect exposure and this value was included in the DFE calculations. Table
20 below shows the DFE calculations for this alternative.
Table 20: Alternative 8 DFE calculations.
Location
Name
Long Canal
Upper Western
Branch Lynnhaven
Upper Eastern
Branch Lynnhaven
West Neck Creek
Bridge
Sandbridge Road
Muddy Creek Road

DFE Calculation

Inlet
Inland
Inlet
Inland
Inlet
Inland

1%
BFE* (ft
NAVD)
11
7
10
10
11
11

Inland

4

2

3

-

9

Inland
Sandbridge
Bulkhead
Inland

3 to 4

2

3

-

8 to 9

3 to 5

2

3

-

8 to 10

3

2

3

-

8

Component

Freeboard
(ft)

SLR (ft)

Wave
Runup (ft)

2
2
2
2
2
2

3
3
3
3
3
3

1
1
1
-

Final
DFE (ft
NAVD)
13
12
16
15
17
16

Approximate
Total Length
(ft)
29,700
4,100
6,000
7,100
38,200
52,800

*BFE from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 8 was found to reduce the 100-yr coastal floodplain by approximately 22.9 mi2,
equivalent to a 19.0% reduction for the 3 ft SLR scenario. This reduced flooding for
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approximately 36.9 thousand buildings. Model results indicate flood risk reduction benefits the
proxy 100-yr event, including:
•
•
•
•

Around 1 ft reduction in maximum water depth in Eastern Branch of the Lynnhaven
River
Around 3 ft reduction in maximum water depth in Western Branch of the Lynnhaven
River
Around 6 ft reduction in maximum water depth in Broad Bay
Around 0 to 4 ft reduction in other areas within the City

Model results indicated increased water depths (impacts) up to 0.5 ft throughout Back Bay,
North Landing River, Lynnhaven Bay, and Knotts Island
Initial costs for Alternative 8 alignments are summarized in Table 7:
Table 21: Initial cost estimate for Alternative 8.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

9

$19 M

$6 M

$25 M

11 & 12

$236 M

$74 M

$310 M

Total

$1,156 M

$361 M

$1,517 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 51: Overview plan of conceptual Alternative 8.
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4.3.9.

Alternative 9

Alternative 9 includes approximately 11.1 mi of coastal flood protection structures along the
Chesapeake Bay shoreline where the flood risk reduction structures extend west along the
northern shoreline to encompass both Little Creek Channel and a portion of Norfolk (Figure
52). This Alternative allows assessment of a minimum investment in protection infrastructure
to provide the maximum benefit to the City of Virginia Beach, in terms of protected number of
buildings. This alternative was selected to allow for a review of the ability to protect both Little
Creek and Norfolk from flood events.
Wave runup was included for the Lynnhaven Inlet due to the direct exposure to the Atlantic
Ocean. Detailed wave runup calculations were not performed, instead, a wave runup of 2 ft was
assumed and was included in the DFE calculations. Table 22 below shows the preliminary DFE
calculations utilized for the development of this alternative.
Table 22: Alternative 9 DFE calculations.
Location
Name

Component

Chesapeake Bay
Extension

Inlet
Beachfront
Inland

1% BFE*
(ft NAVD)
11
11
7

DFE Calculation
Freeboard
SLR
(ft)
(ft)
2
3
2
3
2
3

Wave
Runup (ft)
2
-

Final DFE
(ft NAVD)
18
16
12

Approximate
Total Length
(ft)
58,500

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 9 was found to reduce the 100-yr coastal floodplain by approximately 18.0 mi2,
equivalent to a 14.9% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 28.2 thousand buildings. Note – this building count is solely for the City of
Virginia Beach and does not include Norfolk or Joint Expeditionary Base Little Creek. Model
results indicate flood risk reduction benefits the proxy 100-yr event, including:
•
•
•
•

Around 4 ft reduction in maximum water depth in Lynnhaven Bay
Around 4 ft reduction in maximum water depth in Little Creek
Around 3 ft reduction in maximum water depth in Broad Bay
Between 0 to 2 ft reduction in other areas within the City

Model results indicated increased water depths (impacts) up to 0.5 ft throughout Back Bay,
North Landing River, Elizabeth River, and Knotts Island
Initial costs for Alternative 9 alignments are summarized in Table 23:
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Table 23: Initial cost estimate for Alternative 9.
Location

Hard Costs*

Soft Costs**

Total***

1 with Extension

$2,144 M

$668M

$2,812 M

Total

$2,144 M

$668M

$2,812 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 52: Overview plan of conceptual Alternative 9.
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4.3.10. Alternative 10
Alternative 10 includes approximately 7.5 mi of coastal flood protection structures,
comprised of a combination of the alignments at the Long Creek, Upper Western Branch
Lynnhaven, and Upper Eastern Branch Lynnhaven locations (Figure 53). This alternative is
directly comparable to Alternative 9, in terms of the benefits and drawbacks of protection
approaches for areas within Lynnhaven Bay. Namely, to provide a comparable alternative to
the large flood gates at Lynnhaven Inlet.
Wave runup was included for the Long Canal, Upper Western Branch Lynnhaven, Upper
Eastern Branch Lynnhaven, and Lynnhaven Inlet due to their exposure to the Chesapeake Bay.
Detailed wave runup calculations were not performed, instead, a wave runup of 1 foot was
assumed due to indirect exposure and this value was included in the DFE calculations, shown
in Table 24.
Table 24: Alternative 10 DFE calculations.
Location
Name
Long Canal
Upper Western
Branch Lynnhaven
Upper Eastern
Branch Lynnhaven

DFE Calculation
Component

1% BFE*
(ft NAVD)

Freeboard
(ft)

SLR (ft)

Inlet
Inland
Inlet
Inland
Inlet

11
7
10
10
11

2
2
2
2
2

3
3
3
3
3

Wave
Runup
(ft)
1
1
1

Inland

11

2

3

-

Final DFE
(ft NAVD)
13
12
16
15
17
16

Approximate
Total Length
(ft)
29,700
4,100
6,000

*BFE taken from 1% recurrence flood elevation from FEMA FIRM panels

Alternative 10 was found to reduce the 100-yr coastal floodplain by approximately 10.6 mi2,
equivalent to an 8.7% reduction for the 3 ft SLR scenario. This reduced flooding for
approximately 25.2 thousand buildings. Model results indicate flood risk reduction benefits the
proxy 100-yr event, including:
•
•
•
•

Around 1 ft reduction in maximum water depth in Western Branch of the Lynnhaven
River
Around 3 ft reduction in maximum water depth in Eastern Branch of the Lynnhaven
River
Around 5 ft reduction in maximum water depth in Broad Bay
Around 0 to 6 ft reduction in other areas within the City
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Model results indicated increased water depths (impacts) up to 0.5 ft in northern portions
of Lynnhaven Bay.
Initial costs for Alternative 10 alignments are summarized in Table 25:
Table 25: Initial cost estimate for Alternative 10.
Location

Hard Costs*

Soft Costs**

Total***

2

$257 M

$80 M

$337 M

3

$205 M

$64 M

$269 M

5

$439 M

$137 M

$576 M

Total

$901 M

$281 M

$1,182 M

*Approximate cost with assumed intervention typologies with 30% contingency
**Approximate cost with assumed intervention typologies with 15% contingency
***Subject to change and the costs shown are based on assumed intervention flood protection typologies
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Figure 53: Overview plan of conceptual Alternative 10.
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4.4. Down-selection of Alternatives
The initial assessment of the alternatives was presented to the City of Virginia Beach over a
2-day workshop in October 2018. The alternative configuration, costs, and modeling results
were reviewed on the first day of the workshop. A key outcome of Day 1 was identifying and
agreeing on the relative benefits and drawbacks of each alternative. Day 2 was focused on
down-selecting three of the ten alternatives for further refinement.
The initial down-selection removed all alternatives with the Knotts Island alignment. This
included alternatives 1, 3, 5, and 7. This decision had strong agreement from the attendees. Key
factors in the decision included:
•
•

Perception of very low feasibility due to alignment crossing into North Carolina.
Additional coordination and regulations would be challenging.
The alignment increased water depths in North Carolina between 0.5 and 1 ft. Such
impacts would be challenged by North Carolina. This would be especially challenging
under the Coastal Zone Management Act permitting structure.

A second down-selection removed Alternative 10. This decision also had strong agreement.
Considerations included:
•
•

Lack of protection for areas west of Lynnhaven Inlet
Offered the lowest reduction in flooding out of all alternatives

The group engaged in further discussion about the benefits and drawbacks of the remaining
alternatives, summarized in Table 26. The final locations considered during the development
of the preferred alternatives are shown in Figure 54 and discussed in the following section.
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Table 26: Summary of essential benefits and drawbacks.
Alternative

2

Benefits
•
•

Permitting single gate at inlet easier
than the 3 interior gates
Offers protection for most of the city

•

•
•
•

•
4

6

•

•
•

•
8

•

•
9

•
•

Lower estimated costs of 3 smaller
interior gates
Partitioning of Lynnhaven Bay
prevents interior water movement
during storms

Permitting single gate at inlet easier
than the 3 interior gates
Offers protection for most of the city

Lower estimated costs of 3 smaller
interior gates
Partitioning of Lynnhaven Bay
prevents interior water movement
during storms

Protection for many vulnerable
buildings
Coordinated protection with Norfolk,
Little Creek
Lower costs and permitting

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Drawbacks
Elizabeth River gate and Norfolk
extension requires coordination with
Norfolk, USACE, revisiting completed
feasibility study
Lack of protection south of Muddy Creek
Road
Cost of Lynnhaven gate
Elizabeth River gate requires
coordination with Norfolk, USACE,
revisiting completed feasibility study
Lack of protection south of Muddy Creek
Road
Cost of Lynnhaven gate
Does not protect west Shore Drive area
Creates drainage issues on West Branch
Lynnhaven
Lack of protection south of Muddy Creek
Road
Cost of Lynnhaven gate
No protection for Elizabeth River
Elizabeth River gate requires
coordination with Norfolk, USACE,
revisiting completed feasibility study
Lack of protection south of Muddy Creek
Road
Cost of Lynnhaven gate
Does not protect west Shore Drive and
Little Creek areas
Creates drainage issues on West Branch
Lynnhaven
No protection for Elizabeth River
Lynnhaven gate expensive
Only protects areas connected to the
Lynnhaven
Requires coordination with Norfolk and
USACE, revisiting of completed feasibility
study

Additional discussion led to the selection of three overall alternatives, with 2 variants on each.
These are presented and discussed further in the following section.
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Figure 54: Alignment locations considered during the development of the preferred City-wide alternatives.
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5. DOWN-SELECTED ALTERNATIVES
5.1. Overview of Down-selected Alternatives
The down-selected alternatives offer three levels of protection for the City-wide flood
protection concepts. Attributes of the down-selected alternatives are provided in Table 27, and
the alternatives are depicted in Figure 55 (Alternative A), Figure 56 (Alternative B), and Figure
57 (Alternative C). Difference in flood elevations for each alternative is provided in Figures 58
to 63.
Table 27: Summary of features, costs, and benefits of down-selected alternative length, floodplain reduction potential.
Alternative Name
Locations
Approximate Overall
Structure Length (mi)
Flooded Area
Reduction
(mi2)
Mitigated Structures
(thousands)
Total Design &
Construction Cost
(Billion USD 2018)

A1

Summary of Alternatives
City-wide Preferred Alternatives
A2
B1
B2

C1

C2

1

1
(Extended)

1+7+9+
11 + 12

2+3+5+9
+ 11 + 12

1 + 7 + +8 +
9 + 11 + 12

2+3+5+8
+ 9 + 11 + 12

7.8

12.4

33.6

33.3

34.4

34.1

41

46

78

74

85

81

28

29

39

37

45

43

$1.13

$2.31*

$2.22

$2.77

$2.42*

$2.97*

*Cost reflects the portion of the alignment that the City of Virginia Beach would be responsible for, assuming cost sharing
agreement with adjacent municipalities

Alternative A:
Alternative A represents a relatively lower-cost approach. Two variants of the Chesapeake
Bay alignment were identified:
•

•

A1 retains all protection inside of the City of Virginia Beach, using an alignment that ties
into Northampton Boulevard rather than any extension into Norfolk. This tie-in is
necessary to close flood pathways from Naval Amphibious Base Little Creek entering
into Virginia Beach.
A2 provides for a continuous line of protection extending across Little Creek into
Norfolk. This alignment would require significant collaboration with Norfolk and Joint
Expeditionary Base Little Creek but would provide a more regional solution for flood
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issues. A similar alignment in Norfolk was considered in the Norfolk CSRM but not
carried forward in the feasibility assessment (USACE 2018).
Note: The Norfolk extension could be combined with either Alternative B or C, but is
not shown in those alternatives.
Alternative B:
Alternative B offers a higher level of protection than A by closing coastal flooding for most
major pathways into the City. This conceptual alternative retains all structures except the
Elizabeth River gate. Two variants were identified:
•
•

B1: Utilizes the Lynnhaven, Atlantic Oceanfront, West Neck Creek Bridge, Sandbridge,
and Muddy Creek Road alignments.
B2: Utilizes the Upper Western and Eastern Branches of the Lynnhaven River, Long
Creek, Atlantic Oceanfront, West Neck Creek Bridge, Sandbridge, and Muddy Creek
Road alignments. Retained due to cost concerns of the Lynnhaven gate and the ability to
partition the Lynnhaven Bay to avoid interior flooding from hurricanes.

Alternative C:
Alternative C offers the highest level of protection for the City at the highest cost. The
alternative is the same as Alternative B, but adds the Elizabeth River gate. Two variants were
identified in the same fashion as Alternative B:
•
•

C1: Utilizes the Lynnhaven, Elizabeth River, Atlantic Oceanfront, West Neck Creek
Bridge, Sandbridge and Muddy Creek Road alignments.
C2: Utilizes the Upper Western and Eastern Branches of the Lynnhaven River, Long
Creek, Elizabeth River, Atlantic Oceanfront, West Neck Creek Bridge, Sandbridge, and
Muddy Creek Road alignments. Retained due to cost concerns of the Lynnhaven gate
and the ability to partition the Lynnhaven Bay to avoid interior flooding from
hurricanes.

5.2. Refinement of Alignments
Alignments for each Alternative were further reviewed and refined. This effort included
updating alignment design parameters and costs with more detail. This was especially true for
gate locations. Initial values simplified channel cross-section and depth – at times, this
resulted in cost overestimates as high average channel depths and gate design parameters were
carried into shallower areas as a representative value. Segmenting channel cross-sections
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provided updated values of the refined cost estimates for each section. Gate selection for all
water crossings was reviewed and updated in collaboration with the City of Virginia Beach.
The final conceptual design for each alignment and visual renders of key sites is provided in
Section 6.
Additional work was completed to assess residual risk and calculate the benefit-cost ratio
for each Alternative. Details on these activities are provided in the following sub-sections.
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Figure 55: Down-selected Alternatives A1 and A2.
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Figure 56: Down-selected Alternatives B1 and B2.
City-wide Structural Alternatives for Coastal Flood Protection | 77

Figure 57: Down-selected Alternatives C1 and C2.
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Figure 58: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Preferred Alternative A1.
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Figure 59: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Preferred Alternative A2.
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Figure 60: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Preferred Alternative B1.
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Figure 61: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Preferred Alternative B2.
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Figure 62: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Preferred Alternative C1.
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Figure 63: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Preferred Alternative C2.
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5.2.1.

Residual Risk

As discussed earlier in this report, structures were designed to the 100-yr event with 3 ft
SLR, 2 ft of freeboard, and 1-2 ft of wave run-up depending upon location. Annualized losses in
Hazus were based on the 5 return periods (10-, 25-, 50-, 100-, and 500-yr) with SLR.
Therefore, even with structures in place, there could be potential areas where structures are
overtopped during a 500-yr event, referred to as residual risk. To evaluate residual risk, the
500-yr water surface elevation with 3 ft SLR was compared against the DFE of the proposed
structure to identify areas of overtopping potential. Based on this analysis, 3 areas showed
overtopping potential during the 500-yr event:
•
•
•

Portions of the Sandbridge gate protection (-0.5 to 1.5 ft)
Northern portion of Muddy Creek Road (ranging from 0.15 to 1.3 ft)
The Elizabeth River Gate (approximate 1.5 ft)

For the Elizabeth River gate, it was determined that there is sufficient storage space,
especially on the Norfolk side, to store floodwaters during a large storm. Also, the gate could be
closed during low tide to allow more flood storage capacity behind the gate. However, the
overtopping potential at Muddy Creek Road and Sandbridge needed to be accounted for in the
project BCRs. This was accomplished by removing the 500-yr values from the annualized loss
equation for structures located behind the structural protection with overtopping potential,
shown in Figure 64.
Permanent tidal flooding was another type of residual risk that was evaluated. Tidal gates
do not protect from daily high tide flooding unless these structures were to be closed at all
times. To evaluate structures vulnerable to permanent tidal inundation with 3 ft SLR, the Mean
Higher High Water (MHHW) water elevation surface was compared to the first-floor elevation
of structures. Figure 65 shows the structures that are subject to flooding during this condition,
ranging from minimal flooding depths (less than 0.5 ft) to more substantial flooding (upwards
of 3 ft). Individual building/parcel-level strategies, such as building elevation or voluntary
acquisition could be explored for these properties as a complimentary flood mitigation strategy
to the citywide structural alternatives. Please refer to the City’s Individual Building and SiteLevel Flood Risk Reduction Strategies report for more information (CVB 2019).
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Figure 64: Residual risk analysis evaluating overtopping potential.
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Figure 65: High tide residual risk analysis.

5.2.2.

Benefit-Cost Analysis

The main benefit of the flood reduction alternatives is manifested through a reduction (or
elimination) of the amount of flooding that protected areas would experience. Benefit-Cost
Analysis (BCA) is used to demonstrate if the benefits of a project outweigh its costs, or the
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Benefit-Cost Ratio (BCR) is greater than 1.0. 1 Benefits are the avoided damages and losses
associated with a proposed project; while costs are the initial and long-term investments
associated with a proposed project. BCA is used to compare the benefits of a project to its cost.
FEMA’s Unified Hazard Mitigation Assistance (HMA) program guidance requires that the
mitigation project’s BCR must be greater than 1.0 to be eligible for funding. This criterion also
applies to the USACE civil works methodologies for developing a recommended flood risk
reduction plan.
Project benefits occur over a period of time into the future; while most of the project costs
are incurred upfront and in the present. FEMA conducts its BCAs on a net present value basis,
meaning the present value of the benefits gained from the project over the life of the project are
compared to the total project cost to establish the BCR. Because project benefits accumulate
over time, project benefits are calculated on an average annual basis (“annualized”) and then
multiplied by a Present Value Coefficient (PVC) 2 to determine the present value of the
annualized benefits.
For the different building-level flood mitigation strategies, the amount of flood damages
and losses that would occur were estimated if nothing was to be to done for the range of SLR
scenarios (the “damages before mitigation” or “no-action alternative” [NAA]) and the amount
of flood damage that are expected to occur after the mitigation project is constructed (the

1

The benefit cost ratio is calculated as follows: 𝐵𝐵𝐵𝐵𝐵𝐵 =

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

where the benefits are the avoided damages and losses associated with the project and are calculated as
follows:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∑(𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) − ∑(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)

and the costs are sum of the upfront construction costs and the present value of the annual operations and
maintenance costs over the useful life of the project.
2

The present value coefficient is calculated as follows: 𝑃𝑃𝑃𝑃𝑃𝑃 = �

1−(1−𝑟𝑟)−𝑇𝑇
𝑟𝑟

�

Where: r is the discount rate and T is the useful life of the project. For most flood mitigation projects, the
FEMA standard useful life of the project is between 30 years and 100 years; per Office of Management and Budget
(OMB) guidelines, the discount rate for Federally-funded mitigation projects is 7.00 percent.
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“damages after mitigation”). The difference between the two are the avoided damages and the
benefits that are generated by the project.
The benefits of each project were estimated for both implementation today and with a
future condition scenario considering 3 ft of SLR. The 3 ft SLR scenario was chosen to estimate
project benefits based on a time frame range that corresponded to the end of the project useful
life for the City-wide structural alternatives, assumed at 50-yrs. For each scenario, we analyzed
the project benefits for five flood frequencies including the 10-yr (1/10 = 10% annual
probability), 25-yr (1/25 = 4% annual probability), 50-yr (1/50 = 2% annual probability), 100yr (1/100 = 1% annual probability) and 500-yr (1/500 = 0.2% annual probability) events.
The overall steps for the BCA approach are shown in Figure 66. Full documentation of this
approach is provided in the report “Individual Building and Site-Level Flood Risk Reduction
Strategies” (CVB 2019). Details relevant to the City-wide structural alternatives are captured
below in steps 4 and 5.

1) Estimate flood
depths

2) Gather
parcel/building
data

4) Estimate losses
after project
construction

5) Calculate BCRs
and summarize
results

3) Estimate losses
before project
construction

Figure 66: Overall steps in BCA approach for analyzing and calculating building-level flood mitigation strategy costs and
benefits.

Flood losses estimates were derived from the economic flood risk analysis conducted using
the Hazards US (Hazus) flood module. Flood depth data for each of the five coastal flood
probabilities were applied to the City of Virginia Beach building stock using depth-damage
functions (DDFs); which are a mathematical relationship between the depth of flooding on a
property and the amount of damage that can be attributed to the flooding. Results from each
flood probability at the 3 ft SLR scenario were combined into an average annualized loss
(AAL). Unfortunately, the Hazus flood module does not estimate displacements and loss of

City-wide Structural Alternatives for Coastal Flood Protection | 89

function values for individual buildings (the module only provides this data by census block).
To address this issue, residential displacements and non-residential service losses outside of
Hazus were determined using USACE generic DDFs for residential building displacements and
the FEMA Benefit-cost Analysis Re-Engineering (BCAR) guide, respectively. These calculations
were only performed at the 10% and 1% annual probabilities, then annualized and summed
with the structure and content AAL data.
Losses avoided for each Alternative were estimated using a combination of the MIKE model
results and a GIS analysis. Maps showing differences in flood depths based on the MIKE
modeling results for each of the preferred alternatives are provided in Figure 58 through
Figure 63 below. Coastal flooding was assumed (and validated by MIKE model results) to be
fully mitigated landward of each alignment in the alternative. Pre-mitigation losses associated
with all buildings subject to coastal flooding up to the 500-yr return period (0.2% annual
probability) were then assumed to represent the economic benefits of the alternative. Where
residual risk was present at the 500-yr return period, AALs were recalculated to exclude the
associated avoided losses at that flood probability. In those cases, losses avoided represent full
mitigation of damages at the 10-yr, 25-yr, 50-yr, and 100-yr flood return periods.
Based on experience with similar public infrastructure projects and standard values used in
the FEMA BCA Tool, the City-wide coastal risk reduction projects were assumed to accrue
benefits over an average project useful life of 50 years. Considering the Federal Office of
Management and Budget discount rate of 7%, the PVC was calculated as 13.8. Total project
benefits for building and contents loss and displacement loss avoided were tabulated and
multiplied by the PVC. Social benefits, reflecting avoided mental stress and anxiety and
avoided loss of productivity were calculated for qualifying areas (where the base project BCR
equals 0.75 or greater) and added. This provided the total project benefits. Finally, total
benefits were divided by the Alternative project cost to determine the BCR for each Alternative.
Some alternatives include shared costs with the cities of Norfolk and Chesapeake. In such
cases, the BCR was only determined for assumed City of Virginia Beach costs and benefits. For
the Elizabeth River alignment, a theoretical cost-share was determined by the amount of
floodplain reduction up to the DFE in Norfolk, Virginia Beach, and Chesapeake. This resulted
in a 37% share of costs for the City of Virginia Beach. Cost-share for the Norfolk extension of
the Lynnhaven alignment was estimated based on the cost of the structure alignment located
within each municipality. Additionally, note that these alignment costs included the net
present value of annual operation and maintenance (O&M) costs over the life of the project per
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the FEMA BCA guidance, with annual O&M estimated of 0.5% of the alignment construction
cost.
The City-wide BCA results for the six preferred coastal risk reduction alternative alignments
are summarized in Table 28. The City-wide BCA results indicate the following:
•
•

•

•

All six alternatives are cost-effective with BCRs between 1.01 and 2.01.
Alternative C1 protects the largest number of structures at 44,919 (30.4% of total
structures City-wide) with a BCR of 1.69 with the second-lowest average protection cost
at $53,825 per structure and is moderately expensive at $2.42 billion with cost-share.
By contrast, Alternative C2 protects a comparable number of structures at 43,426
(29.4% of total structures City-wide), but has the second-lowest BCR of 1.32, a much
higher average protection cost at $68,343 per structure and is the most expensive option
at $2.97 billion with cost-share.
Alternative A1 protects the smallest number of structures at 27,745 (18.8% of total
structures City-wide), but has the highest BCR at 2.01, the lowest average protection
cost at $40,823 per structure and the lowest cost at $1.13 billion.

Table 28: City-wide BCA Results for the down-selected coastal flood risk reduction alternatives
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

Estimated
Number of
Structures
Protected
27,745
29,274
38,895
37,402
44,919
43,426

% of Total
Structures
Protected
City-wide
18.8%
19.8%
26.3%
25.3%
30.4%
29.4%

Average
Protection
Cost per
Structure
$40,823
$79,048
$57,134
$74,110
$53,835
$68,343

Project
Benefits

Project Costs

BCR

$2,277,021,425
$2,342,508,810
$3,851,116,175
$3,690,461,130
$4,080,993,735
$3,920,338,690

$1,132,626,000
$2,314,054,000
$2,222,236,000
$2,771,860,000
$2,418,218,509
$2,967,842,509

2.01
1.01
1.73
1.33
1.69
1.32

NOTE: Projects Costs reflect City of Virginia Beach cost share for alignments A2, C1 and C2 (Norfolk and Chesapeake
costs separate)

City-wide Structural Alternatives for Coastal Flood Protection | 91

6. DOWNSELECTED ALTERNATIVES – POTENTIAL STRUCTURE
TYPOLOGIES
After the down-selection of the alternatives, potential structural typologies, or
combinations were developed for the structural alignments within each alternative. This
included a detailed review of all gate locations. Additionally, typology selection was optimized
based upon channel width and depth, and in some cases mixing typologies through the same
channel crossing.

6.1. Chesapeake Bay
In-water Gates – This alignment has two (2) water crossings – Lynnhaven Inlet and Lake
Pleasure House. Lake Pleasure House is located underneath the Chesapeake Bay Bridge and is
a popular fishing spot. This crossing could be sealed with a vertical lift gate (depending on the
lake bathymetry) or with in-water moveable gates.
Lynnhaven Inlet is the largest USACE federal navigation channels within the limits of the
City. The channel is more than 40 ft deep, making an in-water MOSE gate or vertical lift gate
impractical to span the inlet. The recommended option is a sector gate. This sector gate could
be designed large enough to span the entire inlet – but the cost makes this impractical (in
addition to the required construction and maintenance dredging). The optimized
recommendation is a combination of sector gate and in-water movable gates to minimize
construction costs, hydrodynamic impacts to the inlet and surrounding areas, and the required
USACE review. The sector gates installed at New Orleans by USACE can be used as a model
during design.
Upland Permanent Flood Protection Typologies – Almost the entirety of the upland
segments are along the beachfront, making a reinforced dune system an ideal option. The dune
can be sand over a reinforced sheet pile wall to prevent intrusion of the floodwaters during
significant storm events. It is recommended to reinforce the dune slopes with appropriate
vegetated plantings as appropriate to reduce erosion loss during a storm and/or wind events.
The reinforced sheet pile wall would be required to withstand corrosive forces in addition to
the hydrostatic pressure exerted during a flood event. Along the edge of the military base to the
northeast of Virginia Beach, the dune could be replaced with an earthen levee, planted
appropriately to maintain habitat. The only portion of the upland alignment requiring an
earthen levee system is the tie-back feature where the alignment turns abruptly south at the far
western end, along Northampton Boulevard.
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Upland Gates –The length of the alignment along Northampton Boulevard would likely be
an earthen levee elevating the roadway, and the alignment would pass underneath the existing
bridge before turning south to protect the Chesapeake Bay Bridge abutment.
Figure 67 shows an overview map of the Chesapeake Bay Alignment, with Figure 68
providing a conceptual render of the recommended typologies along the Chesapeake Bay
shoreline. While the large gate system at the Lynnhaven Inlet would alter the view corridor
looking south from the Chesapeake Bay, the visual impacts are not anticipated to be a
substantial impact given the Lesner Bridge that already spans the waterway

Figure 67: Overview map of typology recommendations for the Chesapeake Bay Alignment.
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Figure 68: Conceptual Render of Potential Flood Protection System at Lynnhaven Inlet.

6.2. Long Canal
In-water Gates – Long Canal, a maintained federal navigation channel, is the only
waterbody crossed for this alignment. The crossing is situated near Lynnhaven Inlet to the
canal and crosses the property of the Lynnhaven Municipal Marina before landing on the
southern shore of the canal on private property.
The presence of the federal channel would influence the gate typology towards sector gates,
as the USACE is already very familiar with them. However, the limited maintained channel
depth (<5ft) and the immediate proximity to an existing marina may make this a better
candidate for an in-water moveable gate. The in-water movable gate would also minimize
aesthetic impacts to the site and neighboring residential properties, along with any impacts to
the navigation channel. The required upland infrastructure could be built near the marina
property.
Upland Permanent Flood Protection Typologies – The proposed alignment at Long Canal
follows the same path and treatment typologies as the Chesapeake Bay Alignment until turning
south approximately 750 ft east of the eastern edge of Lynnhaven Inlet. At this point, the dune
would continue until intersecting Shore Drive. After crossing Shore Drive, the alignment runs
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south and connects with Cape Henry Drive, where an elevated roadway over an earthen levee
would continue east to Vista Point and then south following Vista Point to the Lynnhaven
Municipal Marina.
At the Lynnhaven Municipal Marina, the proposed alignment includes a transition from the
earthen levee to a floodwall for the approximately 180 ft south to the edge of Long Canal. This
minimizes the impacts on both the marina and neighboring Chick’s Oyster Bar while providing
the recommended flood protection.
An in-water movable gate would span across Long Canal, connected to a seawall continuing
on the south side of Long Canal along the residential property line. The proposed seawall
would transition into a floodwall along the property lines until reconnecting with Inlet Road to
the south. The elevated road/earthen levee would follow Inlet Road to the east until Ridge End
Road, following Ridge End Road to the east until Adam Keeling Road, and following Adam
Keeling Road to the east until the natural elevation is sufficient that it is no longer an elevated
roadway. This method minimizes impact on the residential properties and has almost no
impact on the view corridors due to the heavy and dense tree coverage along these roads.
Upland Gates – There are two (2) road crossings that require gates along this alignment –
Shore Drive and Inlet Road.
•

•

Shore Drive: Given the use of Shore Drive as a major arterial through the City, a
sliding gate would provide the best solution. The gate could be closed in the last
hours before the floodwaters reach an elevation that would flood the protected area,
and opened immediately after the floodwaters recede. The proximity of residential
properties to the north and south of the roadway make it difficult to site a swing gate
here, and a deployable system requiring significant time is unacceptable along such a
major route.
Inlet Road: The gate spanning Inlet Road could be a sliding gate or flood logs. The
road would be an evacuation route for a handful of residents and thus could be
closed further in advance of a storm. Having the small span be a deployable system
would also minimize the amount of City infrastructure and maintenance in this
community.

Figure 69 shows an overview map of the Long Canal Alignment, with Figure 70 showing a
conceptual render of an in-water movable gate, recommended typology across Long Canal. An
example of a sliding gate is provided in Section 2.3.12, Figure 15.
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Figure 69: Overview map of typology recommendations for the Long Creek Alignment.
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Figure 70: Render of in-water movable gate typology, an initial recommendation for Long Canal.

6.3. Upper Western Branch Lynnhaven
In-water Gates – With the DFE of 10 ft NAVD88 and a relatively constant depth across the
water of approximately -4 ft NAVD88, this location would require significant structures within
the view corridor to provide adequate protection. Without relying on emerging technology, it is
recommended to utilize in-water circular gates as these gates provide the maximum protective
span with a minimum of aesthetic disruption.
The small inlet used by the residences will require closure during a storm event. As the inlet
is on the unprotected side, it will require an in-water moveable gate to secure adequately. It is
recommended to utilize the circular in-water gate here, as the width is small and the structural
supports of the proposed seawall and floodwall combination on either side will assist in bracing
the gate.
Upland Permanent Flood Protection Typologies – The earthen levee supported roadway
begins approximately 175 ft northwest of the intersection of Church Point Road and Merchants
Hope Court and follows Church Point Road to the east until it intersects Spring House Trail.
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The earthen levee would continue as if the road continued to the banks of the Upper Western
Branch of Lynnhaven and connect with the in-water flood protective systems.
After landing at Little Neck Point the alignment curves to the south following the edge of
the land as a seawall/floodwall combination south to the closest point with the City’s ingressegress easement going west from Little Neck Point Road. The City’s easement would continue
as a floodwall and tie into Little Neck Point Road, which continues south as an elevated road
supported by an earthen levee until it intersects with Trading Point Lane. This portion of the
alignment also crosses the small inlet used by personal watercraft in the area.
Upland Gates – No upland gates are required with this alignment.
Figure 71 shows an overview map of the Upper Western Lynnhaven Alignment, with Figure
72 showing a conceptual render of the recommended typologies.

Figure 71: Overview map of typology recommendations for Upper Western Lynnhaven Alignment.
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Figure 72: Render of in-water movable circular gate typology, a conceptual recommendation for Upper Eastern or Western
branches of the Lynnhaven River.

6.4. Upper Eastern Branch Lynnhaven
In-water Gates –With the DFE of 11 ft NAVD88 and a relatively constant depth across the
water of approximately -4 ft NAVD88, this alignment would require significant structures
within the view corridor to provide adequate protection. Without relying on emerging
technology, it is recommended to utilize in-water circular gates as these gates provide the
maximum protective span with a minimum of aesthetic disruption. This is the same gate type
as the Upper Western Branch.
Upland Permanent Flood Protection Typologies – The earthen levee-supported elevated
roadway begins about 300 ft east of where Lynndale Road intersects with Kline Drive. The
alignment follows Lynndale Road to the east for about 1,600 ft before turning sharply east and
following a private residential driveway and property lines to the water. The in-water gate
portion of the alignment spans across the river and connects between two (2) residential
properties north of Blue Heron Road. The gate would be connected to a short (approximately
375 ft) flood wall that would follow the residential property line and driveway that connects to
Shorehaven Drive. This short segment between the water and Shorehaven Drive is a candidate
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for a floodwall as it would be situated in a heavily wooded area and require minimal property
disruption. Shorehaven Drive could tie into the floodwall and be converted into a raised road /
earthen levee, with the alignment following Shorehaven Drive north towards the Great Neck
Recreation Center and then east again for about 150 ft, before tying into the existing
topography.
Upland Gates – No upland gates are required with this alignment.
Figure 73 shows an overview map of the Upper Eastern Lynnhaven Alignment.

Figure 73: Overview map of typology recommendations for the Upper Eastern Lynnhaven Alignment.

6.5. Atlantic Oceanfront
In-water Gates – This location has a federally maintained navigation channel; however, the
channel here spans a significant portion of the waterway. Given this, the recommended
engineering option would be to reconfigure the inlet with seawalls on both sides and a single
sector gate hinging on the southern side (Figure 75). This would minimize construction costs
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along the alignment and provide the minimum disruption to the federal channel. USACE has
been engaged in sediment by-pass operations from the south to the north, and this
construction could be used to further bolster the beach nourishment volume for the south on
the next cyclical beach nourishment program.
Upland Permanent Flood Protection Typologies – Almost the entirety of the upland
alignment segments are along the beachfront to the south. This makes the choice of a dune
system ideal. The dune can be clean sand over a reinforced sheet pile wall to prevent intrusion
of the floodwaters during significant storm events. It is recommended to reinforce the dune
slopes with appropriate vegetated plantings as appropriate to reduce erosion loss during a
storm and/or wind events. The reinforced sheet pile wall would be required to withstand
corrosive forces in addition to the hydrostatic pressure exerted during the flood scenario.
The alignment north of the inlet is recommended to be integrated with the existing
boardwalk structure, adding a short curb wall with sliding gates allowing access to the beach
from the boardwalk area (i.e., Figure 74). It is noted that the original USACE design
incorporated a similar curb wall element, which was removed during the design process.
South of the inlet, the high elevation connection points are selected as property corners to
minimize the impact any proposed treatment option requires. The rolling beachfront along this
entire stretch of Virginia Beach is ideal for dune protection, with the dunes curving and rolling
to meet local points of high elevation. A seawall could be an option here as well, running along
the property boundaries, but could lead to increased sediment erosion during storm events and
the eventual loss of the beachfront.
Upland Gates – Upland gates are not necessary with this alignment.
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Figure 74: Overview map of typology recommendations for the Atlantic Oceanfront Alignment.
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Figure 75: Render of recommended Rudee Inlet gate typology.

Figure 76: Render of raised seawall and sliding flood gate at the oceanfront boardwalk.
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6.6. Elizabeth River
In-water Gates – The alignment crosses to the west of the turning basin at the end of the
federal navigation channel in Elizabeth River. This location is at the edge of the heavily
commercial areas of the City of Norfolk, just north of the City of Chesapeake municipal
boundaries. These characteristics would require any proposed gate system to be able to allow
for bi-directional vessel traffic along the channel, and potentially outside the channel, as the
large commercial vessels turn around and leave the area. This constraint effectively rules out
sector and vertical lift gates. The only remaining option is the in-water circular gate, which is
the recommended alternative (Figure 78). As the channel is the majority of the in-water
alignment, it is proposed to span using only this system to reduce the risk of vessel collision
during turning maneuvers.
Upland Permanent Flood Protection Typologies – The portion of the alignment north of
Elizabeth River is a densely developed residential/commercial area. The alignment follows
along property boundaries and Kimball Terrace where possible. It is proposed to use floodwalls
along this alignment to minimize impacts to the residential areas. This floodwall will follow the
existing privacy/sound wall along Interstate 264, turning south and crossing Westminster
Avenue and following property lines towards Kimball Terrace, where the wall will follow the
road south and curving west until just before the creek leading to Elizabeth River. This should
be coordinated with the ongoing Ohio Creek Project in Norfolk.
The portion of the alignment south of Elizabeth River is located at the site of Atlantic
Intermodal Services (the old Ford Plant) and parking area. A floodwall, or potentially a
seawall/floodwall combination along the edge of the parking lot is proposed to minimize
encroachment into the industrial space and maximize protection.
Upland Gates – There are two (2) road crossings required with the proposed alignment.
Both are ideal locations for a swing gate, with the crossing at Westminster Avenue being very
close to a 90-degree turn in the alignment and the crossing at Kimball Terrace at the 90-degree
turn as the alignment curves along the creek leading to Elizabeth River. The proposed floodwall
would protect from daily events and minimize any encroachment. Should pedestrian access
between Grandy Village and the baseball field and basketball courts near Kimball Court be
required, an additional sliding gate could be installed along the floodwall. This should be
coordinated with the ongoing Ohio Creek Project in Norfolk.
Figure 77 shows an overview map of the Elizabeth River Alignment, with Figure 78 showing
a conceptual render of the Elizabeth River gate typology.
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Figure 77: Overview map of the typology recommendation for Elizabeth River Alignment.

Figure 78: Render of a circular in-water movable gate concept for the Elizabeth River Alignment.
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6.7. West Neck Creek Bridge
In-water Gates – It is recommended to span West Neck Creek with a series of connected
miter gates. Such a series of gates, spaced similarly to the existing bridge piers, would provide a
structural solution with minimal impact on the everyday creek flow and habitat. However, this
would be extending the spans to which miter gates of this size are effective.
Upland Permanent Flood Protection Typologies – The alignment follows West Neck Road
south from the intersection with West Landing Road, to the west of the bridge, past Jarvis
Road, to the east of the bridge, ending approximately 575 ft before reaching the intersection
with Princess Anne Road. The area runs through a substantial area of state wetlands, so an
appropriately elevated roadway that acts as a levee could span the entire length, elevating the
existing bridge over the in-water gate system. The only viable alternative would be a floodwall,
but this system would impact natural fauna migration patterns and could be much more
difficult to get authorization from the USACE.
Upland Gates – No upland gates are required with this alignment.
Figure 79 shows an overview map of the West Neck Creek Bridge Alignment, with Figure 80
showing a conceptual render of the recommended typologies around this location.

Figure 79: Overview map of typology recommendations for the West Neck Creek Bridge Alignment.
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Figure 80: Render of the elevated road and miter gate concept at West Neck Creek.

6.8. Back Bay side of Sandbridge Island and Sandbridge Road
As a preface to the discussion for this alignment – it should be noted that this is the most
difficult location to select coastal flood protection typologies. Figure 81 shows an overview map
of the typologies. The portion of the alignment running north/south protects numerous
residential areas, each with private docks and waterfront access. The average elevation of these
residential areas is +2 ft NAVD88, with a DFE of +10 ft NAVD88. It is also known from local
observations, model tests, and nearby gauges that water will have a surge effect as it ‘piles up’
on this shoreline during significant wind events – with the model runs at the 100-yr SLR and
storm event having this DFE barely able to withstand the ensuing surge and storm effects
(significant overtopping and flooding was observed at +8 and +9 NAVD88).
In-water Gates – There are two major water crossings along Sandbridge Road, one at Hell
Point Creek approximately 900 ft east from the intersection with Oyster Bay Lane and another
at the irrigation canal, located approximately 650 ft east from 581 Sandbridge Road. Smaller
culverts are dotted throughout this region and are not addressed individually.
The Hell Point Creek crossing will span approximately 70 ft and would be recommended to
be protected with a miter gate (i.e., Figure 82). This structural protection will be able to
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withstand typical impact events during a storm and provide the best benefit/cost ratio. The
Black Gut crossing will span approximately 16 ft and is also recommended to be protected with
a miter gate.
Culvert crossings should be designed with a sealing tide gate to protect the culvert only,
with the remainder of the protection being provided by the earthen levee supporting the
elevated roadway.
This leaves the in-water gates for the numerous crossings in the north/south portion of the
alignment. There are twelve (12) gates required, spanning from 70 to 320 ft in width. Miter
gates can be assigned where the span is less than 100 ft, with in-water moveable circular gates
for all other spans, as partially depicted in Figure 83. These structural alternatives are required
to prevent damage during the significant setup events that occur within Back Bay while
minimizing impacts on recreational vessel traffic.
Upland Permanent Flood Protection Typologies – The east/west portion of the alignment
follows Sandbridge Road and would be best designed as an earthen levee supported elevated
roadway. In the north/south direction, there are two typologies that could be integrated
together. In portions along the edge of private property and the waterline where
seawalls/bulkheads already exist –the shoreline could be reconfigured with an improved
seawall and floodwall combination, allowing for minimal encroachment into private property.
In portions where the alignment travels through marshland, it is proposed to construct a
vegetated dune or earthen levee to allow public/private access across the marsh while still
maintaining maximum protection with minimal impact on the natural environment.
Upland Gates – Rolling gates (see Section 2.3.12) or waterproof sealable doors as shown in
Figure 84 would be needed along with private property where the proposed seawall/floodwall
combination separates homeowners from waterfront access. This means that each private
property along the north/south portion of the alignment will require a gate or waterproof
sealable door in the wall. Such an approach would have a high risk of failure. Using such an
approach would require careful coordination with the City’s overall O&M plan, as each
residence will have to have their waterproof sealable door or storm gate checked by city staff
during routine inspection and deployment. An alternative option to minimize gates would be to
construct a levee instead of floodwall with steps and walkways that are ADA compliant to cross
over the levee. The levee would require a larger footprint than the floodwall.
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Figure 81: Typology Recommendation Overview Map for Sandbridge Road.

Figure 82: Render of elevated road/levee and miter gate at Sandbridge Road and Hell Point Creek.
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Figure 83: Render of seawall and multiple gate solution for the bayside of Sandbridge Island.

Figure 84: Example of a floodproof door along floodwall in Richmond, VA. Photograph courtesy of Google Maps.
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6.9. Muddy Creek Road
In-water Gates – There are three major water crossings, with additional culvert crossings.
The culverts should be treated similarly to the Sandbridge Road culverts (refer to Section 6.8).
The first crossing is Muddy Creek. This crossing spans approximately 1,200 ft of waterway and
marshland. In-water circular moveable gates in series are proposed in this area, as these gates
will provide significant structural protection during the surge events Back Bay experiences
without requiring massive structures or dredging projects. The second major crossing is
approximately 30 ft wide and spans Beggars Bridge Creek. The 30-foot wide span is an ideal
location for a miter gate, given the proximity of the shorelines and the need to protect the
bridge wingwalls behind the alignment. The last major crossing is the approximately 50-foot
wide bridge spanning Nawney Creek. A miter gate is also suggested at this location, as wave
forces will be limited and a heavier structure shouldn’t be required.
Upland Permanent Flood Protection Typologies – The majority of the alignment follows
roadways. It starts at the western end of Sandbridge Road and follows Colechester Road south
to the end of the street. It then crosses the first waterway and connects with an unnamed
access road on the way to North Muddy Creek Road. The alignment follows North Muddy
Creek Road through the point where it is renamed Muddy Creek Road and continues south
past the intersection with Drum Point Road where the street turns west and becomes Nanneys
Creek Road. The alignment continues west to the end of Nanneys Creek Road and onto Mill
Landing Road, ending at the intersection of Mill Landing Road and Princess Anne Road.
Upland Gates –Upland gate locations are not required along this alignment but may be
considered depending on a detailed evaluation of site constraints during the next phase of
evaluation.
Figure 85 shows an overview map of the Muddy Creek Road Alignment, with Figure 86
showing a conceptual render of the recommended typologies near Beggars Bridge Creek.
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Figure 85: Overview map of typology recommendation for the Muddy Creek Road Alignment.
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Figure 86: Render of elevated road/levee and miter gate conceptual solution at Muddy Creek Road and Beggar’s Bridge
Creek.
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7. NEXT STEPS
The purpose of this study is to inform the City of Virginia Beach officials by identifying
appropriate opportunities for flood mitigation efforts in addition to areas requiring further
study and analysis to determine the recommended path forward. For an area as large and
diverse as the City, this study identified several areas not previously considered while
narrowing down the recommendations towards a final set of recommended alternatives.
Several areas where further engineering and environmental analysis would be required to
adequately assess alternatives were identified.

7.1. Engineering and Environmental Assessment Efforts
7.1.1.

Emerging Technologies

Resilient adaptation and flood protection is a dynamic field, with technologies evolving
rapidly. This report represents the best understanding as of the date of publication but must be
taken as dated material. Technologies can quickly outpace research, and such limitations as
described herein for the MOSE gate system, inflatable in-water gates, or even more established
typologies such as miter gates and vertical lift gates, and may advance and change before
design begins. This report should be taken as a starting point, with a quick review of current
technologies and emerging technologies, to determine the best typology selection for each
location.
7.1.2.

Channel Depth Considerations

The proposed alternatives discussed are based upon the most current USACE (federal)
channel depth requirements. Where USACE channels are not currently mapped, 2016
bathymetric surveys governed the analysis. Typology recommendations in this report are based
upon these values without consideration of future vessel traffic or depth requirements. As
almost all gate typologies will permanently impact the depth of the channel the gate spans,
coordination with USACE and a review of projected vessel needs should be completed before
final gate typology selection occurs.
7.1.3.

Channel Morphology

The proposed alternatives discussed will potentially alter the natural sedimentation and
erosion of the existing channels. In places like the Long Canal where the channel shifts
significantly with the weather, the potential impacts of the gate should be analyzed before the
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selection of the final design. This will minimize impacts to the channel and vessel traffic due to
a significantly altered inlet area.
7.1.4.

Neighborhood Flood Protection

This report covers potential City-wide flood protection alternatives that are designed for a
100-yr coastal surge and 1.5 to 3 feet of SLR. There are localized areas of high-risk flooding that
may see little benefit outside of significant storm events or may start experiencing flooding
before construction of the selected City-wide solution. The current study does not address
these ‘nuisance’ tidal flood events, where the existing developed areas of the City may be
inundated several times a month (even daily) as the effects of sea level rise manifest.
7.1.5.

Effects of Pump Stations

There is potential for a significant volume of water entrapped from rainfall events behind
the coastal flood mitigation alternatives as described in this report. As a result, there will be a
need to use large pump stations to move this water from within the protected areas to outside
of the protected zones of the City. This large volume of water moving from one side of the
alignments to another may cause unforeseen flooding, erosion, damage, or other impacts.
Further model development and coupling to the already developed model will be needed to
predict these potential impacts and allow the future design team to incorporate potential
solutions before construction efforts uncovering the issues.
7.1.6.

Impacts on Natural and Built Environment

Each alternative presented in this report will have a significant impact on the natural and
built environment and will have to be studied in detail during the next phase. Mitigation
measures would most likely be required to reduce these environmental impacts. An
Environmental Impact Statement (EIS) study will be required to evaluate various
environmental aspects (water quality, essential fish habitat, socio-economic, noise, traffic, and
others) from each of the recommended alternatives.

7.2. Recommendations
As a follow-up to this effort, the City should pursue a “SMART” coastal storm risk
management feasibility study with the Norfolk District USACE. Such a study will identify a
preferred project alternative, bring concepts to a 10% design, and complete the Environmental
Impact Statement. Successful completion and approval of the feasibility study will also provide
project authorization for federal cost-share.
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Should a USACE joint study be authorized and undertaken, some of the engineering and
environmental impacts concerns above may be addressed during that study and included as
part of the cost-sharing agreement. Some elements should be addressed by the City before a
USACE feasibility study:
•
•

Neighborhood flood protection
Effects of pump stations

The two above efforts can be driven based upon the developed integrated coastal and
stormwater model, and thus will not be eligible for potential cost-sharing with USACE.
It is anticipated that the next level of study could be a detailed feasibility assessment and
environmental impact statement for the recommended set of alternatives. The detailed
feasibility assessment and environmental work should consider, but should not be limited to,
the following areas:
•
•
•
•

•
•
•

•

Coastal modeling and/or stormwater drainage modeling to evaluate the effectiveness of
various alignments within the chosen neighborhood area;
Topographic and bathymetric survey of the chosen alignment within the neighborhood
area;
Detailed evaluation for pump stations and other major drainage modifications;
Preliminary engineering design consisting of coastal, civil, structural, geotechnical,
transportation, drainage, mechanical, and electrical disciplines to perform analysis and
develop 30% engineering design of the intervention typology along the alignment;
Real estate and/or right-of-way acquisition plan for the selected alignment and
intervention typology;
Urban design and landscape architecture to develop community benefit amenities to
integrate structural solutions within the fabric of the community;
Environmental assessment of the chosen alignment and intervention typology for the
potential impacts on the built and natural environment along with the development of
mitigation strategies; and
30% design construction cost estimates and BCA for the chosen alignment and
intervention typology.
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APPENDIX A: COST ESTIMATION TABLES

Alternative A1 Cost Estimate
Alternative Summary
Chesapeake Bay Alignment: Inlet
Chesapeake Bay Alignment: West Beachfront
Chesapeake Bay Alignment: East Beachfront
Chesapeake Bay Alignment: Inland

$
$
$
$

988,976,000
39,430,000
68,288,000
35,953,000

Total Alternative Cost

$

1,132,647,000

Typology

Alignment Costs
Chesapeake Bay Alignment: Inlet
Proposed
Approximate
DFE
Length
Unit Cost
(ft
(nearest 10 ft)
NAVD88)
Hard Construction Cost

Total Cost
(nearest thousand
2018 $)

Floodwall

240

16

$

7,516.67

$

1,804,000

In-water Movable Gate

810

18

$ 360,508.64

$

292,012,000

Sector Gate

410

18

$ 709,826.83

$

291,029,000

$

584,845,000

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

$
$
$
$

58,485,000
87,727,000
40,940,000
11,697,000

Subtotal

$

198,849,000

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

$
$

175,454,000
29,828,000

Total Reach Cost

$

988,976,000

Subtotal

1,460
Soft Construction Cost

Contingency
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Typology

Earthen Levee

Chesapeake Bay Alignment: East Beachfront
Proposed
Approximate
DFE
Length
Unit Cost
(ft
(nearest 10 ft)
NAVD88)
Hard Construction Cost

$

40,381,000

$

40,381,000

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

$
$
$
$

4,039,000
6,058,000
2,827,000
808,000

Subtotal

$

13,732,000

$
$

12,115,000
2,060,000

$

68,288,000

$

23,315,000

$

23,315,000

$
$
$
$

2,332,000
3,498,000
1,633,000
467,000

$

7,930,000

$
$

6,995,000
1,190,000

$

39,430,000

$
$

18,675,000
2,585,000

$

21,260,000

Subtotal

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Earthen Levee
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-water Movable Gate
Floodwall
Subtotal

24,410

16

$

1,654.28

Total Cost
(nearest thousand
2018 $)

24,410
Soft Construction Cost

Contingency

Chesapeake Bay Alignment: West Beachfront
Hard Construction Cost
11,170
16
$ 2,087.29
11,170
Soft Construction Cost

Contingency

Chesapeake Bay Alignment: Inland
Hard Construction Cost
200
12
$ 93,375.00
4,560
12
$
566.89
4,760
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Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Soft Construction Cost

Contingency

$
$
$
$

2,126,000
3,189,000
1,489,000
426,000

$

7,230,000

$
$

6,378,000
1,085,000

$

35,953,000
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Alternative A2 Cost Estimate
Alternative Summary
Chesapeake Bay Alignment: Inlet
Chesapeake Bay Alignment: West Beachfront
Chesapeake Bay Alignment: East Beachfront
Chesapeake Bay Alignment: Inland

$
$
$
$

988,976,000
1,104,376,000
68,288,000
171,036,000

Total Alternative Cost

$

2,332,676,000

Alignment Costs

Typology

Chesapeake Bay Alignment: Inlet
Proposed
Approximate
DFE
Length
Unit Cost
(ft
(nearest 10 ft)
NAVD88)
Hard Construction Cost

Total Cost
(nearest thousand
2018 $)

Floodwall

240

16

$

7,516.67

$

1,804,000

In-water Movable Gate

810

18

$ 360,508.64

$

292,012,000

Sector Gate

410

18

$ 709,826.83

$

291,029,000

$

584,845,000

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

$
$
$
$

58,485,000
87,727,000
40,940,000
11,697,000

Subtotal

$

198,849,000

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

$
$

175,454,000
29,828,000

Total Reach Cost

$

988,976,000

Subtotal

1,460
Soft Construction Cost

Contingency
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Typology

Chesapeake Bay Alignment: East Beachfront
Proposed
Approximate
DFE
Length
Unit Cost
(ft
(nearest 10 ft)
NAVD88)
Hard Construction Cost

Earthen Levee

24,410

$

40,381,000

$

40,381,000

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

$
$
$
$

4,039,000
6,058,000
2,827,000
808,000

Subtotal

$

13,732,000

$
$

12,115,000
2,060,000

$

68,288,000

$
$
$

54,854,000
1,719,000
596,516,000

$

653,089,000

$
$
$
$

65,309,000
97,964,000
45,717,000
13,062,000

$

222,052,000

$
$

195,927,000
33,308,000

$

1,104,376,000

$
$
$
$

2,130,000
1,312,000
9,047,000
88,654,000

$

101,143,000

Subtotal

Earthen Levee
Floodwall
Sector Gate

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Contingency

32,840
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

Deployable Floodwall
Elevated Roadway
Floodwall
In-water Movable Gate
Subtotal

1,654.28

Chesapeake Bay Alignment: West Beachfront
Hard Construction Cost
31,020
16
$ 1,768.34
750
16
$ 2,292.00
1,070
17
$ 557,491.59

Subtotal

Total Reach Cost

$

24,410
Soft Construction Cost

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

16

Total Cost
(nearest thousand
2018 $)

Chesapeake Bay Alignment: Inland
Hard Construction Cost
860
12
$ 2,476.74
2,030
12
$
646.31
3000
12
$ 3,015.67
690
12
$ 128,484.06
6,580
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Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Soft Construction Cost

Contingency

$
$
$
$

10,115,000
15,172,000
7,081,000
2,023,000

$

34,391,000

$
$

30,343,000
5,159,000

$

171,036,000
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Alternative B1 Cost Estimate
Alternative Summary
Chesapeake Bay Alignment: Inlet
Chesapeake Bay Alignment: West Beachfront
Chesapeake Bay Alignment: East Beachfront
Chesapeake Bay Alignment: Inland
Atlantic Oceanfront Alignment: Inlet
Atlantic Oceanfront Alignment: Beachfront
West Neck Creek Bridge Alignment: In-Water Gate
West Neck Creek Bridge Alignment: Inland
Sandbridge Alignment: Inland
Sandbridge Alignment: Sandbridge Bulkhead
Sandbridge Alignment: In-Water Gates (15)
Muddy Creek Road Alignment: Inland
Muddy Creek Road Alignment: In-Water Gate 1
Muddy Creek Road Alignment: In-Water Gate 2

$
$
$
$
$
$
$
$
$
$
$
$
$
$

988,976,000
39,430,000
68,288,000
35,953,000
165,076,000
18,292,000
61,332,000
7,490,000
21,060,000
177,266,000
356,238,000
47,851,000
3,259,000
231,794,000

Total Alternative Cost

$

2,222,305,000

Alignment Costs

Typology

Chesapeake Bay Alignment: Inlet
Proposed
Approximate
DFE
Length
Unit Cost
(ft
(nearest 10 ft)
NAVD88)
Hard Construction Cost

Total Cost
(nearest thousand
2018 $)

Floodwall

240

16

$

7,516.67

$

1,804,000

In-water Movable Gate

810

18

$ 360,508.64

$

292,012,000

Sector Gate

410

18

$ 709,826.83

$

291,029,000

$

584,845,000

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

$
$
$
$

58,485,000
87,727,000
40,940,000
11,697,000

Subtotal

$

198,849,000

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

$
$

175,454,000
29,828,000

Total Reach Cost

$

988,976,000

Subtotal

1,460
Soft Construction Cost

Contingency
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Typology

Earthen Levee
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Earthen Levee
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-water Movable Gate
Floodwall
Subtotal
Design
Environmental Assessments
Drainage Improvements

Chesapeake Bay Alignment: East Beachfront
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
24,410
16
$ 1,654.28
24,410
Soft Construction Cost

Contingency

Chesapeake Bay Alignment: West Beachfront
Hard Construction Cost
11,170
16
$ 2,087.29
11,170
Soft Construction Cost

Contingency

Chesapeake Bay Alignment: Inland
Hard Construction Cost
200
12
$ 93,375.00
4,560
12
$
566.89
4,760
Soft Construction Cost

Total Cost
(nearest thousand
2018 $)
$

40,381,000

$

40,381,000

$
$
$
$

4,039,000
6,058,000
2,827,000
808,000

$

13,732,000

$
$

12,115,000
2,060,000

$

68,288,000

$

23,315,000

$

23,315,000

$
$
$
$

2,332,000
3,498,000
1,633,000
467,000

$

7,930,000

$
$

6,995,000
1,190,000

$

39,430,000

$
$

18,675,000
2,585,000

$

21,260,000

$
$
$

2,126,000
3,189,000
1,489,000
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Utility Relocation

$

426,000

Subtotal

$

7,230,000

$
$

6,378,000
1,085,000

$

35,953,000

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Typology

In-water Sector Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Floodwall
Deployable Floodwall
Dune
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Contingency

Atlantic Oceanfront Alignment: Inlet
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
160
18
$ 610,118.75
160
Soft Construction Cost

Contingency

Atlantic Oceanfront Alignment: Beachfront
Hard Construction Cost
12,630
14
$
680.67
580
14
$ 1,406.90
1,860
14
$
753.76
15,070
Soft Construction Cost

Contingency

Total Cost
(nearest thousand
2018 $)
$

97,619,000

$

97,619,000

$
$
$
$

9,762,000
14,643,000
6,834,000
1,953,000

$

33,192,000

$
$

29,286,000
4,979,000

$

165,076,000

$
$
$

8,597,000
816,000
1,402,000

$

10,815,000

$
$
$
$

1,082,000
1,623,000
758,000
217,000

$

3,680,000

$
$

3,245,000
552,000

$

18,292,000
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West Neck Creek Bridge Alignment: Inland
Hard Construction Cost
6840
12.5
$
647.22

Elevated Roadway
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Typology

Miter Gate

6,840
Soft Construction Cost

Contingency

West Neck Creek Bridge Alignment: In-Water Gate
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
270
12.5
$ 134,325.93

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Elevated Roadway
Earthen Levee
Subtotal
Design
Environmental Assessments
Drainage Improvements

270
Soft Construction Cost

Contingency

Sandbridge Alignment: Inland
Hard Construction Cost
13,900
8
$
4,120
11
$
18,020
Soft Construction Cost

647.41
838.11

$

4,427,000

$

4,427,000

$
$
$
$

443,000
665,000
310,000
89,000

$

1,507,000

$
$

1,329,000
227,000

$

7,490,000

Total Cost
(nearest thousand
2018 $)
$

36,268,000

$

36,268,000

$
$
$
$

3,627,000
5,441,000
2,539,000
726,000

$

12,333,000

$
$

10,881,000
1,850,000

$

61,332,000

$
$

8,999,000
3,453,000

$

12,452,000

$
$
$

1,246,000
1,868,000
872,000

City-wide Structural Alternatives for Coastal Flood Protection | 127

Utility Relocation

$

250,000

Subtotal

$

4,236,000

$
$

3,736,000
636,000

$

21,060,000

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Typology

Miter Gate (8)
In-Water Circular Gate (7)
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Seawall
Earthen Levee
Elevated Roadway
Dune
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

Contingency

Sandbridge Alignment: In-Water Gates (15)
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
580
10
$ 24,255.17
1,110
10
$ 177,114.41
1,690
Soft Construction Cost

Contingency

Sandbridge Alignment: Sandbridge Bulkhead
Hard Construction Cost
18,350
8 - 11
$ 3,823.65
1,980
9 - 10
$ 1,201.01
3,460
11
$
646.82
24,560
14
$ 1,223.41
48,350
Soft Construction Cost

Contingency

Total Cost
(nearest thousand
2018 $)
$
$

14,068,000
196,597,000

$

210,665,000

$
$
$
$

21,067,000
31,600,000
14,747,000
4,214,000

$

71,628,000

$
$

63,200,000
10,745,000

$

356,238,000

$
$
$
$

70,164,000
2,378,000
2,238,000
30,047,000

$

104,827,000

$
$
$
$

10,483,000
15,725,000
7,338,000
2,097,000

$

35,643,000

$
$

31,449,000
5,347,000
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Total Reach Cost

Elevated Roadway
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Typology

Miter Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

Muddy Creek Road Alignment: Inland
Hard Construction Cost
43,690
8
$

647.65

43,690
Soft Construction Cost

Contingency

Muddy Creek Road Alignment: In-Water Gate 1
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
80
10
$ 24,075.00
80
Soft Construction Cost

Contingency

Total Reach Cost

Muddy Creek Road Alignment: In-Water Gate 2
Hard Construction Cost
In-Water Moveable Gate
1120
10
$ 122,386.61
Subtotal
Design
Environmental Assessments
Drainage Improvements

1,120
Soft Construction Cost

$

177,266,000

$

28,296,000

$

28,296,000

$
$
$
$

2,830,000
4,245,000
1,981,000
566,000

$

9,622,000

$
$

8,489,000
1,444,000

$

47,851,000

Total Cost
(nearest thousand
2018 $)
$

1,926,000

$

1,926,000

$
$
$
$

193,000
289,000
135,000
39,000

$

656,000

$
$

578,000
99,000

$

3,259,000

$

137,073,000

$

137,073,000

$
$
$

13,708,000
20,561,000
9,596,000
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Utility Relocation

$

2,742,000

Subtotal

$

46,607,000

$
$

41,122,000
6,992,000

$

231,794,000

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Contingency
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Alternative B2 Cost Estimate
Alternative Summary
Long Canal Alignment: Inland
Long Canal Alignment: In-Water Gate
Upper Western Branch Lynnhaven Alignment: Inland
Upper Western Branch Lynnhaven Alignment: In-Water Gates
Upper Eastern Branch Lynnhaven Alignment: Inland
Upper Eastern Branch Lynnhaven Alignment: In-Water Gate
Atlantic Oceanfront Alignment: Inlet
Atlantic Oceanfront Alignment: Beachfront
West Neck Creek Bridge Alignment: In-Water Gate
West Neck Creek Bridge Alignment: Inland
Sandbridge Alignment: Inland
Sandbridge Alignment: Sandbridge Bulkhead
Sandbridge Alignment: In-Water Gates (15)
Muddy Creek Road Alignment: Inland
Muddy Creek Road Alignment: In-Water Gate 1
Muddy Creek Road Alignment: In-Water Gate 2

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

76,153,000
13,079,000
163,637,000
449,298,000
5,345,000
974,765,000
165,076,000
18,292,000
61,332,000
7,490,000
21,060,000
177,266,000
356,238,000
47,851,000
3,259,000
231,794,000

Total Alternative Cost

$

2,771,935,000

Alignment Costs

Typology

Deployable Floodwall
Earthen Levee
Floodwall
Subtotal

Long Canal Alignment: Inland
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
100
12
$ 3,950.00
24,410
16
$ 1,654.28
4,390
12
$
969.70
28,900
Soft Construction Cost

Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Contingency

Total Cost
(nearest thousand
2018 $)
$
$
$

395,000
40,381,000
4,257,000

$

45,033,000

$
$
$
$

4,504,000
6,755,000
3,153,000
901,000

$

15,313,000

$
$

13,510,000
2,297,000

$

76,153,000
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Long Canal Alignment: In-Water Gate
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
$
250
12
387,068.00

Typology

In-water Movable Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Deployable Floodwall
Earthen Levee
Elevated Roadway
Floodwall

Contingency

Upper Western Branch Lynnhaven Alignment: Inland
Hard Construction Cost
130
15
$
1,685
520
15
$
800
740
15
$
645
1,540
15
$
4,299

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

250
Soft Construction Cost

2,930
Soft Construction Cost

Contingency

Total Cost
(nearest thousand
2018 $)
$

96,767,000

$

96,767,000

$
$
$
$

9,677,000
14,516,000
6,774,000
1,936,000

$

32,903,000

$
$

29,031,000
4,936,000

$

163,637,000

$
$
$
$

219,000
416,000
477,000
6,621,000

$

7,733,000

$
$
$
$

774,000
1,160,000
542,000
155,000

$

2,631,000

$
$

2,320,000
395,000

$

13,079,000
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Upper Western Branch Lynnhaven Alignment: In-Water Gates
Approximate
Proposed
Total Cost
Typology
Length
DFE
Unit Cost
(nearest thousand
(nearest 10 ft)
(ft NAVD88)
2018 $)
Hard Construction Cost
In-water Movable Gate
1,100
16
$
239,501
$
263,451,000
Miter Gate
70
16
$
32,114
$
2,248,000
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Earthen Levee
Elevated Roadway

Contingency

Upper Eastern Branch Lynnhaven Alignment: Inland
Hard Construction Cost
1,020
16
$
934.31
3,410
16
$
646.92

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

1,170
Soft Construction Cost

4,430
Soft Construction Cost

Contingency

$

265,699,000

$
$
$
$

26,570,000
39,855,000
18,599,000
5,314,000

$

90,338,000

$
$

79,710,000
13,551,000

$

449,298,000

$
$

953,000
2,206,000

$

3,159,000

$
$
$
$

316,000
474,000
222,000
64,000

$

1,076,000

$
$

948,000
162,000

$

5,345,000
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Upper Eastern Branch Lynnhaven Alignment: In-Water Gate
Proposed
Approximate Length
DFE
Typology
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
In-water Movable Gate
2,490
16
$ 231,502.41
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-water Sector Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Floodwall
Deployable Floodwall
Dune
Subtotal
Design
Environmental Assessments
Drainage Improvements

2,490
Soft Construction Cost

Contingency

Atlantic Oceanfront Alignment: Inlet
Hard Construction Cost
160
18
$ 610,118.75
160
Soft Construction Cost

Contingency

Atlantic Oceanfront Alignment: Beachfront
Hard Construction Cost
12,630
14
$
680.67
580
14
$ 1,406.90
1,860
14
$
753.76
15,070
Soft Construction Cost

Total Cost
(nearest thousand
2018 $)
$

576,441,000

$

576,441,000

$
$
$
$

57,645,000
86,467,000
40,351,000
11,529,000

$

195,992,000

$
$

172,933,000
29,399,000

$

974,765,000

$

97,619,000

$

97,619,000

$
$
$
$

9,762,000
14,643,000
6,834,000
1,953,000

$

33,192,000

$
$

29,286,000
4,979,000

$

165,076,000

$
$
$

8,597,000
816,000
1,402,000

$

10,815,000

$
$
$

1,082,000
1,623,000
758,000
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Utility Relocation

$

217,000

Subtotal

$

3,680,000

$
$

3,245,000
552,000

$

18,292,000

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

West Neck Creek Bridge Alignment: Inland
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
6,840
12.5
$
647.22

Typology

Elevated Roadway
Subtotal

6,840
Soft Construction Cost

Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Miter Gate

Contingency

West Neck Creek Bridge Alignment: In-Water Gate
Hard Construction Cost
270
12.5
$ 134,325.93

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Contingency

270
Soft Construction Cost

Contingency

Total Cost
(nearest thousand
2018 $)
$

4,427,000

$

4,427,000

$
$
$
$

443,000
665,000
310,000
89,000

$

1,507,000

$
$

1,329,000
227,000

$

7,490,000

$

36,268,000

$

36,268,000

$
$
$
$

3,627,000
5,441,000
2,539,000
726,000

$

12,333,000

$
$

10,881,000
1,850,000

$

61,332,000
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Typology

Elevated Roadway
Earthen Levee
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Sandbridge Alignment: Inland
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
13,900
8
$
647.41
4,120
11
$
838.11
18,020
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Miter Gate (8)
In-Water Circular Gate (7)
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Sandbridge Alignment: In-Water Gates (15)
Hard Construction Cost
580
10
$ 24,255.17
1,110
10
$ 177,114.41
1,690
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Seawall
Earthen Levee
Elevated Roadway
Dune
Subtotal

Sandbridge Alignment: Sandbridge Bulkhead
Hard Construction Cost
18,350
8 - 11
$ 3,823.65
1,980
9 - 10
$ 1,201.01
3,460
11
$
646.82
24,560
14
$ 1,223.41
48,350

Total Cost
(nearest thousand
2018 $)
$
$

8,999,000
3,453,000

$

12,452,000

$
$
$
$

1,246,000
1,868,000
872,000
250,000

$

4,236,000

$
$

3,736,000
636,000

$

21,060,000

$
$

14,068,000
196,597,000

$

210,665,000

$
$
$
$

21,067,000
31,600,000
14,747,000
4,214,000

$

71,628,000

$
$

63,200,000
10,745,000

$

356,238,000

$
$
$
$

70,164,000
2,378,000
2,238,000
30,047,000

$

104,827,000
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Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Typology

Elevated Roadway
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Miter Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

Soft Construction Cost

Contingency

Muddy Creek Road Alignment: Inland
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
43,690
8
$
647.65
43,690
Soft Construction Cost

Contingency

Muddy Creek Road Alignment: In-Water Gate 1
Hard Construction Cost
80
10
$ 24,075.00
80
Soft Construction Cost

Contingency

$
$
$
$

10,483,000
15,725,000
7,338,000
2,097,000

$

35,643,000

$
$

31,449,000
5,347,000

$

177,266,000

Total Cost
(nearest thousand
2018 $)
$

28,296,000

$

28,296,000

$
$
$
$

2,830,000
4,245,000
1,981,000
566,000

$

9,622,000

$
$

8,489,000
1,444,000

$

47,851,000

$

1,926,000

$

1,926,000

$
$
$
$

193,000
289,000
135,000
39,000

$

656,000

$
$

578,000
99,000
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Total Reach Cost

Typology

In-Water Moveable Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Muddy Creek Road Alignment: In-Water Gate 2
Proposed
Approximate Length
DFE
Unit Cost
(nearest 10 ft)
(ft
NAVD88)
Hard Construction Cost
1,120
10
$ 122,386.61
1,120
Soft Construction Cost

Contingency

$

3,259,000

Total Cost
(nearest thousand
2018 $)
$

137,073,000

$

137,073,000

$
$
$
$

13,708,000
20,561,000
9,596,000
2,742,000

$

46,607,000

$
$

41,122,000
6,992,000

$

231,794,000
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Alternative C1 Cost Estimate
Alternative Summary
Chesapeake Bay Alignment: Inlet
Chesapeake Bay Alignment: West Beachfront
Chesapeake Bay Alignment: East Beachfront
Chesapeake Bay Alignment: Inland
Atlantic Oceanfront Alignment: Inlet
Atlantic Oceanfront Alignment: Beachfront
Elizabeth River Alignment: In-Water Gate
Elizabeth River Alignment: Inland
West Neck Creek Bridge Alignment: In-Water Gate
West Neck Creek Bridge Alignment: Inland
Sandbridge Alignment: Inland
Sandbridge Alignment: Sandbridge Bulkhead
Sandbridge Alignment: In-Water Gates (15)
Muddy Creek Road Alignment: Inland
Muddy Creek Road Alignment: In-Water Gate 1
Muddy Creek Road Alignment: In-Water Gate 2

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

988,976,000
39,430,000
68,288,000
35,953,000
165,076,000
18,292,000
515,712,000
13,979,000
61,332,000
7,490,000
21,060,000
177,266,000
356,238,000
47,851,000
3,259,000
231,794,000

Total Alternative Cost

$

2,751,996,000

Alignment Costs
Chesapeake Bay Alignment: Inlet
Typology

Approximate Length
(nearest 10 ft)

Proposed DFE
(ft NAVD88)

Unit Cost

Total Cost
(nearest thousand
2018 $)

Hard Construction Cost
240
16

$

7,516.67

$

1,804,000

In-water Movable Gate

810

18

$ 360,508.64

$

292,012,000

Sector Gate

410

18

$ 709,826.83

$

291,029,000

$

584,845,000

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

$
$
$
$

58,485,000
87,727,000
40,940,000
11,697,000

Subtotal

$

198,849,000

$

175,454,000

$

29,828,000

$

988,976,000

Floodwall

Subtotal

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost

1,460
Soft Construction Cost

Contingency
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Chesapeake Bay Alignment: East Beachfront
Typology

Earthen Levee
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Approximate Length
(nearest 10 ft)

Hard Construction Cost
24,410
16

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

11,170
Soft Construction Cost

Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)

In-water Movable Gate
Floodwall
Subtotal

1

1,654.28

Chesapeake Bay Alignment: West Beachfront
Hard Construction Cost
11,170
16
$ 2,087.29

Subtotal

Total Reach Cost

$

Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)

Earthen Levee

Unit Cost

24,410
Soft Construction Cost

Subtotal

Total Reach Cost

Proposed DFE
(ft NAVD88)

Chesapeake Bay Alignment: Inland
Hard Construction Cost
200
12
$ 93,375.00
4,557
4,757

12

$

567.30

Total Cost
(nearest thousand
2018 $)
$

40,381,000

$

40,381,000

$
$
$
$

4,039,000
6,058,000
2,827,000
808,000

$

13,732,000

$

12,115,000

$

2,060,000

$

68,288,000

$

23,315,000

$

23,315,000

$
$
$
$

2,332,000
3,498,000
1,633,000
467,000

$

7,930,000

$

6,995,000

$

1,190,000

$

39,430,000

$

18,675,000

$

2,585,000

$

21,260,000
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Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology

In-water Sector Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Approximate Length
(nearest 10 ft)

Proposed DFE
(ft NAVD88)

Unit Cost

Atlantic Oceanfront Alignment: Inlet
Hard Construction Cost
160
18
$ 610,118.75

$

7,230,000

$

6,378,000

$

1,085,000

97,619,000

$

97,619,000

$
$
$
$

9,762,000
14,643,000
6,834,000
1,953,000

$

33,192,000

$

29,286,000

$

4,979,000

$

165,076,000

680.67

$

8,597,000

Contingency

Atlantic Oceanfront Alignment: Beachfront
Hard Construction Cost
12,630
14
$

35,953,000
Total Cost
(nearest thousand
2018 $)

$

160
Soft Construction Cost

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)

Floodwall

2,126,000
3,189,000
1,489,000
426,000

$

Subtotal

Total Reach Cost

$
$
$
$

Deployable Floodwall

580

14

$

1,406.90

$

816,000

Dune

1,860

14

$

753.76

$

1,402,000

$

10,815,000

$
$
$
$

1,082,000
1,623,000
758,000
217,000

$

3,680,000

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal

15,070
Soft Construction Cost
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Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology

Floodwall
Deployable Floodwall
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-Water Moveable Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost

Elizabeth River Alignment: Inland
Approximate Length
(nearest 10 ft)

Proposed DFE
(ft NAVD88)

Hard Construction Cost
2,920
11.5
180

11.5

Unit Cost

$

552,000

$

18,292,000

Total Cost
(nearest thousand
2018 $)

2,526.37

$

7,377,000

$

4,933.33

$

888,000

$

8,265,000

$
$
$
$

827,000
1,240,000
579,000
166,000

$

2,812,000

$

2,480,000

$

422,000

$

13,979,000

$

304,973,000

$

304,973,000

$
$
$
$

30,498,000
45,746,000
21,349,000
6,100,000

$

103,693,000

$

91,492,000

$

15,554,000

$

515,712,000

Contingency

Elizabeth River Alignment: In-Water Gate
Hard Construction Cost
1,250
12.5
$ 243,978.40

Contingency

3,245,000

$

3,100
Soft Construction Cost

1,250
Soft Construction Cost

$
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Elevated Roadway
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

West Neck Creek Bridge Alignment: Inland
Hard Construction Cost
6,840
12.5
$
6,840
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology

Miter Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

West Neck Creek Bridge Alignment: In-Water Gate
Approximate Length
(nearest 10 ft)

Proposed DFE
(ft NAVD88)

Hard Construction Cost
270
12.5

Unit Cost

$ 134,325.93

270
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost

647.22

$

4,427,000

$

4,427,000

$
$
$
$

443,000
665,000
310,000
89,000

$

1,507,000

$

1,329,000

$

227,000

$

7,490,000

Total Cost
(nearest thousand
2018 $)
$

36,268,000

$

36,268,000

$
$
$
$

3,627,000
5,441,000
2,539,000
726,000

$

12,333,000

$

10,881,000

$

1,850,000

$

61,332,000

Sandbridge Alignment: Inland
Hard Construction Cost
13,900
8

$

647.41

$

8,999,000

Earthen Levee

4,120

$

838.11

$

3,453,000

Subtotal

18,020

$

12,452,000

Elevated Roadway

11
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Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology

Miter Gate (8)
In-Water Circular Gate (7)
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Sandbridge Alignment: In-Water Gates (15)
Approximate Length
(nearest 10 ft)

Hard Construction Cost
580
10
1,110

1,246,000
1,868,000
872,000
250,000

$

4,236,000

$

3,736,000

$

636,000

$

21,060,000

Total Cost
(nearest thousand
2018 $)

$ 24,255.17

$

14,068,000

$ 177,114.41

$

196,597,000

$

210,665,000

$
$
$
$

21,067,000
31,600,000
14,747,000
4,214,000

$

71,628,000

$

63,200,000

$

10,745,000

$

356,238,000

$

70,164,000

Contingency

Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)

Seawall

10

Unit Cost

1,690
Soft Construction Cost

Subtotal

Total Reach Cost

Proposed DFE
(ft NAVD88)

$
$
$
$

Sandbridge Alignment: Sandbridge Bulkhead
Hard Construction Cost
18,350
8 - 11
$ 3,823.65

Earthen Levee

1,980

9 - 10

$

1,201.01

$

2,378,000

Elevated Roadway

3,460

11

$

646.82

$

2,238,000

Dune

24,560

14

$

1,223.41

$

30,047,000

Subtotal

48,350

$

104,827,000
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Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency
(30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology

Elevated Roadway
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Miter Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal

Soft Construction Cost

Contingency

Muddy Creek Road Alignment: Inland
Approximate
Proposed DFE
Length
Unit Cost
(ft NAVD88)
(nearest 10 ft)
Hard Construction Cost
43,690
8
$
647.65
43,690
Soft Construction Cost

Contingency

Muddy Creek Road Alignment: In-Water Gate 1
Hard Construction Cost
80
10
$ 24,075.00
80
Soft Construction Cost

$
$
$
$

10,483,000
15,725,000
7,338,000
2,097,000

$

35,643,000

$

31,449,000

$

5,347,000

$

177,266,000

Total Cost
(nearest thousand
2018 $)
$

28,296,000

$

28,296,000

$
$
$
$

2,830,000
4,245,000
1,981,000
566,000

$

9,622,000

$
$

8,489,000
1,444,000

$

47,851,000

$

1,926,000

$

1,926,000

$
$
$
$

193,000
289,000
135,000
39,000

$

656,000
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Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-Water Moveable Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Contingency

Muddy Creek Road Alignment: In-Water Gate 2
Hard Construction Cost
1,120
10
$ 122,386.61
1,120
Soft Construction Cost

Contingency

$
$

578,000
99,000

$

3,259,000

$

137,073,000

$

137,073,000

$
$
$
$

13,708,000
20,561,000
9,596,000
2,742,000

$

46,607,000

$
$

41,122,000
6,992,000

$

231,794,000
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Alternative C2 Cost Estimate
Alternative Summary
Long Canal Alignment: Inland
Long Canal Alignment: In-Water Gate
Upper Western Branch Lynnhaven Alignment: Inland
Upper Western Branch Lynnhaven Alignment: In-Water Gates
Upper Eastern Branch Lynnhaven Alignment: Inland
Upper Eastern Branch Lynnhaven Alignment: In-Water Gate
Atlantic Oceanfront Alignment: Inlet
Atlantic Oceanfront Alignment: Beachfront
Elizabeth River Alignment: In-Water Gate
Elizabeth River Alignment: Inland
West Neck Creek Bridge Alignment: In-Water Gate
West Neck Creek Bridge Alignment: Inland
Sandbridge Alignment: Inland
Sandbridge Alignment: Sandbridge Bulkhead
Sandbridge Alignment: In-Water Gates (15)
Muddy Creek Road Alignment: Inland
Muddy Creek Road Alignment: In-Water Gate 1
Muddy Creek Road Alignment: In-Water Gate 2

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$

76,153,000
163,637,000
13,079,000
449,298,000
5,345,000
974,765,000
165,076,000
18,292,000
515,712,000
13,979,000
61,332,000
7,490,000
21,060,000
177,266,000
356,238,000
47,851,000
3,259,000
231,794,000

Total Alternative Cost

$

3,301,626,000

Alignment Costs

Typology

Deployable Floodwall
Earthen Levee
Floodwall

Long Canal Alignment: Inland
Approximate
Proposed
Length
DFE
Unit Cost
(nearest 10 ft) (ft NAVD88)
Hard Construction Cost
100
12
$ 3,950.00
24,410
16
$ 1,654.28
4,390
12
$
969.70

Total Cost
(nearest thousand 2018
$)
$
$
$

395,000
40,381,000
4,257,000

$

45,033,000

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

$
$
$
$

4,504,000
6,755,000
3,153,000
901,000

Subtotal

$

15,313,000

Subtotal

28,900
Soft Construction Cost
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Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology
In-water Movable Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

Long Canal Alignment: In-Water Gate
Approximate
Proposed
Length
DFE
Unit Cost
(nearest 10 ft) (ft NAVD88)
Hard Construction Cost
250
12
$ 387,068.00
250

Soft Construction Cost

Contingency

Total Reach Cost

Upper Western Branch Lynnhaven Alignment: Inland
Hard Construction Cost
Deployable Floodwall
130
15
$
1,685
Earthen Levee
520
15
$
800
Elevated Roadway
740
15
$
645
Floodwall
1,540
15
$
4,299
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

2,930
Soft Construction Cost

Contingency

$
$

13,510,000
2,297,000

$

76,153,000

Total Cost
(nearest thousand 2018
$)
$

96,767,000

$

96,767,000

$
$
$
$

9,677,000
14,516,000
6,774,000
1,936,000

$

32,903,000

$
$

29,031,000
4,936,000

$

163,637,000

$
$
$
$

219,000
416,000
477,000
6,621,000

$

7,733,000

$
$
$
$

774,000
1,160,000
542,000
155,000

$

2,631,000

$
$

2,320,000
395,000

$

13,079,000
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Upper Western Branch Lynnhaven Alignment: In-Water Gates
Approximate
Proposed
Total Cost
Typology
Length
DFE
Unit Cost
(nearest thousand 2018
(nearest 10 ft) (ft NAVD88)
$)
Hard Construction Cost
In-water Movable Gate
1,100
16
$
239,501
$
263,451,000
Miter Gate
70
16
$
32,114
$
2,248,000
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Earthen Levee
Elevated Roadway

Contingency

Upper Eastern Branch Lynnhaven Alignment: Inland
Hard Construction Cost
1,020
16
$
934.31
3,410
16
$
646.92

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

1,170
Soft Construction Cost

4,430
Soft Construction Cost

Contingency

$

265,699,000

$
$
$
$

26,570,000
39,855,000
18,599,000
5,314,000

$

90,338,000

$
$

79,710,000
13,551,000

$

449,298,000

$
$

953,000
2,206,000

$

3,159,000

$
$
$
$

316,000
474,000
222,000
64,000

$

1,076,000

$
$

948,000
162,000

$

5,345,000
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Upper Eastern Branch Lynnhaven Alignment: In-Water Gate
Approximate
Proposed
Total Cost
Typology
Length
DFE
Unit Cost
(nearest thousand 2018
(nearest 10 ft) (ft NAVD88)
$)
Hard Construction Cost
In-water Movable Gate
2,490
16
$ 231,502.41
$
576,441,000
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

2,490
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-water Sector Gate
Subtotal

Atlantic Oceanfront Alignment: Inlet
Hard Construction Cost
160
18
$ 610,118.75
160

Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Floodwall

Atlantic Oceanfront Alignment: Beachfront
Hard Construction Cost
12,630
14
$
680.67

$

576,441,000

$
$
$
$

57,645,000
86,467,000
40,351,000
11,529,000

$

195,992,000

$
$

172,933,000
29,399,000

$

974,765,000

$

97,619,000

$

97,619,000

$
$
$
$

9,762,000
14,643,000
6,834,000
1,953,000

$

33,192,000

$
$

29,286,000
4,979,000

$

165,076,000

$

8,597,000

Deployable Floodwall

580

14

$

1,406.90

$

816,000

Dune

1,860

14

$

753.76

$

1,402,000

$

10,815,000

$
$
$

1,082,000
1,623,000
758,000

1

Subtotal
Design
Environmental Assessments
Drainage Improvements

15,070
Soft Construction Cost
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Utility Relocation

$

217,000

Subtotal

$

3,680,000

$
$

3,245,000
552,000

$

18,292,000

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology

Floodwall
Deployable Floodwall
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-Water Moveable Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Elizabeth River Alignment: Inland
Approximate
Proposed
Length
DFE
Unit Cost
(nearest 10 ft) (ft NAVD88)
Hard Construction Cost
2,920
11.5
$ 2,526.37
180

11.5

$

4,933.33

3,100
Soft Construction Cost

Contingency

Elizabeth River Alignment: In-Water Gate
Hard Construction Cost
1,250
12.5
$ 243,978.40
1,250
Soft Construction Cost

Contingency

Total Cost
(nearest thousand 2018
$)
$

7,377,000

$

888,000

$

8,265,000

$
$
$
$

827,000
1,240,000
579,000
166,000

$

2,812,000

$
$

2,480,000
422,000

$

13,979,000

$

304,973,000

$

304,973,000

$
$
$
$

30,498,000
45,746,000
21,349,000
6,100,000

$

103,693,000

$
$

91,492,000
15,554,000

$

515,712,000
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West Neck Creek Bridge Alignment: Inland
Approximate
Proposed
Length
DFE
Unit Cost
(nearest 10 ft) (ft NAVD88)
Hard Construction Cost
6,840
12.5
$
647.22

Typology

Elevated Roadway
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

6,840
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Miter Gate

West Neck Creek Bridge Alignment: In-Water Gate
Hard Construction Cost
270
12.5
$ 134,325.93

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

270

Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Elevated Roadway
Earthen Levee
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Total Cost
(nearest thousand 2018
$)
$

4,427,000

$

4,427,000

$
$
$
$

443,000
665,000
310,000
89,000

$

1,507,000

$
$

1,329,000
227,000

$

7,490,000

$

36,268,000

$

36,268,000

$
$
$
$

3,627,000
5,441,000
2,539,000
726,000

$

12,333,000

$
$

10,881,000
1,850,000

$

61,332,000

Sandbridge Alignment: Inland
Hard Construction Cost
13,900
8
$

647.41

$

8,999,000

4,120

838.11

$

3,453,000

$

12,452,000

$
$
$
$

1,246,000
1,868,000
872,000
250,000

11

$

18,020
Soft Construction Cost
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Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost
Typology

Miter Gate (8)
In-Water Circular Gate (7)
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Sandbridge Alignment: In-Water Gates (15)
Approximate
Proposed
Length
DFE
Unit Cost
(nearest 10 ft) (ft NAVD88)
Hard Construction Cost
580
10
$ 24,255.17
1,110

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)

Seawall

$ 177,114.41

1,690
Soft Construction Cost

Subtotal

Total Reach Cost

10

Sandbridge Alignment: Sandbridge Bulkhead
Hard Construction Cost
18,350
8 - 11
$ 3,823.65

$

4,236,000

$
$

3,736,000
636,000

$

21,060,000

Total Cost
(nearest thousand 2018
$)
$

14,068,000

$

196,597,000

$

210,665,000

$
$
$
$

21,067,000
31,600,000
14,747,000
4,214,000

$

71,628,000

$
$

63,200,000
10,745,000

$

356,238,000

$

70,164,000

Earthen Levee

1,980

9 - 10

$

1,201.01

$

2,378,000

Elevated Roadway

3,460

11

$

646.82

$

2,238,000

Dune

24,560

14

$

1,223.41

$

30,047,000

$

104,827,000

$
$
$
$

10,483,000
15,725,000
7,338,000
2,097,000

$

35,643,000

$
$

31,449,000
5,347,000

$

177,266,000

Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

48,350
Soft Construction Cost

Contingency
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Typology

Elevated Roadway
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation

Muddy Creek Road Alignment: Inland
Approximate
Proposed
Length
DFE
Unit Cost
(nearest 10 ft) (ft NAVD88)
Hard Construction Cost
43,690
8
$
647.65
43,690
Soft Construction Cost

Subtotal

Contingency

Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Miter Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal
Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

In-Water Moveable Gate
Subtotal
Design
Environmental Assessments
Drainage Improvements
Utility Relocation
Subtotal

Muddy Creek Road Alignment: In-Water Gate 1
Hard Construction Cost
80
10
$ 24,075.00
80

Soft Construction Cost

Contingency

Muddy Creek Road Alignment: In-Water Gate 2
Hard Construction Cost
1,120
10
$ 122,386.61
1,120
Soft Construction Cost

Total Cost
(nearest thousand 2018
$)
$

28,296,000

$

28,296,000

$
$
$
$

2,830,000
4,245,000
1,981,000
566,000

$

9,622,000

$
$

8,489,000
1,444,000

$

47,851,000

$

1,926,000

$

1,926,000

$
$
$
$

193,000
289,000
135,000
39,000

$

656,000

$
$

578,000
99,000

$

3,259,000

$

137,073,000

$

137,073,000

$
$
$
$

13,708,000
20,561,000
9,596,000
2,742,000

$

46,607,000
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Hard Cost Contingency (30%)
Soft Cost Contingency (15%)
Total Reach Cost

Contingency

$
$

41,122,000
6,992,000

$

231,794,000
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APPENDIX B: MODELED DIFFERENCES IN FLOOD ELEVATIONS FOR
ALTERNATIVES
The following maps provide visualization of the benefits and impacts of each evaluated
Alternative of flood risk reduction alignments. The maps are a visualization product of
computer simulations with the MIKE 21fm HD hydrodynamic numerical model. A description
of the model application is found in Section 4.2.2 Numerical Flood Modeling of Alternatives.
Map products are only provided for non-preferred alternatives. Products for preferred
alternatives are provided in Section 6. The model version and gate closure settings were
updated for the preferred alternatives. As such, only the preliminary runs outputs are were
excluded in lieu of the final results.
Maps begin on the next page.
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Figure 87: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 1.
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Figure 88: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 3.
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Figure 89: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 5.
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Figure 90: Differences in flood depths for the proxy 100-yr return period coastal storm simulation for Alternative 7.
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EXECUTIVE SUMMARY
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study (CSLRRF) in recognition of increased flood risk and the need for a
holistic strategy to reduce future flood risk within the City. One aspect of the adaptation
strategy approach is the evaluation of coastal flood defense structures. Under the CSLRRF,
such structures were evaluated at what was referred to as the “City-wide” and “neighborhood”
scales. The City-wide scale coastal flood defense system is designed to protect the greater part
of the City from a range of events up to catastrophic storms. This approach comes with costs in
the billions of dollars, as well as technical and environmental challenges. This report focuses on
the identification of possible neighborhood-scale interventions that could serve as alternative
or complimentary protection measures to the City-wide solutions, presents conceptual designs
and costs, and describes the process for evaluating the benefits and drawbacks of various
alternatives.
The neighborhood scale approach is intended t0 explore opportunities to protect specific,
high risk areas of the City. Initially, fourteen areas were considered for neighborhood-scale
structures. Each area is located within areas of higher flood risk within the City as identified
from outputs of the CSLRRF economic flood loss analysis. The initial set was narrowed down
to five areas based on a review of factors including pre-existing projects, site constraints,
environmental impacts, overlap with City-wide structural defenses, and potential cost. A
concept for a coastal flood protection project within each area, called an alignment, was
developed based on a detailed review of site characteristics. Each proposed alignment was then
evaluated across range of metrics including cost, area of reduced flooding, number of protected
buildings, benefit-cost ratio, and potential environmental impacts. Each alignment was also
reviewed to assess if it was complimentary or an alternative to City-wide flood defense
alignments. All alignments are designed to protect against a 50-year (2-percent annual-chance)
coastal flood, with one exception (a portion of the Rudee Heights neighborhood alignment),
which was designed for the 10-year (10-percent annual-chance) coastal flood. An overview of
each of the five proposed alignments is provided below:
1. West of Lesner Bridge – Intended to provide protection to the neighborhoods
between Lynnhaven Inlet and Northampton Boulevard, as well as Shore Drive, a
critical transportation route. Alignment consists primarily of sheetpile floodwall,
with sections of raised roadway and a deployable gate. The alignment leverages
natural features along the Lynnhaven Bay and Pleasure House Creek shorelines.
Costs were estimated at $15.8 million to protect about 637 buildings. Considered
complimentary to the Chesapeake Bay City-wide alignment.
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2. East of Lesner Bridge – Intended to provide protection to the neighborhoods
situated between Long Canal and the Chesapeake Bay as well as Shore Drive, a
critical transportation route. Alignment primarily consists of sheetpile floodwall,
with sections of raised roadway, a levee, and multiple miter gates to maintain
navigability to existing canals. Costs were estimated at $35.5 million to protect about
1,268 buildings. Considered complimentary to the Chesapeake Bay City-wide
alignment.
3. Rudee Heights – Consists of two alignments: The first is along Lake Rudee,
including an alignment of sheetpile floodwall and raised roadway intended to protect
the neighborhoods between Virginia Beach Boulevard and Lake Rudee. The
configuration of the alignment is limited to the 10-yr return period design storm.
The second component is along Lake Wesley, comprised of a raised roadway to
provide protection to neighborhoods to the south. Costs were estimated at $10.8
million to protect about 405 buildings. Considered an alternative to the City-wide
alignment at Rudee Inlet.
4. Ocean Lakes to Pungo – Intended to provide protection to the neighborhoods
from Ocean Lakes to northern Pungo. The alignment would raise sections of
Sandbridge Road and New Bridge Road, then transition to a levee to the east. Two
miter gates would be required at waterway crossings. Costs were estimated at $61.3
million to protect about 2,782 buildings. Considered an alternative to the
Sandbridge City-wide alignment.
5. Alternative Muddy Creek Road – Intended to protect the Muddy Creek Road
corridor. The alignment would raise sections of North Muddy Creek Road and
transition to a levee on the bayside of Muddy Creek Road that would tie into Mill
Landing Road. Two additional small sections of raised roadway to the south would
close additional flood pathways into the protected area. Costs were estimated at
$72.2 million to protect about 695 buildings. This system would be constructed inlieu of the Muddy Creek Road City-wide alignment, and require the Sandbridge Citywide alignment for a tie-in to ensure flood waters do not flank the system.
The proposed neighborhood-scale interventions were found to be less expensive ($10 to 72
million) than previously presented City-wide alternatives (billions) and easier to construct.
They are therefore more achievable on a shorter time scale to address near-term recurrent
flooding within the highest risk neighborhoods of the City. It is important to remember that
neighborhood-scale solutions do not provide adequate flood protection against large,
catastrophic storm events and also have potential for duplication of flood risk reduction if
combined with the larger flood defense systems. Additional work activities are required to
assess project feasibility, including permitting, potential environmental impacts, and potential
integration with other adaptation strategies.
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CVB

City of Virginia Beach (also referred to as the City)
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Federal Emergency Management Agency
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Flood Insurance Study
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1. INTRODUCTION
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding (CSLRRF) Study. The genesis of the study was both in recognition of
increased flooding and the need for a strategic plan to protect the City. The goal was to produce
the needed information and strategies to enable the City to establish long-term resilience to sea
level rise (SLR) and associated recurrent flooding. The City is considering a wide range of
physical protection measures: natural, nature-based, nonstructural, and structural
interventions. This report focuses on the identification of possible neighborhood-scale
interventions, provides conceptual designs and costs, and describes the process for evaluating
the benefits and drawbacks of various alternatives.

1.1. Structural Flood Defenses
The overall flood risk reduction strategy using structural interventions for the City includes
developing solutions to reduce flood risk at three scales – City-wide, Neighborhood, and Site.
These multiple lines of defense help reduce residual risk. The City-wide coastal flood defense
systems are expensive, with costs in the billions, and implementation comes with significant
hurdles such as environmental impacts and permitting. Due to the complexity and scale, they
would also require many years to effectively implement. Smaller engineered defense systems,
that serve as alternatives or complimentary protection measures to the City-wide solutions, can
be designed to address near-term concerns and provide protection from more commonly
occurring coastal storms. A summary of the advantages and disadvantages of the
neighborhood-scale systems is provided below:

Neighborhood-Scale Advantages
• Can be designed and constructed quicker
than City-wide interventions (usually within
5 years)
• Less expensive (millions of dollars)
• Requires minimal use of deployable
structures, maximizing reliability
• Protects from tidal, nuisance, and lower
elevation, higher-frequency events such as
wind events and small tropical storms
• In general, have a higher Benefit-Cost Ratio
(BCR)

Neighborhood-Scale Disadvantages

•

Does not provide adequate flood
protection against high-elevation, lowfrequency events, such as hurricanes
• Potential for duplication of flood risk
reduction if combined with larger
engineered defense systems
• Does not provide any FEMA flood
insurance reduction benefits
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1.2. Level of Flood Protection
A key difference between the City-wide structural and neighborhood flood risk reduction
strategies is the level of flood protection. The City-wide structural flood risk reduction
strategies are designed to reduce flood risks, wherever feasible, from 100-year (yr) (1 percent
annual-chance) coastal storm surge with 3 feet (ft) of SLR and an appropriate level of
freeboard. In the case of the neighborhood structural flood risk reduction strategies, the focus
is to reduce flood risk from recurrent tidal flooding and more commonly occurring storms
ranging from the 10-yr (10 percent annual-chance) coastal flood to the 50-yr (2 percent
annual-chance) coastal flood combined with SLR. This lower level of flood protection in
neighborhood areas could complement the City-wide structural strategies in two ways:
•

Act as the first line of coastal defense in the
near-term protect neighborhood areas
while the City-wide structural strategies
are designed and constructed.

•

Avoid frequent need to close the in-water
storm surge barriers proposed in the Citywide structural alternatives at various
locations, especially during nuisance flood
events.

Recurrent nuisance flooding is driven by a
combination of high tides and minor coastal flood
events. For existing conditions, the National Oceanic
and Atmospheric Administration (NOAA) defines
water level that triggers a coastal flood advisory, also
referred to as the “nuisance” flood elevation, as 2.89
Figure 1: Percent of high tides with nuisance
ft, relative to the North American Vertical Datum of
flooding under existing and future conditions.
1988 (NAVD88) (NOAA 2014). This nuisance flood
value was adjusted with the SLR scenarios and input
into the NOAA Inundation Analysis Tool to assess future changes to the frequency of nuisance
flooding. Figure 1 shows that the percentage of annual high tides that are projected to coincide
with nuisance flooding dramatically increase with SLR. These increasing nuisance flood
concerns highlight the need for redundancy in structural flood protection systems.
Even after construction of the proposed City-wide storm surge barrier at the Lynnhaven Inlet,
several areas may still be exposed to nuisance flooding with 3 ft of SLR, as shown in Figure 2.
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Table 1 shows the number of buildings that are vulnerable from nuisance flood conditions
arising from 1.5 and 3 ft of SLR in the area protected by the Lynnhaven surge barrier.

Figure 2: Buildings exposed to nuisance flood event with 3 ft of SLR within the area protected by the proposed storm surge
barrier across the Lynnhaven Inlet.
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Table 1: Building exposure during nuisance flood event in Lynnhaven Bay.
Condition

Today

2040
1.5 ft SLR

2070
3 ft SLR

MHHW

6 buildings

25 buildings

297 buildings

Nuisance

40 buildings

487 buildings

1,834 buildings

Similar to the above Lynnhaven Bay flood vulnerability analysis, it is anticipated that other
storm surge barrier location from the City-wide alternatives such as Rudee Inlet, Elizabeth
River, and others would show similar vulnerabilities within their area of influence. This
analysis leveraged the coastal modeling simulations performed during the City-wide structural
analysis, along with high tide and small coastal storm flood extents, to help identify
neighborhoods where smaller scale engineered defenses could be implemented to provide
enhanced flood protection. The overall approach is described in detail in the next section.
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2. APPROACH
Development of conceptual flood risk reduction strategies at the neighborhood scale
involved several steps, outlined in Figure 3. The process began by first identifying focus areas
where neighborhood-scale interventions could address existing and future flood risk. The
initial set was narrowed down based on a review of factors including ongoing flood control
projects, site constraints, environmental impacts, potential costs, and overlap with proposed
City-wide structural interventions. A concept for a coastal flood protection project, called an
alignment, along with a Design Flood Elevation (DFE) was developed for each of the five
neighborhood focus areas. Each proposed alignment was then evaluated across a range of
metrics including cost, area of reduced flooding, number of protected buildings, and benefitcost ratio, and potential environmental impacts. Each alignment was also reviewed to assess if
it could be integrated as a complimentary or an alternative to City-wide flood defense
alignments. These steps are further described in the following sections.

Identify Initial
Neighborhood
Focus Areas

Down-Select
Neighborhood
Focus Areas

Develop Structural
Intervention
Toolkit

Develop Design
Flood Elevation
Scenarios

Develop
Conceptual
Designs

Estimate Project
Costs

Evaluate Project
Benefits

Integrate into
Larger Solution Set

Figure 3: Overview of approach for development of neighborhood-scale structural strategies.
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2.1. Identify and Screen Initial Neighborhood Focus Areas
Outputs from the City’s economic flood loss analysis were leveraged to identify the most
vulnerable neighborhood areas. Flood losses associated with future high tide flooding, and
coastal storm surge events ranging from the 10- to 50-yr recurrence interval, with 1.5 and 3 ft
of SLR, were considered. This assessment revealed 14 initial focus areas where neighborhoodscale interventions could be most effective at reducing existing and future flood risk, as shown
in Figure 4. Some of these vulnerable areas are interconnected and span several neighborhoods
within the City.

Figure 4: Map showing initial set of 14 neighborhood areas.
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A high-level screening analysis was performed for each of the 14 areas. A qualitative
approach was used to screen areas across a range of factors, such as:
•

Land ownership

•

Potential for adverse impacts to the built and natural environment

•

Availability of high ground for tie-in of structural line of protection

•

Reasonable costs in consideration of length of structural line of protection and
design elevation required to achieve desired flood protection

•

Existing benefits provided by ongoing projects

•

Potential overlap with City-wide structural defense systems

The results of this screening analysis, along with maps showing the 10- and 50-yr flood
extents with 3 ft of SLR, for each of the initial 14 areas are provided in Section 3 of this report.

2.2. Down-Select Neighborhood Focus Areas
The qualitative assessment performed on the 14 initial neighborhood areas led to
identification of a refined set of five vulnerable areas, listed below and shown in Figure 5.
•

West of Lesner Bridge (Area 2)

•

East of Lesner Bridge (Area 3)

•

Rudee Heights (Area 10)

•

Ocean Lakes to Pungo (Area 12)

•

Muddy Creek Road (Area 14)
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Figure 5: Five neighborhood focus areas selected for development of conceptual structural alignments.
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2.3. Develop Structural Intervention Toolkit
Several types of neighborhood-scale structural interventions were identified. These
interventions, described below, formed the toolkit that the engineering team used to develop
conceptual designs within each of the selected neighborhood areas.
2.3.1. Earthen Levee
Earthen levees are free-standing embankments resistant to water passage and infiltration
that can also serve the dual purpose of vehicular and pedestrian access. Constructed beside a
river or ocean, earthen levees can contain, control, or divert the flow of water to reduce risk of
flooding. They can include grass-covered soils, sand dunes, and even stone revetments but
usually require a water-resistant barrier to prevent floodwaters from seeping through the soil.
Figure 6 shows an example of an earthen levee with dual functionality as flood protection and
roadway.
Advantages

Constraints

• Provides a natural aesthetic
• Long history of use worldwide
• Potential to serve dual functionality such as
an evacuation route and/or roadway
• Typically difficult to damage (dunes are an
exception to this)

• Large footprint
• Longer construction times, especially with
any consolidation requirements
• Difficult to assess condition of hydrophobic
barrier

Figure 6: Highway 4 road levee in Sacramento, California, at the San Joaquin River Delta, Courtesy of AirTalk.
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2.3.2. Floodwalls
Floodwalls are narrow, free-standing barriers that stand between low-lying areas and
neighboring waterways, inland streams, or rivers. While relatively low cost, they are
aesthetically imposing, and often block access to the waterways they border. An example of a
floodwall structure, located in Norfolk, VA, is shown in Figure 7.
Advantages
• Small footprint
• Can be constructed as curb or safety
wall where level of flood protection is
relatively low
• Relatively quicker construction than
other types of permanent floodwall
structures

Constraints
• Likely to stand out from their
surroundings
• Higher DFE and design load criteria
increases cost exponentially

Figure 7: Floodwall in Norfolk, VA, courtesy of Dewberry.
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2.3.3. Seawalls
Seawalls are typically seen around industrial areas like ports or harbors, with the capability
of supporting significant loads above the structure as well as provide protection from coastal
storm surge and waves. While typically costly, they allow for minimal aesthetic impact from the
landward side and often provide a recreational amenity. An example of the existing seawall
along the Resort Area in Virginia Beach is show in Figure 8.
Advantages
• Small footprint
• Provides both flood risk reduction and
erosion control
• Potential to integrate an elevated
roadway or pedestiran walkway adjacent
to structure

Constraints
• Constant exposure to marine environment
and tidal action leads to shorter structure
lifespan
• Limitations on structure height above
upland portion
• Significant disruption to existing
structures if tieback connections are
required

Figure 8: Integrated boardwalk-seawall in Virginia Beach, courtesy of VA Beach’s Public Works Coastal Engineering Section.
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2.3.4. In-Water Miter Gates
Navigation locks are historically the most prevalent in-water flood control structure
worldwide, and they are a good choice for any water body crossing that does not exceed the
recommended overall width of the gate. The miter gate is the most common navigation lock
historically and today. This gate is named for the unique closing mechanism of the two gate
doors and prevents intrusion of floodwaters using the gate doors as shown in Figure 9.
Advantages

Constraints

• Construction is relatively simpler than
other types of in-water gate typologies
• Gates have a relatively quick
deployment time (<20 minutes)
• Gates do not affect vertical navigational
clearance
• Simple operation

• Limited to widths of 100 ft
• Maintenance typically requires gates in
‘closed’ position
• Level tracks on waterway bottom
required
• Siltation/debris buildup may prevent
gates from opening immediately after
storm event

Figure 9: Miter lock gates at Cremona Ship Canal, Italy, courtesy of the Baruzzi Company.
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2.3.5. Inland Flood Logs
There are several types of deployable flood barriers, all requiring a significant long-term
storage area when not in use and a significant manpower commitment before the storm event.
Inland flood logs are shown being deployed in Figure 10. Depending on the size of the flood
logs, it may require major mechanical and electrical equipment to deploy. It also requires a
significant lead time to permit a full and adequate deployment.
Advantages
• Small footprint
• Minimal impact when not deployed
(other than storage)
• System may have warranty through
manufacturer
• Can provide very localized protection

Constraints
• Long deployment time (>hours,
potentially >day)
• Requires crew of laborers for
deployment
• Units require accessible, nearby storage
– potentially a large volume of storage
• Incorrect deployment can lead to failure
of the whole system

Figure 10: Flood log system during deployment at 17th Street in Washington, DC, courtesy of the U.S. Army Corps of
Engineers (USACE).
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2.3.6. Inland Rolling and Swing Gates
Inland rolling and swing gates can appear as standard security gates when open. An
example of an inland rolling gate is shown in Figure 11 and an example of swing gates is shown
in Figure 12. These gates remain open until they need to be closed before a storm event. These
gates typically run on tracks and seal with a deployable gasket once fully closed. These types of
gates are typically constructed in-line or across floodwalls to allow access to critical
infrastructure areas.
Advantages
•
•
•
•

Small footprint
Can double as a security gate
Rapid deployment time (<20 minutes)
Minimal disruption to infrastructure
when open
• Often used across roadways and rail
tracks

Constraints
• Requires full-length track for storage
along alignment
• Requires regular maintenance and
operation to avoid failure during actual
deployment

Figure 11: Inland rolling gate in downtown Norfolk, courtesy of Dewberry.
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Figure 12: Inland swing gate in downtown New Orleans, courtesy of Dewberry.

2.4. Develop Conceptual Designs and Evaluate Project Costs and Benefits
The next step was to conceptualize how to implement flood protection at each of the five
selected neighborhood focus areas. This process involved establishing DFE scenarios,
developing conceptual designs, estimating project costs and benefits, and evaluation of
strategies as complimentary or alternative solutions to the City-wide flood defense alignments.
These steps are further described below, and results of this analysis for each neighborhood area
are presented in Section 4.
2.4.1. Establish Design Flood Elevation Scenarios
The DFE corresponds to the top elevation of the structural intervention, and is typically
measured as the height above NAVD88. The DFE value varies based on the desired level of
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flood protection. The established DFE scenarios for the neighborhood-scale strategies ranged
from the 10- to 50-yr coastal storm surge elevations with SLR, as shown in Table 2.
Table 2: Design flood elevation (DFE) scenarios considered for neighborhood intervention development.
Design Flood Elevation (DFE) Scenario

DFE Criteria

DFE Scenario A

10-yr coastal storm surge + 1.5 ft SLR

DFE Scenario B

50-yr coastal storm surge + 1.5 ft SLR

DFE Scenario C

10-yr coastal storm surge + 3 ft SLR

DFE Scenario D

50-yr coastal storm surge + 3 ft SLR

The 2015 FEMA Flood Insurance Study (FIS) report for the City of Virginia Beach (FEMA,
2015) provided the coastal stillwater elevation (SWEL) values in NAVD88 datum for the 10-yr
and 50-yr storm events. The SWEL values for these storm events vary within the City, but in
general the 10-yr SWEL values range from 2.1 to 5.2 ft NAVD88, whereas the 50-yr SWEL
values range from 3.5 to 6.2 ft NAVD88. Since the neighborhood flood risk reduction strategies
are not designed to meet FEMA’s levee certification requirements, these DFE scenarios do not
include freeboard requirements. However, during the calculation of DFEs in various
neighborhoods, the DFE values were rounded to the nearest half or full foot increments, which
would provide some minimal freeboard. Because most of the neighborhood areas under
consideration are located inland and away from the oceanfront, it was assumed that any wave
impacts would be minimal. It is recommended that a review be conducted of any potential
wave impacts in the chosen neighborhoods.
2.4.2. Develop Conceptual Designs
Considering site constraints and the DFE scenarios, the engineering team developed
alignments for each neighborhood area. This was an iterative process, where several choices for
alignments and applications of the structural toolkit were considered and discussed with the
City. These discussions led to the final proposed alignments, which are shown in Figure 13.
These alignments were used to develop conceptual designs and cost estimates within each
neighborhood area.
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Figure 13: Five proposed neighborhood-scale structural alignments.

Conceptual design involved a more detailed analysis of site conditions data, such as
geotechnical parameters, to determine approximate dimensions of the interventions.
Geotechnical analysis using representative subsurface geotechnical data collected from several
projects within the City were used to develop preliminary estimates on the required
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configuration for proposed permanent intervention typologies such as sheetpile floodwall and
earthen levee.
Seepage and stability analysis verified that a chosen set of intervention configurations
(length, width, and material type) meets the required factors of safety as required by EM 11102-1913 Design and Construction of Levees, and EM 1110-2-2502 Retaining and Floodwalls.
Figure 14 shows representative examples of a seepage analysis performed on a sheetpile
floodwall and earthen levee system with a clay core.
Appendix A provides information on the conceptual geotechnical analysis and results that
were used to determine the appropriate typical configuration for structural interventions. The
geotechnical analysis does not represent actual site conditions in each neighborhood area, nor
does it negate the requirement for site-specific geotechnical investigation and other
engineering investigations required by various codes and regulations.

Figure 14: Representative examples of seepage analysis performed on a sheetpile floodwall (left) and earthen levee with clay
core (right) to determine approximate configurations for structural interventions.

A qualitative assessment was performed along each alignment and chosen intervention
typology to determine potential impacts such as vehicular and pedestrian circulation,
environmental effects, visual aesthetics, and other factors. As a pilot example, a 3-dimensional
(3-D) modeling program was used to place the alignment and chosen intervention typology
into one of the neighborhood areas and assess the impacts, especially on visual aesthetics.
Figure 15 shows an example on the 3-D model developed to demonstrate integration of a
sheetpile floodwall along Shore Drive crossing over Pleasure House Creek.
It is important to emphasize that the alignments and choice of interventions presented in
Section 4 are preliminary and do not represent the final recommended solution. Further
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assessment is required to access project feasibility, constructability, and other unknowns. The
operational requirements of deployable systems, such as the criteria for opening/closing of
gates, will determine which of the proposed alignments are practical. Additional
considerations, such as available right-of-way, real estate easement requirements,
environmental impacts, and permitting requirements associated with each alignment, could
impact the choice of alignment and intervention typologies.

Figure 15: Representative example of a 3-D model created to demonstrate integration of a sheetpile
floodwall into a neighborhood area.

2.4.3. Estimate Project Costs
A rough order of magnitude cost estimate was developed for each conceptual project
design. The estimate represents an approximate equivalent to the Association for the
Advancement of Cost Engineering, Class 5 estimate for conceptual engineering phase. Unit
costs were developed from readily available state and federal cost references. The following
assumptions were made for development of cost estimates:
•

Sheetpile floodwall structure costs were developed using Virginia Department of
Transportation (VDOT) all-inclusive average unit costs for the materials needed for the
flood risk reduction structure
(http://www.virginiadot.org/business/resources/const/DistrictAverages.pdf).
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•

Where VDOT records do not have a similar structure to price (such as miter gates or
flood logs), the estimate is based on the City-wide study methods for cost estimation.

•

Does not include property acquisition or real estate costs associated with the required
Right-of-Way along the alignment.

•

Does not include any demolition or initial site development costs along the alignment.

•

Does not include any annual operations and maintenance costs typically associated with
deployable closure structures. 1

•

Does not include any potential impacts to underground utilities.

•

Does not include costs associated with property acquisition and/or establishment of
easements.

•

Does not include any major environmental mitigation requirements associated with
various interventions such in-water gate structures.

It should be noted that inclusion of any of the above items could increase the cost and
reduce the Benefit-Cost Ratio (BCR). The following design decisions were made to allow for
development of cost estimates:
•

Alignments crossing major water bodies would require a miter gate type configuration,
whereas, if crossing a smaller water body, a culvert with a backwater flow prevention
device would be required. Costs associated with culvert and backwater flow prevention
devices were assumed to be equal to the floodwall costs.

•

Cost estimates were based on linear feet (ft) of the alignment and the unit cost of the
intervention typology for each segment along that alignment.

•

Varying heights of the intervention based on topography along the alignment were not
considered; however, the average height of in-water intervention typology was
calculated for cost estimates.

•

Additional inland deployable closure structures may be needed in the future for access
and emergency purposes, which are currently not shown along the alignment.

Such costs are typically around 1 to 3 percent of total constructions costs (i.e., Aerts, 2018) and do not affect
the initial feasibility assessment.
1
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Capital costs per unit length were calculated in 2018 dollars to provide a direct comparison
to the City-wide structural defense analysis. The methodology for estimating soft costs and
contingencies (both hard cost and soft cost) similar to the City-wide analysis was used and is
provided below for reference.
•

Hard construction costs: These costs include the materials, labor, mobilization,
and finishing of the major design elements (floodwalls, gates, levees, elevated
roadways). These costs do not include the individual pump stations required to lower
the water level before a major storm event and remove rainwater during the storm
event, operating costs, procedural costs, or other elements beyond the scope of this
report. Pump costs have been excluded at this time due to the significant variability
in costs based on determination of sizing and operating procedures, which were not
included in this effort.

•

Construction cost contingency: Hard construction cost contingencies were set
at 30% for all locations and are inclusive of weather delays, variations in material
costs, unforeseen construction obstructions, and similar project delays that could not
have been avoided through standard best management practices. This contingency
does not include any foreseeable design elements.

•

Soft construction costs: Soft construction costs are fees associated with site
investigations and design, environmental assessment and permitting, construction
management, and other components of construction such as drainage improvements
and utility relocation. These costs are further described below.
o Site investigations and design: This includes costs associated with site
investigation activities such as topographic and bathymetric surveys, utility
surveys, geotechnical borings, and other investigation activities as determined
by the Engineer of Record. Design costs include a feasibility study,
preliminary and final design, and design services during construction. The
costs associated with site investigation and design is assumed to be 10% of
hard costs (before contingency).
o Environmental assessment and mitigation: This includes any required studies
to perform an Environmental Impact Statement (EIS) and minor mitigation
design required for the overall flood risk reduction system. In most cases,
since the alignments fall within the footprint of existing wetlands or similarly
protected areas, it is assumed an EIS will be required. The cost for the
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environmental assessment and related mitigation work is assumed to be 15%
of hard costs (before contingency).
o Drainage improvements: Various drainage improvements will be required
along the flood risk reduction alignment including potentially rerouting
runoff, backflow prevention, and other actions. This does not include the
installation of new pump stations. The cost of drainage improvements was
assumed to be 7% of hard costs (before contingency).
o Utility relocation: The interventions along each alignment could potentially
interfere with existing utilities such as sewer, electric, telephone, gas, cable,
and others and may require potential rerouting or adjustments. The cost for
minor utility-related activities that exclude any major utility relocation items
such as sewer interceptor was assumed to be 2% of hard costs (before
contingency).
•

Soft cost contingency: An additional 15% contingency was added to soft costs.

Appendix B provides a summary of the unit costs and cost estimates for a flood risk
reduction system in each of the chosen neighborhood areas.
2.4.4. Evaluate Project Benefits
For each neighborhood-scale structural alignment, flood risk reduction benefits were
estimated. Benefit metrics included reduction in floodplain area, counts of protected buildings,
and estimated prevented flood damages to buildings.
The potential reduction in floodplain for each alignment was evaluated through a simple
GIS analysis, where the area of the floodplain on the protected side of the alignment was
isolated. This “protected area” floodplain was then overlaid with the City building footprint and
parcel datasets to generate counts of protected buildings and parcels. Next, outputs of the
CSLRRF economic flood loss analysis were used to estimate avoided building and content flood
damages. The Average Annualized Loss (AAL) estimate was used, which represents the average
expected flood losses across all return periods for each individual building in the City for any
given year. For flood conditions equal to or less than the established DFE, losses were set to
zero. Losses for flood conditions above the DFE, which represent conditions where the
alignment is overtopped, were retained. Losses from all return periods were then re-annualized
given the respective flood probabilities to estimate the AAL with the project in place. This
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provides an estimate of remaining risk – also known as residual risk. The difference between
“With project” and “Without project” AALs provides the project benefits.
2.4.5. Integrate into Larger Solution Set
Although the proposed neighborhood-scale structural defense system protects high risk
areas in the City from nuisance flooding and commonly occurring coastal storms, there are still
neighborhoods that remain unprotected. Each alignment was reviewed to assess if it should be
considered as a complimentary protection measure or an alternative solution to City-wide
flood defense alignments. These recommendations are presented in Section 4. Additional
research is required to integrate the proposed neighborhoods-scale structural interventions
alongside other adaptation layers in order to comprehensively address flood risks. For
examples, integrating natural features such as living shorelines into the conceptual project
design could enhance the performance and provide a recreational amenity to the neighborhood
structural interventions. Furthermore, the individual building/parcel-level strategies, such as
building elevation or voluntary acquisition, could be explored to reduce residual risk as a
complimentary flood mitigation strategy to the neighborhood and City-wide structural
alternatives. Please refer to the City’s Individual Building and Site-Level Flood Risk Reduction
Strategies report for more information (CVB 2019b).

Neighborhood Structural Strategies for Coastal Flood Risk Reduction | 23

3. SCREENING OF INITIAL NEIGHBORHOOD FOCUS AREAS
This section provides additional details on the initial 14 neighborhood focus areas that were
identified as candidates for development of neighborhood-scale structural interventions. As
mentioned previously, each of these areas was screened using a qualitative approach across a
range of factors such as key flood entry points, land ownership, and overlap or potential to
enhance ongoing or proposed flood risk reduction projects.

3.1. Area 1 – Little Creek Joint Expeditionary Base
The Little Creek Joint Expeditionary Base and surrounding vulnerable neighborhood areas
are shown in Figure 16. Little Creek Inlet provides a key entry point for flood waters into this
area. Without considering construction of a storm surge barrier at the Little Creek Inlet as an
option, the only land-based flood risk reduction system would require structural interventions
located primarily on federal military property. Due to complexities involved in coordination
with the U.S. Navy operations on the base, and the fact that it was included in the Joint Land
Use Study (JLUS) completed by the Hampton Road Planning District Commission (HRPDC),
this area was not chosen for further assessment.

Figure 16: Site conditions and flood vulnerability in Area 1 – Little Creek Joint Expeditionary Base.
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3.2. Area 2 – West of Lesner Bridge
There are several interconnected neighborhoods to the west of Lesner Bridge that are highly
vulnerable to flooding, as shown in Figure 17. A substantial portion of Shore Drive that
provides access to these neighborhoods and also serves as a critical evacuation route, is
particularly vulnerable to flooding. A qualitative assessment of conditions in this study area
and DFE scenarios revealed potential locations for a flood risk reduction system within this
area. Following discussions with the City on the qualitative assessment, this area was selected
for further analysis and assessment of potential flood risk reduction system solutions.

Figure 17: Site conditions and flood vulnerability in Area 2 – West of Lesner Bridge.
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3.3. Area 3 – East of Lesner Bridge
East of Lesner Bridge and extending south to include Bay Island, there are several
interconnected neighborhoods that will become increasingly vulnerable to flooding, as shown
in Figure 18. Furthermore, this area also includes vulnerable portions of Shore Drive, which is
one of the two access roads to the Joint Expeditionary Base Fort Story, thus making this
roadway critically important for serving federal defense facilities. A qualitative assessment of
the study area conditions and DFE scenarios revealed potential locations for a flood risk
reduction system. Following the discussions with the City on the qualitative assessment, this
area was selected for further analysis and assessment of potential flood risk reduction system
solutions.

Figure 18: Site conditions and flood vulnerability in Area 3 – East of Lesner Bridge and Bay Island.
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3.4. Area 4 – First Landing State Park
A large portion of First Landing State Park is vulnerable to flooding during nuisance flood
events and commonly occurring storm events. This area is largely undeveloped and dominated
by maritime forests and marshes that benefit from sediment input during these storm events.
For these reasons, this area was not selected for further assessment.

Figure 19: Site conditions and flood vulnerability in Area 4 – First Landing State Park.
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3.5. Area 5 – North Virginia Beach
Portions of the neighborhoods located along the North End will become increasingly
vulnerable to flooding from commonly occurring coastal storms. A portion of this study area
includes low spots in the topography between the northern Oceanfront region and the First
Landing State Park. This low-lying area is connected via the stormwater outfall system to First
Landing State Park and thus could be subject to nuisance flooding events, especially with SLR.
However, the pump stations that were installed along 61st Street and 79th Street will provide
flood risk reduction benefits. Following discussions with the City on the benefits provided by
these completed projects, this area was not selected for further assessment.

Figure 20: Site conditions and flood vulnerability in Area 5 – North Virginia Beach.
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3.6. Area 6 – Elizabeth River Neighborhoods
Vulnerable neighborhoods along the Eastern Branch of the Elizabeth River are shown in
Figure 21. Neighborhood-scale protection of this area would require lengthy inland-based
structural interventions along with numerous deployable closure structures. This type of flood
defense network would be costly and difficult to maintain and operate successfully, especially
to manage nuisance flood events. The City-wide study proposes a storm surge barrier along the
Eastern Branch of the Elizabeth River, which would protect this area the 100-yr flood event
with 3 ft of SLR. Following this qualitative assessment and after discussions with the City, this
area was not selected for further assessment.

Figure 21: Site conditions and flood vulnerability in Area 6 – Elizabeth River neighborhoods.
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3.7. Area 7 – North and West of Mount Trashmore Park Neighborhoods
There are several neighborhoods, located both north and west of the Norfolk-Virginia
Beach Expressway (I-264), that will become increasingly vulnerable to flooding during
commonly occurring coastal storms. These areas are relatively flat, and vulnerable to both
coastal and rainfall flooding. The City’s ongoing studies in nearby Windsor Woods, Princess
Anne Plaza, and The Lakes neighborhood are currently investigating solutions to reduce flood
risk to areas to the south of I-264. Once these projects are complete, the City could explore
opportunities for flood risk reduction interventions to the north of I-264. Following
discussions with the City, this area was not selected for further assessment.

Figure 22: Site conditions and flood vulnerability in Area 7 – North and West of Mount Trashmore Park neighborhoods.
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3.8. Area 8 – South and East of Mount Trashmore Park Neighborhoods
Several vulnerable neighborhoods located both south and east of Mount Trashmore Park
are outlined in Figure 23. The neighborhoods in this general area will benefit from the City’s
ongoing flood risk reduction projects in the Windsor Woods, Princess Anne Plaza and the
Lakes area. Following discussions with the City on potential duplication of project benefits, this
area was not selected for further assessment.

Figure 23: Site conditions and flood vulnerability in Area 8 – South and East of Mount Trashmore Park neighborhoods.
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3.9. Area 9 – South East Lynnhaven Bay Neighborhoods
Vulnerable neighborhoods surrounding the southern extent of the Eastern Branch of the
Lynnhaven River and portions of London Bridge Creek are shown in Figure 24. The qualitative
assessment of the study area conditions revealed that significant nuisance flooding would
occur throughout the undeveloped parcels in this study area. Reducing this flood risk would
require significant structural interventions as part of a flood risk reduction system with
excessive costs crossing into a healthy and established marsh habitat. Following this qualitative
assessment and discussions with the City, this area was not selected for further assessment.

Figure 24: Site conditions and flood vulnerability in Area 9 – South East Lynnhaven Bay neighborhoods.
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3.10. Area 10 – Rudee Heights and Oceanfront
The Rudee Heights neighborhood, along with several neighborhoods surrounding the
Resort Area Oceanfront are vulnerable to flooding, as shown in Figure 25. Rudee Inlet and
Little Neck Creek are two locations that serve as key flood pathways for common coastal storm
events that inundate major commercial corridors and residential communities that surround
these waterbodies. The majority of the residential communities and commercial properties
located in the northern section of Rudee Inlet, especially along Lake Rudee and Lake Holly, are
vulnerable to flooding from the 10-yr storm with 3 ft of SLR whereas the communities located
in neighborhoods south of Rudee Inlet, especially south of Lake Wesley, are vulnerable to
flooding from the 50-yr storm with 3 ft of SLR.
A qualitative assessment of the study area conditions and DFE scenarios revealed potential
locations for a flood risk reduction system. Following the discussions with the City on the
qualitative assessment, this area was selected for further analysis and assessment of potential
flood risk reduction system solutions.

Figure 25: Site conditions and flood vulnerability in Area 10 – Rudee Heights and Oceanfront.
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3.11. Area 11 – Woodhouse Corner
Vulnerable areas within the Woodhouse Corner neighborhood are shown in Figure 26. The
residential properties located within low-lying areas bordered by marshes, are exposed to
flooding originating from Back Bay and Lynnhaven Bay. Reducing this flood risk would require
significant structural interventions as part of a flood risk reduction system with excessive costs
crossing into the naturally existing habitat. Following this qualitative assessment and
discussions with the City, this area was not selected for further assessment.

Figure 26: Site conditions and flood vulnerability in Area 11 – Woodhouse Corner.
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3.12. Area 12 – Ocean Lakes to Pungo Neighborhoods
The neighborhoods between Ocean Lakes to northern Pungo are highly vulnerable to
existing and future flood conditions, as shown in Figure 27. These neighborhoods experience
frequent recurring wind-driven flooding originating from Back Bay. A qualitative assessment of
the study area conditions and DFE scenarios revealed potential locations for a flood risk
reduction system. The area has relatively large expanses of open space where structural
interventions, such as earthen levees, could be constructed. Following discussions with the City
on the qualitative assessment, this area was selected for further analysis and assessment of
potential flood risk reduction system solutions.

Figure 27: Site conditions and flood vulnerability in Area 12 – Ocean Lakes to Pungo neighborhoods.
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3.13. Area 13 – Sandbridge
The low-lying portions of the Sandbridge Resort neighborhood, located between Back Bay
and the Atlantic Ocean, are highly vulnerable from flooding originating from Back Bay, as
shown in Figure 28. Availability of land for construction of structural interventions is minimal
in this area given the private docks on the canals along the back side of Sandbridge.
Furthermore, this area was reviewed as part of the City-wide study, which included a
combination of land- and water-based structural interventions as part of the flood risk
reduction solution for this community. Following this qualitative assessment and discussions
with the City, this area was not selected for further assessment.

Figure 28: Site conditions and flood vulnerability in Area 13 – Sandbridge.
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3.14. Area 14 – Muddy Creek Road Neighborhoods
Vulnerable neighborhoods surrounding Muddy Creek Road are shown in Figure 29. This
area experiences frequent wind-driven recurring flooding originating from Back Bay. A
qualitative assessment of the study area conditions and DFE scenarios revealed potential
locations to implement a flood risk reduction system. This area has relatively large expanses of
open space where structural interventions, such as earthen levees, could be constructed.
Following discussions with the City on the qualitative assessment, this area was selected for
further analysis and assessment of potential flood risk reduction system solutions

Figure 29: Site conditions and flood vulnerability in Area 14 – Muddy Creek Road neighborhoods.
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4. ANALYSIS RESULTS AND CONCEPTUAL DESIGNS WITHIN
SELECTED NEIGHBORHOOD AREAS
As described in Section 2, an iterative approach determined the appropriate DFE,
alignment, and appropriate intervention typologies for each of the five selected neighborhood
areas (Areas 2, 3, 10, 12, and 14). A summary of design characteristics, estimated costs,
benefits, and potential impacts of the conceptual alignments within these areas is provided in
Table 3. Detailed analysis for each neighborhood area follows.
Table 3: Summary of proposed flood risk reduction system in the five studied neighborhood areas.
West of Lesner
Bridge (Area 2)

East of Lesner
Bridge (Area 3)

Approx. Alignment
Length (ft)

Rudee
Heights (Area
10)

Ocean Lakes
to Pungo
(Area 12)

Muddy Creek
Road (Area
14)

5,970 ft

10,510 ft

4,200 ft

28,730 ft

48,130 ft

Design Storm
Criteria and DFE (ft
NAVD88)*

50-yr + 1.5 ft
SLR = 8 ft
NAVD88

50-yr + 1.5 ft
SLR = 8 ft
NAVD88

50-yr + 3 ft
SLR = 8.5 ft
NAVD88

50-yr + 3 ft
SLR = 7 ft
NAVD88

Floodwall,
deployables,
raised roadway

Floodwall,
deployables,
levee, raised
roadway

10-yr to 50-yr
+ 3 ft SLR = 8.5
to 10 ft
NAVD88
Floodwall,
raised
roadway

Levee,
deployables,
raised
roadway

Levee,
deployables,
raised
roadway

Minor

Moderate

Minor

Major

Major

637

1,268

405

2,782

695

225 acres

523 acres

1,485 acres

5,395 acres

7,644 acres

$15.8 M

$35.5M

$10.8M

$61.3M

$72.2M

$30.5M

$61.3M

$39.8M

$323.3M

$222.8M

1.93

1.73

3.70

5.28

3.09

Yes

Yes

No

No

No

Characteristics

Intervention
Typologies
Anticipated
Environmental
Impacts
Structures Protected
Reduced Floodplain
(acres)
Approx. Project
Costs (2018)
Project
Benefits **
Benefit-Cost Ratio
(BCR)
Complimentary to
City-wide
Interventions?***

* DFE values are rounded up to the nearest half foot.
** Excludes displacement, disruption, social and environmental benefits; also it assumes a useful life of 40 yrs for the
proposed flood risk reduction system.
**Yes = Complimentary to City-wide defense system, No = New alternative in lieu of City-wide defense system.
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4.1. West of Lesner Bridge Neighborhood Defense System
This section presents the conceptual design for the West of Lesner Bridge neighborhood
defense system. The proposed alignment represents the first portion of a neighborhood flood
defense, and could provide protection to vulnerable neighborhoods located between
Lynnhaven Inlet and Northampton Boulevard, as well as portions of Shore Drive itself, which
serves as a hurricane evaluation route and critical roadway for serving federal defense facilities.
Together with the East of Lesner Bridge alignment (see Section 4.2), this neighborhood defense
system could serve as a complimentary strategy to the Chesapeake Bay City-wide alignment.
4.1.1. Conceptual Design
General site characteristics and DFE scenario values for the West of Lesner Bridge
neighborhood area are summarized in Table 4. Topographic data was used to identify high
ground that meets or exceeds various DFE scenarios. High ground elevations ranging between
7 and 8 ft NAVD88 are located in the Shore Drive embankment near Lesner Bridge and at the
Pleasure House Creek crossing. With a goal of minimizing environmental impacts and
maximizing use of available high ground as tie-in locations, a DFE of 8 ft NAVD88,
corresponding to a 50-yr coastal storm surge with 1.5 ft of SLR, was selected as an appropriate
level of protection.
Table 4: General site conditions and flood vulnerability assessment for West of Lesner Bridge.
General Characteristics

West of Lesner Bridge Neighborhood Area

Study area
(acres/square miles [mi2])
Average range of topography elevations in
(ft NAVD88)

1,273 acres / 2 mi2
3 – 10 ft

Watershed location

Lynnhaven

DFE scenario range (A to D)
(ft NAVD88)

DFE A – 10-yr + 1.5 ft SLR = 6.7 ft (7.0 ft)
DFE B – 50-yr + 1.5 ft SLR = 7.7 ft (8.0 ft)
DFE C – 10-yr + 3 ft SLR = 8.2 ft (8.5 ft)
DFE D – 50-yr + 3 ft SLR = 9.2 ft (9.5 ft)

Calculated and rounded values provided
Floodplain area affected by 1.5 ft SLR + 50-yr surge
(acres)
Number of buildings and parcels affected from 1.5 ft
SLR + 50-yr surge

225 acres
Buildings – 637
Parcels - 980
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The proposed alignment, shown in Figure 30, consists primarily of a sheetpile floodwall
with sections of raised roadway and a deployable gate. Due to space constraints in the study
area, the steel sheetpile floodwall was chosen as the primary intervention as it would require
minimal space. While the proposed alignment does minimize water crossings, there are
culverts underneath Shore Drive that would require a backflow prevention system to protect
the neighborhood from nuisance and coastal storm surge flood events.
The majority of the alignment follows along existing roadways such as Shore Drive and
Marlin Bay Drive. To minimize impacts to the Pleasure House Point Natural area, the
alignment follows the backyard fence line of houses located along Chesterfield Avenue. Where
the alignment crosses Lynnhaven Promenade, Dinwiddie Road, and Marlin Bay Drive, raised
roadways could be used. While environmental impacts are minimized, visual impacts include
reduced or eliminated waterfront views, as some of the existing structures are located around
an elevation of 3 ft NAVD88 based on existing LiDAR topographic data. Another challenge is
the need for protection along the backside of the houses facing the shoreline to the east of
Tazewell Road. Deployable closure structures such as flood logs or gates would be required to
maintain access to the waterfront but also provide flood protection. It is anticipated that this
portion of the alignment would require significant human intervention to ensure that each
deployable structure is installed properly prior to a coastal storm event. The upland tie-in
location for this alignment would be at the embankment of Lesner Bridge and would pass
through the Lynnhaven Boat and Beach Facility parking lot. A portion of the parking lot’s
existing grade would need to be raised one-foot to meet the chosen DFE of 8 ft NAVD88.

Figure 30: Alignment and interventions for West of Lesner Bridge neighborhood area.
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A geotechnical analysis consisting of seepage and stability analysis was performed to
determine the approximate configuration of the steel sheetpile floodwall. The analysis indicates
that an approximate length of 35 ft of sheetpile floodwall would be required to meet or exceed
the recommended factors of safety for seepage and stability. A site specific geotechnical
analysis with geotechnical data would be required in the future to confirm the floodwall
configuration chosen for this area. Appendix A provides additional details on the geotechnical
analysis performed for this area.
4.1.2. Construction Costs and Project Benefit Analysis
The overall cost for this system is approximately $15.8 million (in 2018 dollars). These costs
are broken down in Table 5. These costs could vary significantly in the future as site conditions
can change over time along with choice of intervention typologies and their associated costs.
Table 5: Estimated project costs for West of Lesner Bridge neighborhood flood risk reduction system.
Intervention
Typology

Approx.
Length (ft)

Soft
Construction
Cost

Contingencies
(Hard + Soft)

Total Cost

Sheetpile
floodwall

Hard
Construction
Cost

5,700

$8,933,404

$3,037,357

$3,135,625

$15,106,386

Deployable
closure structures

70

$314,417

$106,902

$110,360

$531,679

Raised roadway
as a levee

200

$103,827

$35,301

$36,443

$175,571

TOTAL

5,970

$9,351,648

$3,179,560

$3,282,428

$15,813,636

Project benefits, including amount of reduced floodplain, count of protected buildings, and
annualized flood losses avoided are presented in Table 6. Assuming an average design life of 40
yrs, the total project benefits would be around $30.5 million with the BCR projected to 1.9.
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Table 6: Project characteristics and benefits from West of Lesner Bridge neighborhood flood risk reduction system.
Characteristic

Benefits

Reduced floodplain

225 acres

Protected buildings

637

Without project annualized losses

$3.1 million

With project annualized losses avoided

$2.3 million

Residual annualized losses after project

$0.8 million

4.1.3. Integration with Other Strategies
It is anticipated this neighborhood flood risk reduction system would be complementary to
the proposed Chesapeake Bay City-wide alignment. Although the level of protection and
project benefits from this neighborhood system are lower than those provided by the
Chesapeake Bay City-wide alignment, this system is less expensive and achievable on a shorter
timeline. This solution would offer near-term protection and address residual risk associated
with nuisance flooding and commonly occurring coastal storms, even with the Chesapeake Bay
City-wide alignment in place.
Furthermore, this project could be combined with the East Lesner Bridge neighborhoodscale flood protection project (see Section 4.2). Together, these two projects could provide
protection to Shore Drive, which is a critical hurricane evacuation route, along with providing
flood risk reduction benefits for residents and businesses along the Shore Drive corridor.

4.2. East of Lesner Bridge Neighborhood Defense System
This section presents the conceptual design for the East of Lesner Bridge neighborhood
defense system. The proposed alignment represents the second portion of a neighborhood
flood defense system, that could provide protection to vulnerable neighborhoods located
between Lynnhaven Inlet and the western side of First Landing State Park, as well as portions
of Shore Drive itself, which serves as a hurricane evaluation route and critical roadway for
accessing Joint Expeditionary Base-Fort Story. Together with the West of Lesner Bridge
alignment (see Section 4.1), this neighborhood defense system could serve as a complimentary
strategy to the Chesapeake Bay City-wide alignment.
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A conceptual alignment was also evaluated to protect the Bay Island community. A review
of site conditions including topography and availability of high ground revealed very limited
availability of land to construct a reliable flood protection system with minimal number of
deployable closure structures. Approximately 21,000 ft (4 miles) of flood protection structures
would be required surrounding the low-lying shoreline of the Bay Island neighborhood.
Furthermore, this alignment would require at least five in-water type gates along with
numerous deployable structures to maintain homeowner access to private docks. There would
be a need for significant human intervention to ensure that each deployable structure is
installed properly prior to a coastal storm event. Furthermore, this proposed alignment and
interventions would lead to a significant impact to existing neighborhood character and would
disrupt existing quality of life of the residents. Therefore, this alignment was not explored in
further detail.
4.2.1. Conceptual Design
General site characteristics and DFE scenario values for the East of Lesner Bridge and Bay
Island neighborhood area are summarized in Table 7. Topographic data was used to identify
high ground that meets or exceeds various DFE scenarios. High ground elevations ranging
from 7 to 8 ft NAVD88 are located in the Shore Drive embankment near Lesner Bridge and in
the First Landing State Park area. In the Bay Island neighborhood, a high ground elevation of
around 7 ft NAVD88 is located south of North Great Neck Road bridge over Broad Bay/Long
Creek and in the eastern portion of Bay Island. With a goal of minimizing environmental
impacts and maximizing use of available high ground as tie-in locations, a DFE of 8 ft
NAVD88, corresponding to a 50-yr coastal storm surge with 1.5 ft of SLR, was selected as an
appropriate level of protection.
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Table 7: General site conditions and flood vulnerability assessment for East of Lesner Bridge and Bay Island.
General Characteristics

East of Lesner Bridge and Bay Island Neighborhood
Area

Study area (acres/mi2)

1,590 acres / 2.5 mi2

Average range of topography elevations in
(ft NAVD88)

2 ft to 10 ft

Watershed location

Lynnhaven

DFE scenario range (A to D)
(ft NAVD88)
Calculated and rounded values provided

DFE A – 10-yr+ 1.5 ft SLR = 6.7 ft (7.0 ft)
DFE B – 50-yr + 1.5 ft SLR = 7.7 ft (8.0 ft)
DFE C – 10-yr + 3 ft SLR = 8.2 ft (8.5 ft)
DFE D – 50-yr + 3 ft SLR = 9.2 ft (9.5 ft)

Floodplain area affected by 1.5 ft SLR + 50-yr
surge (acres)

523 acres for East of Lesner Bridge area only; 104 acres
for Bay Island

Number of buildings and parcels affected
from 1.5 ft SLR + 50-yr surge

Buildings – 1,410
Parcels – 1,268 for East of Lesner Bridge area only

The proposed alignment, shown in Figure 31, consists of sheetpile floodwall, with sections
of raised roadway, a levee, and multiple miter gates to maintain navigability to existing canals.
While the proposed alignment does minimize water crossings, there are several canal crossings
that would require miter gate systems to protect the East of Lesner Bridge neighborhood from
nuisance and storm-generated flood events. These in-water gate crossings would maintain the
existing neighborhood character and minimize disruptions in existing quality of life. Where the
alignment runs upland, it is proposed to follow along roadways with an exposed floodwall
elevation of 2 ft or less, to minimize any required property acquisition and maintain emergency
vehicle access throughout the proposed flood risk reduction system. Impacts from this
alignment would include reduced or eliminated waterfront views, as some of the existing
structures are located around an elevation of 3 ft NAVD88 based on existing LIDAR survey
data.
A geotechnical analysis consisting of seepage and stability analysis was performed to
determine the approximate configuration of the steel sheetpile floodwall. The analysis indicates
that an approximate length of 35 ft of sheetpile floodwall would be required to meet or exceed
the recommended factors of safety for seepage and stability. A site specific geotechnical
analysis with geotechnical data would be required in the future to confirm the floodwall
configuration chosen for this area. Appendix A provides additional details on the geotechnical
analysis performed for this area.
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Figure 31: Alignment and interventions for East of Lesner Bridge neighborhood area.

4.2.2. Construction Costs and Project Benefit Analysis
The overall cost for this system is approximately $35.5 million (in 2018 dollars), as shown
in Table 8. These costs could vary significantly in the future as site conditions can change over
time along with choice of intervention typologies and their associated costs.
Table 8: Estimated project costs for East of Lesner Bridge neighborhood flood risk reduction system.
Intervention Typology

Approx.
Length (ft)

Hard
Construction
Cost

Soft
Construction
Cost

Contingencies
(Hard + Cost)

Total Cost

Sheetpile floodwall

6,600

$10,343,942

$3,516,940

$3,630,724

$17,491,606

710

$5,610,840

$1,907,686

$1,969,405

$9,487,931

3,200

$5,015,244

$1,705,183

$1,760,351

$8,480,778

10,510

$20,970,026

$7,129,809

$7,360,480

$35,460,315

Deployable closure
structures including inwater gates
Levee or raised
roadway as a levee
TOTAL
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Project benefits, including amount of reduced floodplain, count of protected buildings, and
annualized flood losses avoided are presented in Table 9. Assuming an average design life of 40
yrs, the total project benefits would be around $61.2 million with the BCR projected to 1.7.
Table 9: Project characteristics and benefits from East of Lesner Bridge neighborhood flood risk reduction system.
Characteristic

Benefits

Reduced floodplain

523 acres

Protected buildings

1,410

Without project annualized losses

$6.4 million

With project annualized losses avoided

$4.5 million

Residual annualized losses after project

$1.9 million

4.2.3. Integration with Other Solutions
It is anticipated that the East of Lesner Bridge neighborhood flood risk reduction system
would be complementary to the proposed Chesapeake Bay City-wide alignment. Although the
level of protection and project benefits from this neighborhood system are lower than those
provided by the Chesapeake Bay City-wide alignment, this system is less expensive and
achievable on a shorter timeline. This solution would offer near-term protection and address
residual risk associated with nuisance flooding and commonly occurring coastal storms, even
with the Chesapeake Bay City-wide alignment in place.
Furthermore, as mentioned earlier (see Section 4.1), this project could be combined with
the West Lesner Bridge neighborhood-scale flood protection project to provide protection to
Shore Drive, and residents and businesses along the Shore Drive corridor.

4.3. Rudee Heights and Oceanfront Neighborhood Defense System
This section presents the conceptual design for the Rudee Heights and Oceanfront
neighborhood defense system. The Rudee Heights and Oceanfront neighborhood alignment
could serve as an alternative to the Rudee Inlet City-wide alignment, as it is considerably less
expensive and could be achieved on a shorter timeline. This alternative defense system should
also be evaluated alongside on-going City projects in this area.
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4.3.1. Conceptual Design
General site characteristics and DFE scenario values for the Rudee Heights and Oceanfront
neighborhood area are summarized in Table 10. Topographic data was used to identify high
ground that meets or exceeds various DFE scenarios. High ground elevations ranging between
8 and 10 ft NAVD88 located along the Lake Rudee shoreline (north of the Rudee Inlet) and
elevations over 10 ft NAVD88 are located along Croatan Road (south of Lake Wesley). Given
the range of high ground elevations to use as tie-in locations within this study area, the area
was split into two areas (north and south) with unique DFE values. For the northern portion of
the study area, a DFE of 8.5 ft NAVD88, corresponding to a 10-yr coastal storm surge with 3 ft
of SLR, was selected. For the southern portion of the study area, a DFE of 10 ft NAVD88,
corresponding to the 50-yr coastal storm surge with 3 ft of SLR, was selected as an appropriate
level of protection.
Table 10: General site conditions and flood vulnerability assessment for Rudee Heights and Oceanfront neighborhood study
area.
Rudee Heights and Oceanfront
Neighborhood Area
7,309 acres / 11.5 mi2

General Characteristics
Study area (acres/mi2)
Average range of topography elevations
(ft-NAVD88)
Watershed location

5 ft to 10 ft

DFE scenario range (A to D)
(ft NAVD88)
Calculated and rounded values provided
Floodplain area affected by 3 ft SLR + 10-yr surge north
of Rudee Inlet (acres)
Floodplain area affected by 3 ft SLR + 50-yr surge south
of Rudee Inlet (acres)
Number of Buildings and Parcels affected from by 3 ft
SLR + 10yr surge north of Rudee Inlet
Number of Buildings and Parcels affected from by 3 ft
SLR + 50-yr surge south of Rudee Inlet

Oceanfront
DFE A – 10-yr + 1.5 ft SLR = 6.7 ft (7.0 ft)
DFE B – 50-yr + 1.5 ft SLR = 8.1 ft (8.5 ft)
DFE C – 10-yr + 3 ft SLR = 8.2 ft (8.5 ft)
DFE D – 50-yr+ 3 ft SLR = 9.6 ft (10.0 ft)
79 acres
1405 acres
Buildings – 185; Parcels – 324
Buildings – 220; Parcels - 285

The proposed conceptual design, shown in Figure 32, consists of two alignments. The first
is along Lake Rudee, which consists of a sheetpile floodwall and raised road intended to protect
the neighborhoods between Virginia Beach Boulevard and Lake Rudee. Portions of Winston
Salem Avenue would need to be raised by 2 ft, which would act as a barrier between the
developed areas and the Rudee Lake shoreline with minor impact to existing residential and
commercial structures. The City should work with business owners along the unprotected
waterfront area to the south of Winston Salem Avenue to identify suitable site-scale flood
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protection solutions. Along the Rudee Lake shoreline, the sheetpile floodwall with a height of
around 3 to 4 ft would tie in to the high ground located at the beach access parking lot. Impacts
from this section of the alignment would include reduced or eliminated waterfront views.
The second component is along Lake Wesley, comprised of a raised roadway to provide
protection to neighborhoods to the south. Approximately 900 ft of Croatan Road would need to
be raised by 1 to 2 ft. Raising the roadway to this elevation would serve as a barrier preventing
flooding from propagating through Lake Wesley from Rudee Inlet. It was assumed that raising
this section of Croatan Road would reduce flood risk in the neighborhoods located between
Lake Wesley and Dam Neck Road. This system is reliant upon another protection measure
being constructed to prevent floodwaters originating from Back Bay.
It should be noted that several conceptual flood risk reduction alignments were evaluated to
provide protection to neighborhoods to the north of Lake Holly. However, due to significant
disruption to residential areas, no feasible solution was identified.

Figure 32: Alignment and interventions for the Rudee Heights and Oceanfront neighborhood area.
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Geotechnical analysis, consisting of seepage and stability analysis, was performed to
determine the approximate configuration of the steel sheetpile floodwall. The analysis indicates
that an approximate length of 45 ft of sheetpile floodwall would be required to meet or exceed
the recommended factors of safety for seepage and stability. A site specific geotechnical
analysis with geotechnical data would be required in the future to confirm the floodwall
configuration chosen for this area. Appendix A provides additional details on the geotechnical
analysis performed for this area.
4.3.2. Construction Costs and Project Benefit Analysis
The overall cost for this proposed flood risk reduction system is approximately $10.8
million (in 2018 dollars), as shown in Table 11. These costs could vary significantly in the
future as site conditions can change over time along with choice of intervention typologies and
their associated costs.
Table 11: Estimated project costs for Rudee Heights and Oceanfront neighborhood flood risk reduction system.
Intervention Typology

Approx.
Length (ft)

Hard
Construction
Cost

Soft
Construction
Cost

Contingencies
(Hard + Cost)

Total Cost

Sheetpile floodwall

1,900

$3,788,436

$1,288,068

$1,329,741

$6,406,246

1,400

$1,916,085

$651,469

$672,546

$3,240,100

900

$658,359

$223,842

$231,084

$1,113,285

4,200

$6,362,880

$2,163,379

$2,233,371

$10,759,630

Raised roadway as a
levee (northern
alignment)
Raised roadway as a
levee (southern
alignment)
TOTAL

Project benefits, including amount of reduced floodplain, count of protected buildings, and
annualized flood losses avoided are presented in Table 12. With an assumed average design life
of 40 yrs, the total project benefits would be around $39.8 million with the BCR projected to be
3.7.
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Table 12: Project characteristics and benefits from Rudee Heights and Oceanfront neighborhood flood risk reduction system.
Characteristic

Benefits

Reduced floodplain

North - 79 acres; South – 1,405 acres

Protected buildings

North – 185; South – 220

Without project annualized losses

North - $962K; South - $4.1M, Combined - $5.0M

With project annualized losses avoided

North - $152K; South - $2.8M, Combined - $2.9M

Residual annualized losses after project

North - $810K; South - $1.3M, Combined - $2.1M

4.3.3. Integration with Other Strategies
The Rudee Heights and Oceanfront neighborhood flood risk reduction system should be
considered as an alternative to the Rudee Inlet City-wide alignment, as it is considerably less
expensive and could be achieved on a shorter timeline These alternatives should also be
evaluated alongside the on-going project at Laskin Road that involves roadway improvements
such as raising the roadway that could act as a barrier to prevent the intrusion of SLR and
surge from Little Neck Creek.

4.4. Ocean Lakes to Pungo Neighborhood Defense System
This section presents the conceptual design for the Ocean Lakes to Pungo neighborhood
defense system. The proposed alignment could provide protection to vulnerable neighborhoods
located between Ocean Lakes and northern Pungo, and serve as an alternative to the
Sandbridge City-wide alignment.
4.4.1. Conceptual Design
General site characteristics and DFE scenario values for this neighborhood area are
summarized in Table 13. Topographic data was used to identify high ground that meets or
exceeds various DFE scenarios. High ground elevations ranging between 8 and 10 ft NAVD88
are located along the ocean side of Sandbridge Road and Indian River Road. With a goal of
minimizing environmental impacts and maximizing use of available high ground as tie-in
locations, a DFE of 8.5 ft NAVD88, corresponding to a 50-yr coastal storm surge with 3 ft of
SLR, was selected as an appropriate level of protection.
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Table 13: General site conditions and flood vulnerability assessment for Ocean Lakes to Pungo neighborhood study area.
General Characteristics
Study area (acres/mi2)
Average range of topography elevations
(ft NAVD88)
Watershed location
DFE scenario range (A to D)
(ft NAVD88)
Calculated and rounded values provided

Ocean Lakes to Pungo Neighborhood Area
11,844 acres / 18.5 mi2
2 – 10 ft
Southern Watershed
DFE A – 10-yr + 1.5 ft SLR = 5.2 ft (5.5 ft)
DFE B – 50-yr + 1.5 ft SLR = 6.6 ft (7.0 ft)
DFE C – 10-yr + 3 ft SLR = 6.7 ft (7.0 ft)
DFE D – 50-yr + 3 ft SLR = 8.1 ft (8.5 ft)

Floodplain area affected by 3 ft SLR + 50yr surge (acres)

5,395 acres

Number of buildings and parcels affected
from by 3 ft SLR + 50-yr surge

Buildings – 2,782;
Parcels – 5,095

The proposed alignment, shown in Figure 33, involves raising sections of Sandbridge Road
and New Bridge Road, which would be transitioned to an earthen levee to the east. While the
proposed alignment does minimize water crossings, there are five creeks that would require
either miter gate systems or culverts with backflow prevention to protect the area from
nuisance and storm-generated flood events. There would be significant environmental impacts
associated with this alignment.
4.4.2. Construction Costs and Project Benefit Analysis
The overall cost for this system is approximately $61.3 million (in 2018 dollars). These costs
are broken down in Table 14. These costs could vary significantly in the future as site
conditions can change over time along with choice of intervention typologies and their
associated costs.
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Figure 33: Alignment and interventions for the Ocean Lakes to Pungo study area.
Table 14: Estimated project costs for the Ocean Lakes to northern Pungo neighborhood flood risk reduction system.
Intervention Typology
Levee or raised
roadway as a levee
Deployable closure
structures including inwater gates
TOTAL

Approx.
Length
(ft)

Hard
Construction
Cost

Soft
Construction
Cost

Contingencies
(Hard + Cost)

Total Cost

28,500

$31,717,973

$10,784,111

$11,133,009

$53,635,093

230

$4,529,305

$1,539,964

$1,589,786

$7,659,055

28,730

$36,247,278

$12,324,075

$12,722,795

$61,294,148
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Project benefits, including amount of reduced floodplain, count of protected buildings, and
annualized flood losses avoided are presented in Table 15. Assuming an average design life of
40 yrs, the total project benefits would be around $323.3 million with the BCR projected to be
5.3.
Table 15: Project characteristics and benefits from the Ocean Lakes to Pungo neighborhood flood risk reduction system.
Characteristics

Benefits

Reduced floodplain

5,395 acres

Protected buildings

2,782

Without project annualized losses

$31.5 million

With project annualized losses avoided

$23.9 million

Residual annualized losses after project

$7.6 million

4.4.3. Integration with Other Strategies
The Ocean Lakes to Pungo neighborhood flood defense system should be considered as an
alternative to the portion of the proposed Sandbridge City-wide flood defense system, as it is
following a similar alignment. Although it is considerably less expensive and could be achieved
in a shorter timeframe that the City-wide solution, there is a concern that this lower level of
protection would only address near-term concerns and the levee would eventually be
overtopped by severe storm events as sea levels continue to rise. Furthermore, this area would
remain vulnerable to flooding originating from Rudee Inlet, unless one of the other alternatives
in that section is constructed, such as the Rudee Heights and Oceanfront neighborhood flood
defense system or the Rudee Inlet City-wide flood defense system.

4.5. Muddy Creek Road Neighborhood Defense System
This section presents the conceptual design for the Muddy Creek Road neighborhood
defense system. The proposed alignment could provide protection to vulnerable neighborhoods
located to the west of Muddy Creek Road, and serve as an alternative to the Muddy Creek Road
City-wide alignment.
4.5.1. Conceptual Design
General site characteristics and DFE scenario values for this neighborhood area are
summarized in Table 16. Topographic data was used to identify high ground that meets or
exceeds various DFE scenarios. High ground elevations ranging between 6 to 10 ft NAVD88 are
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located along the Indian River Road in the north and Pungo ridge in the south. With a goal of
minimizing environmental impacts and maximizing use of available high ground as tie-in
locations, a DFE of 7 ft NAVD88, corresponding to a 50-yr coastal storm surge with 3 ft of SLR,
was selected as an appropriate level of protection.
Table 16: General site conditions and flood vulnerability assessment for Muddy Creek Road neighborhood study area.
General Characteristics
Study area (acres/mi2)
Average range of topography elevations
(ft NAVD88)
Watershed location
DFE scenario range (A to D)
(ft NAVD88)
Calculated and rounded values provided

Muddy Creek Neighborhood Area
12,740 acres / 19.9 mi2
2 – 10 ft
Southern Watershed
DFE A – 10-yr + 1.5 ft SLR = 3.6 ft (4.0 ft)
DFE B – 50-yr + 1.5 ft SLR = 5.0 ft (5.0 ft)
DFE C – 10-yr+ 3 ft SLR = 5.1 ft (5.5 ft)
DFE D – 50-yr+ 3 ft SLR = 6.5 ft (7.0 ft)

Floodplain area affected by 3 ft SLR + 50-yr
surge (acres)

7,644 acres

Number of buildings and parcels affected
from by 3 ft SLR + 50-yr surge

Buildings – 695
Parcels – 824

The proposed alignment, shown in Figure 34, primarily consists of an earthen levee
running parallel to the existing Muddy Creek Road that then ties into the high ground located
along the existing Indian Creek Road in the north and a farm road along the Pungo ridge in the
south. Sections of North Muddy Creek Road would need to be raised to ensure flood waters do
not bypass the protection system. While the proposed alignment does minimize water
crossings, there are seven ditches and two creeks that would require risk reduction structures.
It would be proposed that ditch crossings could be designed as culverts with backflow
prevention measures, with miter gate systems on the two creek crossings to protect the reach
from nuisance and storm-generated flood events. There would be significant environmental
impacts associated with this alignment.
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Figure 34: Alignment and interventions for Muddy Creek Road.

4.5.2. Construction Costs and Project Benefit Analysis
The overall cost for this system is approximately $72.2 million (in 2018 dollars). These
costs are broken down in Table 17. These costs could vary significantly in the future as site
conditions can change over time along with choice of intervention typologies and their
associated costs.
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Table 17: Estimated project costs for Muddy Creek Road neighborhood flood risk reduction system.
Intervention Typology
Levee or raised
roadway as a levee
Deployable closure
structures including inwater gates
TOTAL

Approx.
Length (ft)

Hard
Construction
Cost

Soft
Construction
Cost

Contingencies
(Hard + Cost)

Total Cost

47,800

$37,630,128

$12,794,243

$13,208,175

$63,632,546

330

$5,054,442

$1,718,510

$1,774,109

$8,547,061

48,130

$42,684,569

$14,512,754

$14,982,284

$72,179,607

Project benefits, including amount of reduced floodplain, count of protected buildings, and
annualized flood losses avoided are presented in Table 18. Assuming an average design life of
40 yrs, the total project benefits would be around $222.8 million with the BCR projected to be
3.1.
Table 18: Project characteristics and benefits from Muddy Creek neighborhood flood risk reduction system.
Characteristics

Benefits

Reduced floodplain

7,643 acres

Protected buildings

695

Without project annualized losses

$19.8 million

With project annualized losses avoided

$16.5 million

Residual annualized losses after project

$3.3 million

4.5.3. Integration with Other Strategies
This neighborhood flood defense system should be considered as an alternative to the
portion of the Muddy Creek Road City-wide flood defense system, as it is following a similar
alignment. Although it is considerably less expensive and could be achieved in a shorter
timeframe than the City-wide solution, there is a concern that this lower level of protection
would only address near-term concerns and the levee would eventually be overtopped by
severe storm events as sea levels continue to rise.
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5. CONCLUSIONS AND RECOMMENDATIONS FOR NEXT STEPS
Due to the complexity and scale, the City-wide structural interventions will take many years
to effectively implement. It is anticipated that the City and the USACE will work together to
design, construct, and fund the implementation of the City-wide intervention strategies. The
typical federal funding for the City-wide intervention strategies may require annual
appropriations by Congress up to a set limit of available funds, which then leads to extensions
in the entire project construction schedule. Therefore, it is anticipated that the full construction
of the City-wide interventions could easily take over 10 years after an appropriation is first
issued for the project. Also, without funding for construction costs readily available at the
beginning of the project, the construction schedule for full implementation could be extended
over many more years.
The proposed neighborhood-scale interventions offer a relatively less expensive solution
that are more achievable on a shorter timeline to address near-term recurrent flood risks
within the most vulnerable neighborhoods in Virginia Beach. These strategies could also
address some of the residual risk associated with the City-wide alignments if combined with
larger-scale interventions in the future. However, residual risks will always remain and these
structural interventions can have adverse environmental impacts on coastal ecosystems and
increase flood risks to communities outside of the flood protection area. It is therefore
especially important that defensive structures, both neighborhood-scale and City-wide, if
constructed, are implemented alongside other adaptation strategies to effectively manage flood
risks in both near- and long-term time frames.
The analysis of neighborhood flood risk reduction strategies presented in this report is
considered a first step at addressing near-term flooding concerns from a structural perspective.
Numerous engineering design and environmental impact factors were not considered in this
study. Additional work activities are required to assess project feasibility, including permitting,
potential environmental impacts, and potential integration with other adaptation strategies.
The next level of study would be a detailed feasibility assessment and environmental impact
statement or an environmental assessment. The detailed feasibility assessment and
environmental work should consider, but should not be limited to, the following areas:
•

Coastal modeling and/or stormwater drainage modeling to evaluate effectiveness of
various alignments within the chosen neighborhood area;

•

Topographic and bathymetric survey of the chosen alignment within the neighborhood
area;
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•

Evaluation of the need for pump stations and other major drainage modifications;

•

Preliminary engineering design consisting of coastal, civil, structural, geotechnical,
transportation, drainage, mechanical, and electrical disciplines to perform analysis and
develop 30% engineering design of the intervention typology along the alignment;

•

Real estate and/or right-of-way acquisition plan for the selected alignment and
intervention typology;

•

Urban design and landscape architecture to develop community benefit amenities to
integrate structural solutions within the fabric of the community;

•

Environmental assessment of the chosen alignment and intervention typology on its
potential impacts in the built and natural environment along with development of
mitigation strategies; and

•

30% design construction cost estimates and BCA for the chosen alignment and
intervention typology.

The City can use this list of activities to advance the neighborhood flood risk reduction
strategies towards implementation, in cases where they are found to be feasible and where
mitigation projects can be identified to reduce any environmental impacts.
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APPENDIX A: CONCEPTUAL LEVEL GEOTECHNICAL ANALYSIS
The scope for geotechnical engineering services to support this effort includes review of the
available subsurface exploration data and preliminary evaluation of various flood barriers for
conceptual design scheme development. Preliminary geotechnical analyses are based on
limited subsurface soils and groundwater information. More detailed design and cost
estimation will require more extensive, site-specific geotechnical investigations.
Subsurface Information Collection
The following sources of geological and geotechnical data was collected and reviewed:
•

Publication 174 – Digital Representation of the 1993 Geologic Map of Virginia, Virginia
Division of Mineral Resources, 2003.

•

Report of Preliminary Geotechnical Exploration – Lesner Bridge Replacement, Virginia
Beach, VA, prepared by Geo-environmental Resources Inc., July 31, 2008.

•

Geotechnical Engineering Report – I-64/I-264 Interchange Improvements, Norfolk,
Virginia, prepared by HDR Engineering, Inc., September 20, 2013.

•

Preliminary Report of Subsurface Exploration and Geotechnical Engineering Analysis –
Tranquility at The Lakes 5827 Burton Station Road, Virginia Beach, Virginia, prepared
by ECS Mid-Atlantic, LLC, September 8, 2014.

•

Report of Subsurface Exploration and Geotechnical Engineering Services – Bond
Residence Settlement Evaluation, 1306 Whistle Town Rd., Chesapeake, VA, prepared by
GET Solutions Inc., March 9, 2015.

•

Report of Subsurface Exploration and Geotechnical Engineering Services – Sandbridge
Road-Nimmo Parkway Phase VII-A, Virginia Beach, VA, prepared by GET Solutions
Inc., February 21, 2018.

•

Engineering Geology Data – Route 58 (Laskin Rd) over Linkhorn Bay, Virginia Beach,
VA, prepared by HDR Engineering, Inc., October 19, 2018.

Project Site Geology
The City of Virginia Beach is located in the Coastal Plain Physiographic Province. The
Coastal Plain is characterized by poorly to well-sorted, unconsolidated marine to fluvial
sediments, varying from clay to gravel with lateral variation in thickness. These sediments
generally increase in thickness towards the east. Vertical variation within the geologic
formations of the Coastal Plain is often controlled by cyclic transgression and regression
depositional sequences that coarsen with depth.
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Regionally, the stratigraphy of the Coastal Plain can be generalized as a wedge of sediments
composed of fluvial and coastal plain sands and gravels of Quaternary and upper Tertiary age,
underlain by marine, deltaic, and fluvial clays, silts, and sands of lower Tertiary age, underlain
by fluvial-deltaic to shallow-shelf sands and clays of Cretaceous age, underlain by crystalline
bedrock at depths greater than 150 ft.
Based on available published sources, the City is underlain by the Tabb and Yorktown
geologic formations. The upper clay units of the Tabb Formation are locally and historically
referred to as the Norfolk formation in the vicinity of the project site.
The Quaternary-age (Upper Pleistocene) Tabb formation, Lynnhaven (Qtl), Poquoson (Qtp)
and Sedgefield (Qts) members mostly consists of pebbles to boulders, sand and fine to
medium, shelly sand that grades upward into sandy and clayey silt. These members within the
Tabb formation are identified in the Geologic Map of Virginia (1993) by Virginia Division of
Mineral Resources in Figure 35.

Figure 35: Geologic map of Virginia Beach.
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The Tabb formation is underlain by the Pliocene-aged Yorktown formation, consisting of
bluish-gray and brownish-yellow fine- to coarse-grained sand, partly glauconitic and
phosphatic, commonly very shelly, interbedded with sandy and silty blue-gray clay. The
thickness of the Yorktown formation ranges from 0 to 150 ft.
In coastal areas, the Marsh and Intertidal Mud Deposits cover approximately 20% of the
area, which consist of medium to dark-gray soft mud, and grayish-brown peat in the marshes.
The thickness of the deposits varies from 0 to 10 ft. Also, Beach Sand and Dune Sand Deposits
covers approximately 7% of the area, which consist of pale-gray to light-yellowish gray, fine to
coarse, poorly sorted to well-sorted, shelly in part; contains angular to rounded fragments and
whole valves of mollusks. The thickness of the sand deposits can be as much as 40 ft.
Subsurface Conditions
Subsurface soil boring data and laboratory test results provided as reference indicate the
subsurface conditions at the project site are generally in agreement with the published geologic
information. Laboratory test results include grain size, specific gravity, unit weight, moisture
content, and Atterberg Limits. Also, one-dimensional consolidation and triaxial compression
strength tests results were available from undisturbed soil samples.
Based on the interpretation of the available information, two preliminary soil profiles were
developed for the City of Virginia Beach – one profile representative of Areas 2 and 3, and
another profile representative of Areas 10, 12 and 14.
Soil Profile for Areas 2 and 3
A sampling of borings from the 2008 Report of Preliminary Geotechnical Exploration –
Lesner Bridge Replacement, Virginia Beach, VA, prepared by Geo-environmental Resources
Inc., provide the basis for soil profile representative of Areas 2 and 3, which consist of:
•

Stratum 1: Sand – A poorly graded Sand layer consisting of tan to grey, fine to coarse
sand with varying amounts of silt and clay, was encountered from the ground surface to
a depth of approximately 40 ft below the ground surface. Generally, the uncorrected
Standard Penetration Test (SPT N-value) within this stratum ranged from 4 to 50
blows-per-foot (BPF), indicative of a very loose to dense sand material.

•

Stratum 2: Silty Clay – A layer of silty clay consisting of varying amounts of clayey
silt, and silt was encountered at a depth between 40 and 45 ft below the ground surface.
The average SPT N-value within this stratum was 8 BPF. Undrained shear strength for
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this approximately 5 ft-thick layer is estimated as 1.0 ksf from the consolidatedundrained triaxial shear strength test results.
•

Stratum 3: Silty/Clayey Sand – A silty/clayey Sand layer, consisting of grey and
brown, fine to medium sand with varying amounts of silt and clay, was encountered at a
depth between 45 and 72 ft below the ground surface. SPT N-value ranged from 28 to
60 BPF, indicating medium dense to dense sand.

•

Stratum 4: Clay – A soft to very stiff, silty Clay and clayey Silt was encountered at a
depth between 72 and 80 ft below the ground surface. The SPT N-value ranged from 6
to 14 BPF. Undrained shear strength for this layer is estimated to be about 1.25 ksf from
correlated SPT results.

•

Stratum 5: Clayey Sand – A firm to very dense, silty to clayey sand was encountered
at a depth between 80 and 145 feet below the ground surface. This stratum is identified
as part of the Yorktown Formation. SPT N-value ranged from 14 to 40 BPF indicating
medium dense to dense consistency.

Soil Profile for Areas 10, 12 and 14
A sampling of borings from the 2018 Report of Subsurface Exploration and Geotechnical
Engineering Services for Sandbridge Road-Nimmo Parkway Phase VII-A, Virginia Beach, VA,
prepared by GET Solutions, Inc., provide the basis for soil profile representative of Areas 10, 12
and 14, which consist of:
•

Stratum 1: Clay – Consists of clay with varying amounts of sand and fibrous organics
encountered from the ground surface to approximately 8 feet below the ground surface.
SPT N-values recorded in the cohesive soils ranged from Weight-of-hammer (WOH) to
8 BPF, indicating a very soft to medium stiff consistency.

•

Stratum 2: Silty Sand – A layer of sand with varying amounts of silt and clay was
encountered from a depth of 8 to 25 ft below the ground surface. The SPT N-values
ranges from 2 to 20 BPF, indicating a very loose to medium dense consistency.

•

Stratum 3: Clay –A layer of clay was encountered from a depth of 25 to 40 ft below
the ground surface, with a thickness up to 15 ft. SPT N-values ranged from WOH to 2
BPF, indicating a very soft to soft consistency.

•

Stratum 4: Sand – A poorly graded Sand with varying amounts of silt and clay
extends between 40 ft and 65 ft below the ground surface. The SPT N-values recorded
within the granular soils ranged from 6 to 45 BPF, indicating a loose to dense relative
density, with an average N-value of 25 BPF.
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•

Stratum 5: Clay – Consisting of soft to stiff, lean clay with varying amounts of sand
and shells was encountered between 65 and 85 ft below the ground surface. SPT Nvalue ranged from 2 to 8 BPF, indicating a soft to stiff consistency.

The stratifications shown on the preliminary soil profiles represent the generalized soil
conditions. Variations may occur and should be expected between borings. Therefore, for
more detailed soil and rock information along the proposed flood resistance structures, a
robust boring program will be performed at exact location during future phases of the project.
Groundwater elevation typically ranged between +1.0 ft and -1.0 ft NAVD88 in most of the
borings. Fluctuations in the groundwater level will be tidally influenced and may also occur
due to seasonal variations in rainfall, evaporation, construction activity, surface runoff, and
other site specific factors.
Conceptual Level Engineering Evaluations
The conceptual level engineering evaluations presented herein are based on available
subsurface information as well as our experience on similar projects. As per the project
requirements, conceptual engineering evaluations were performed using the USACE design
manuals, EM 1110-2-1913 Design and Construction of Levees, and EM 1110-2-2502 Retaining
and Floodwalls.
Two types of flood resistance structures were considered: (1) steel sheetpile floodwall and
(2) earthen levee system. Flood resistance structures were designed and proportioned to
adequately resist the loads and flood levels associated with the proposed design flood elevation
at each area. Stability and seepage analyses were performed for conservatively selected
representative barrier structure sections.
The following sections provide descriptions of flood resistance structures and results of
analyses performed in each study area.
Sheetpile Floodwall Structures in West and East of Lesner Bridge near Lynnhaven Inlet
(Area 2 and 3)
Considering the existing ground surface elevation and topography in the Area 2 and 3, a
steel sheetpile floodwall is proposed as flood resistance structure. Existing topography along
the proposed bulkhead alignments were reviewed and the most critical location was selected
where the lowest existing ground elevation of 0.0 ft NAVD88. The design flood elevation in
Area 2 and Area 3 is 8.0 ft NAVD88. Therefore, the exposed floodwall height of 8.0 ft
NAVD88 was used for analyses.
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Stability analysis was performed for the critical section using the computer program ctShoring, published by CivilTech Software, considering required embedment of sheetpile for the
proposed wall height.
Seepage analysis was also performed to evaluate the maximum hydraulic exit gradients on
the downstream side of the sheetpile structure using the computer program SEEP/W, which is
part of GeoStudio 2019 Suite, published by Geo-Slope International. A 2D finite element
model was developed to perform steady state and transient state seepage analyses using
representative sections and estimated soil parameters for the various stratigraphic layers.
An important parameter required to perform applicable seepage analyses is the hydraulic
conductivity (permeability) of the various subsurface soils. The saturated hydraulic
conductivity of clean sand material varies between 10-2 and 10-5 m/sec, silty sand material
varies between 10-5 and 10-9 m/sec, and clay material is less than 10-9 m/sec. Based on the
available subsurface data, and utilizing this typical range, the hydraulic conductivity (k) for
each stratum was selected as below.
•

Stratum 1: Sand – 10-2 to 10-4 m/sec (3.3x10-2 to 3.3 x10-4 ft/sec)

•

Stratum 2: Silty Clay – 10-9 m/sec (3.3x10-9 ft/sec)

•

Stratum 3: Sand – 10-2 m/sec (3.3 x10-2 ft/sec)

•

Stratum 4: Clay – 10-9 m/sec (3.3x10-9 ft/sec)

•

Stratum 5: Clayey Sand – 10-4 m/sec (3.3 x10-4 ft/sec)

All soil types were assigned an anisotropy ratio, kx/ky = 1, thereby modeling the soil as
homogeneous in the vertical and horizontal directions. The steady state seepage analysis was
performed for the design flood water elevation.
In this study, the seepage analysis was performed assuming a 12 hour flood duration as
shown in Figure 36. The seepage barrier tip elevation was determined by limiting the factor of
safety for piping to a minimum of 2.0. Seepage analyses results are presented in Table 19 and
Figure 37. Maximum hydraulic gradients were evaluated to determine the subsurface seepage
cut-off barrier tip elevation.
Based on seepage analyses results shown in Figure 37, the seepage sheetpile floodwall is
required to be extended to -28.0 ft NAVD88 to satisfy the factor of safety requirements.
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Table 19: Summary of analyses.
Design Flood Elevation
(ft NAVD88)
8.0

Sheetpile Tip Elevation
(ft NAVD88)
-28.0

Factor of Safety
Piping
Stability
2.00
3.10

Based on the minimum required seepage cut-off wall tip elevation at -28.0 ft NAVD88, it is
recommended that the proposed wall be constructed as a permanent sheetpile wall to the top
elevation of 8.0 ft NAVD88. Based on this analysis, it is recommended that the sheetpile
floodwall should consist of PZ-40 type configuration with a minimum length exceeding 35 ft.

Figure 36: Hydrograph for seepage analysis, Areas 2 and 3.
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Figure 37: Bulkhead Seepage Analysis for Areas 2 and 3.

Floodwalls in Rudee Heights and Oceanfront Neighborhood (Area 10) near Rudee Inlet
Steel sheetpile floodwall is proposed in Area 10. The existing topography along the
proposed intervention typology alignment was reviewed and the most critical location was
selected where the lowest existing ground elevation of 5.0 ft NAVD88. The maximum design
flood elevation in Area 10 is 10.0 ft NAVD88. Therefore, the exposed floodwall height of 5.0 ft
NAVD88 was used for analyses.
Seepage analysis was performed in Area 10 near Rudee Inlet using the same design
parameters and procedures explained in previous section. Seepage analyses results are
presented in Table 20 and Figure 38. Maximum hydraulic gradients were evaluated to
determine the subsurface seepage cut-off barrier tip elevation.
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Based on seepage analyses results shown in Table 20: Summary of seepage analyses and
Figure 38, the sheetpile bulkhead wall required to be extended to the -35.0 ft NAVD88 to
satisfy the factor of safety requirements.
Table 20: Summary of seepage analyses.
Design Floodwall Elevation
(ft NAVD88)

Seepage Sheetpile Barrier Tip
Elevation
(ft NAVD88)

+10.0

-35.0

FS
Piping

Stability

3.00

>5.0

Figure 38: Bulkhead seepage analysis for Area 10.
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Based on the minimum required seepage cut-off wall tip elevation at -35.0 ft NAVD88, it is
recommended that the proposed wall be constructed as a permanent sheetpile floodwall to the
top elevation of 10.0 ft NAVD88. The sheetpile wall consist of PZ-40 and a minimum 45 ft
long is recommended.
Earthen Levee System in Area 12 and 14 near Sandbridge
Considering the existing ground surface condition of these two areas, an earthen levee
system was proposed as the flood resistance structure. Existing topography along the proposed
levee system alignment was reviewed and the most critical location was selected where the
lowest existing ground elevation is 0.0 ft NAVD88. The coastal flood elevation is around 6.0 ft
NAVD88 for this area. The top of the levee was set at 7.0 ft NAVD88 with 2h:1v side slopes
which matches the design flood elevation. 2
Seepage and slope stability analyses were performed for a proposed levee system
embankment in order to evaluate global stability under the design flooding condition.
The seepage analysis was performed assuming a 12 hour flood duration as shown in Figure
39. The proposed embankment materials consist of clayey silt and sand mixture, with an
assumed hydraulic conductivity (k) of 3.3 × 10-4 ft/sec. The hydraulic conductivity values of
and soil parameters assumed for the stability and seepage analyses are included in Table 21.
The parameters are correlated with SPT N-values obtained from available borings.
Table 21: Summary of soil parameters for seepage and stability analyses.
Materials
Embankment Soil
Clay Core
Stratum 1 – Clay
Stratum 2 – Silty
Sand

Hydraulic
Conductivity (ft/s)
3.3 x 10-4
3.3 x 10-9
3.3 x 10-8

Unit Weight
(pcf)
120
115
113

Friction Angle
(degrees)
34
-

Cohesion
(psf)
1,000
750

3.3 x 10-4

105

30

-

Seepage analyses results are presented in Figure 40 and Figure 41. Since the top clay
stratum prevent seepage through the layer, no subsurface cut-off barrier was introduced,

Note: The existing City of Virginia Beach Public Works Design Standards Manual specifies a maximum slope
of 3:1, this slope would require a variance.
2
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however, seepage through the proposed levee was significant. Therefore, as a seepage cut-off
wall, 4-ft-thick clay core was introduced at the center of the levee to control the seepage rate
through the proposed levee. Seepage analyses results are presented in Table 22 and indicate
that the clay core in the embankment can reduce seepage rate through the embankment and
provide a factor of safety against piping of 2.0.
Table 22: Summary of seepage analyses.
Design Flood Elevation
(ft NAVD88)
+7.0

Clay Core

FS for Piping

No
Yes

1.31
2.30

Figure 39: Hydrograph for seepage analysis; Areas 12 and 14.
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Figure 40: Levee embankment with no clay core, steady state seepage analysis result.

Figure 41: Levee embankment with clay core, steady state seepage analysis result.

Using the seepage analyses results, slope stability analyses were performed for the proposed
embankment. Slope stability analyses were performed for the following loading conditions:
steady-state seepage with and without a clay core and a rapid drawdown condition after flood
with a clay core. It is assumed that a toe drain will be installed at the base of the downstream
side of the levee to satisfy boundary conditions.
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A commercially available computer program, SLOPE/W which is part of GeoStudio 2019
Suite, published by Geo-Slope International, was used to perform the slope stability analyses
for the embankment. SLOPE/W is a general purpose slope stability analysis program that uses
limit equilibrium methods to compute the factor of safety for a given slope geometry and
loading conditions. For the stability analysis of the embankment, the Morgenstern-Price
method of slices for circular failure was used since this method satisfies both force and
moment equilibrium and incorporates inter-slice shear and normal forces.
The results are included in Table 22 and graphically presented in Figure 42 through Figure
47. Embankment stability analyses results considering seepage forces show that the proposed
levee system will be stable under both flood conditions (Figure 42 through Figure 44) and post
flood rapid drawdown condition (Figure 46) on both side of the levee. Note that the factor of
safety is lower than 1.0 under rapid drawdown condition, and installation of riprap slope
protection is recommended (Figure 47).
Table 23: Summary of levee system seepage and stability analyses results.
Flood Condition
Max Flood Elevation
6.0 ft NAVD88
Rapid Drawdown

Slope Side
Downstream Side
Upstream Side
Upstream Side

Failure Condition
Global
Local
Global
Local
Global
Local

Slope Stability FS
4.28
1.35
>5.0
1.35
4.94
0.68

Figure 42: Levee global stability analysis, downstream side.
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Figure 43: Levee local stability analysis, downstream side.

Figure 44: Levee global stability analysis, upstream side.
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Figure 45:. Levee local stability analysis, upstream side.

Figure 46: Levee global stability under rapid drawdown condition, upstream side.
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Figure 47: Levee local stability under rapid drawdown condition, upstream side.

Additional Geotechnical Consideration
The phenomenon of soil liquefaction is a significant reduction in soil strength and stiffness
as a result of shear-induced increased pore-water pressure. After reviewing the existing boring
data, it appears that seismic induced liquefaction at the project site will not likely occur. It
should be noted that a few isolated pockets of loose sandy soils were encountered and
additional subsurface investigations will be required to verify the extent of the loose sandy soil
deposits.
No significant settlement of the sheetpile bulkhead wall are expected because the structures
are sufficiently embedded within the denser site soils. However, the boring data indicates that
a relatively shallow, 5 to 10 ft thick silty clay layer exists throughout the project site. Therefore,
where the existing grades are raised, downdrag loads due to potential settlement of the
cohesive layer must be evaluated.
Approximately 6 to 8 inches of settlement is expected in Areas 12 and 14 near Sandbridge,
due to the existing soft, compressible organic surficial deposits. In addition, constructability of
the levee system within areas of soft, surficial soils will be difficult and require temporary
stabilization or timber netting. Heavy construction equipment needed for the work, will need
to be provided temporary access roads in order to reach the more remote areas of the project

Neighborhood Structural Strategies for Coastal Flood Risk Reduction | 75

sites. A more detail analysis will need to be performed when site specific data and lab testing
becomes available.
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APPENDIX B: COST ESTIMATION
Unit Costs and Assumptions Used in Alignment Estimates
Typology

Units

Cost

Source

Steel Sheet Piling

SF

$

42.67

1

Concrete Class A4
Earthen Levee
Deployable Gate
Miter Gate

CY
LF
LF
SF

$ 665.90
$ 1,712.00
$ 5,500.00
$ 2,188.07

1
2
2
3

Raised Roadway

LF

$ 2,359.71

3

Notes
Average of VDOT Item 60200 and 64040, Suffolk
District
VDOT Item 60411, Suffolk District
Standard levee design at 10' above grade
Design at 6' above grade
SF taken in plan area
Combined costs from NACCS
(Levee and Roadway), design elevation of 10'
above grade

1) http://www.virginiadot.org/business/resources/const/DistrictAverages.pdf
2) NACCS (2015) Report
3) Virginia Beach Comprehensive Sea Level Rise report: City-wide Structural Alternatives for Coastal
Flood Protection (2019)

These unit costs were adjusted based upon site-specific information for each of the reviewed alignments
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West of Lesner Bridge Alignment Cost Estimate
Typology

Sheetpile
Floodwall
Deployable Gate
Raised Roadway
Subtotal
Design
Environmental
Assessments
Drainage
Improvements
Utility Relocation
Subtotal

1

Hard Cost
Contingency (30%)
Soft Cost
Contingency (15%)
Total Alignment Cost

Proposed
DFE
(ft NAVD88)
Hard Construction Cost

Approximate Length
(nearest 10 ft)

5,700

8

70
8
20
8
5,790
Soft Construction Cost

Unit Cost1

Total Cost
(nearest thousand
2018 dollars)

$

1,567.37

$

8,934,000

$
$

4,500.00
5,200.00

$
$
$

315,000
104,000
9,353,000

$

936,000

$

1,403,000

$

655,000

$
$

188,000
3,182,000

$

2,806,000

$

478,000

$

15,819,000

Contingency

Unit Costs were developed with data from various items from the unit costs page
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East of Lesner Bridge Alignment Cost Estimate
Typology

Sheetpile Floodwall
Deployable Gate
Raised Roadway
Earthen Levee
Miter Gate
Miter Gate
Miter Gate
Subtotal
Design
Environmental
Assessments
Drainage
Improvements
Utility Relocation
Subtotal

1

Hard Cost
Contingency (30%)
Soft Cost Contingency
(15%)
Subtotal
Total Alignment Cost

Approximate
Length
(nearest 10 ft)

Proposed DFE
(ft NAVD88)

Hard Construction Cost
6,600
8
460
8
1,800
8
1,400
8
90
8
80
8
80
8
10,510
Soft Construction Cost

Unit Cost1

$
$
$
$
$
$
$

1,567
4,493
1,568
1,568
17,511
14,775
9,850

Contingency

Total Cost
(nearest thousand
2018 dollars)
$
$
$
$
$
$
$
$

10,344,000
2,067,000
2,822,000
2,195,000
1,576,000
1,182,000
788,000
20,974,000

$

2,098,000

$

3,147,000

$

1,469,000

$
$

420,000
7,134,000

$

6,293,000

$

1,071,000

$
$

7,364,000
35,472,000

Unit Costs were developed with data from various items from the unit costs page
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Rudee Heights (North) Alignment Cost Estimate
Typology

Raised Roadway
Sheetpile Floodwall
Subtotal
Design
Environmental
Assessments
Drainage
Improvements
Utility Relocation
Subtotal

1

Hard Cost Contingency
(30%)
Soft Cost Contingency
(15%)
Subtotal
Total Alignment Cost

Proposed
DFE
(ft NAVD88)
Hard Construction Cost
1,400
8.5
1,900
8.5
3,300
Soft Construction Cost

Approximate Length
(nearest 10 ft)

Unit Cost1

$
$

Contingency

1,369
1,994

Total Cost
(nearest thousand
2018 dollars)
$
$
$

1,917,000
3,789,000
5,706,000

$

571,000

$

856,000

$

400,000

$
$

115,000
1,942,000

$

1,712,000

$

292,000

$
$

2,004,000
9,652,000

Unit Costs were developed with data from various items from the unit costs page
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Rudee Heights (South) Alignment Cost Estimate
Typology

Raised Roadway
Subtotal
Design
Environmental
Assessments
Drainage
Improvements
Utility Relocation
Subtotal

1

Hard Cost
Contingency (30%)
Soft Cost
Contingency (15%)
Subtotal
Total Alignment Cost

Approximate
Length
(nearest10 ft)

Proposed DFE
(ft NAVD88)

Hard Construction Cost
900
10
900
Soft Construction Cost

Unit Cost1

$

Contingency

732

Total Cost
(nearest thousand
2018 dollars)
$
$

659,000
659,000

$

66,000

$

99,000

$

47,000

$
$

14,000
226,000

$

198,000

$

34,000

$
$

232,000
1,117,000

Unit Costs were developed with data from various items from the unit costs page
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Rudee Heights Alignment Cost Estimate

Typology

Raised Roadway
Raised Roadway
Sheetpile
Floodwall
Subtotal
Design
Environmental
Assessments
Drainage
Improvements
Utility Relocation
Subtotal

1

Hard Cost
Contingency
(30%)
Soft Cost
Contingency
(15%)
Subtotal
Total Alignment Cost

Approximate
Length
(nearest
10 ft)

Proposed DFE
(ft NAVD88)

Unit Cost1

Total Cost
(nearest thousand
2018 dollars)

Hard Construction Cost
900
10
1,400
8.5

$
$

732
1,369

$
$

659,000
1,917,000

1,900

$

1,994

$

3,789,000

$

6,365,000

$

637,000

$

955,000

$

446,000

$
$

128,000
2,166,000

$

1,910,000

$

325,000

$
$

2,235,000
10,766,000

8.5

4,200
Soft Construction Cost

Contingency

Unit Costs were developed with data from various items from the unit costs page
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Ocean Lakes to Pungo Alignment Cost Estimate

Typology

Earthen Levee
Raised Roadway
Miter Gate
Miter Gate
Subtotal
Design
Environmental
Assessments
Drainage
Improvements
Utility Relocation
Subtotal

1

Hard Cost
Contingency (30%)
Soft Cost
Contingency (15%)
Subtotal
Total Alignment Cost

Approximate Length
(nearest 10 ft)

Proposed
DFE
(ft NAVD88)

Hard Construction Cost
19,400
8.5
9,100
8.5
90
8.5
140
8.5
28,730
Soft Construction Cost

Unit Cost1

$
$
$
$

993
1,369
19,700
19,693

Contingency

Total Cost
(nearest thousand
2018 dollars)
$
$
$
$
$

19,264,000
12,455,000
1,773,000
2,757,000
36,249,000

$

3,625,000

$

5,438,000

$

2,538,000

$
$

725,000
12,326,000

$

10,875,000

$

1,849,000

$
$

12,724,000
61,299,000

Unit Costs were developed with data from various items from the unit costs page
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Muddy Creek Road Alignment Cost Estimate
Typology

Earthen Levee
Raised Roadway
Miter Gate
Miter Gate
Subtotal
Design
Environmental
Assessments
Drainage
Improvements
Utility Relocation
Subtotal

1

Hard Cost Contingency
(30%)
Soft Cost Contingency
(15%)
Subtotal
Total Alignment Cost

Approximate
Length
(nearest 10 ft)

Proposed DFE
(ft NAVD88)

Hard Construction Cost
28,900
7
18,900
7
200
7
130
7
48,130
Soft Construction Cost

Unit Cost1

$
$
$
$

685
944
15,320
15,323

Contingency

Total Cost
(nearest thousand
2018 dollars)
$
$
$
$
$

19,791,000
17,840,000
3,064,000
1,992,000
42,687,000

$

4,269,000

$

6,404,000

$

2,989,000

$
$

854,000
14,516,000

$

12,807,000

$

2,178,000

$
$

14,985,000
72,188,000

Unit Costs were developed with data from various items from the unit costs page
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EXECUTIVE SUMMARY
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study (CSLRRF) in recognition of increased flood risk and the need for a
strategic plan to protect the city. The goal was to produce the needed information and
strategies to enable the City to establish long-term resilience to sea level rise (SLR) and
associated recurrent flooding. Although the City is considering a wide range of physical
protection measures, this report focuses on an evaluation of building-level flood mitigation
strategies for both residential and commercial structures/parcels, both individually and
combined with select citywide coastal risk reduction alternatives. For residential
structures/parcels, three mitigation strategies were assessed, including structural elevation,
structure demolition and rebuild, and voluntary property acquisition. Nonresidential strategies considered dry floodproofing and wet floodproofing.
Benefit-cost analyses (BCAs) were developed for the building-level flood mitigation
strategies to assess and compare strategy cost-effectiveness. The BCAs were developed using
benefit and cost data from the Hazus analysis, performed as part of the CSLRRF study, and
other data based on experience with similar projects. The BCAs were prepared based on FEMA
BCA software tools in accordance with FEMA Hazard Mitigation Assistance (HMA) Program
guidance so they could be readily applied to FEMA post-disaster mitigation grant applications.
BCAs for the different building-level flood mitigation strategies were summarized across the
City, as well as within the City’s four major watersheds.
Building-level mitigation strategies can be implemented alone, or in combination with
other structural, policy, and non-structural natural and nature-based measures to provide
comprehensive flood protection. This effort also evaluated combining cost-beneficial buildinglevel projects as complimentary strategies to the conceptual city-wide coastal risk reduction
structural alternatives. The city-wide flood protection project alternatives represent large-scale
structures, such as storm surge barriers, sea walls, elevated roads / levees, etc., that extend
across one or more watersheds in Virginia Beach under the CSLRRF (CVB 2019). Six preferred
coastal risk reduction alternative alignments were identified that provide widespread
protection from coastal flood and SLR risks, but tend to be complex and expensive to
implement. In the context of the city-wide strategies, this report identifies cost-beneficial
building-level flood mitigation projects that could be implemented in areas outside of areas
protected by the six preferred alignments, and presents aggregate BCRs to show benefits of a
complimentary solution set.
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Based on a detailed and comprehensive review of BCA results and other technical data, the
following cost-effective building-level flood mitigation strategies were identified for residential
and non-residential buildings in the City of Virginia Beach, in the context of the citywide
coastal risk reduction alternative alignments:
•

If the City is looking for city-wide flood mitigation of individual residential and nonresidential structures instead of coastal risk reduction alternatives:
o For residential structures, pursue structural elevations (2-foot freeboard) as the
best option to protect the highest number of structures at a reasonable average
cost, especially in the Lynnhaven and Southern Rivers (here after referred to as
the ‘Southern’) watersheds. However, consider demo/rebuilds as an option for a
few structures in the Oceanfront watershed, and consider voluntary residential
property acquisitions as a highly cost-effective option for select structures in the
Southern Rivers watershed.

•

For non-residential structures, pursue dry floodproofing as the better option to protect
more structures at a reasonable average cost in the Lynnhaven and Oceanfront
watersheds, but consider wet floodproofing to reduce residual risk. Wet floodproofing is
the better option to protect fewer structures at a reasonable average cost in the Elizabeth
River and Southern watersheds.

•

If funding is available for the City to look at city-wide coastal risk reduction alternative
alignments combined with individual residential structures/parcels outside the
proposed alignments, Alternative C1 combined with residential structural elevations and
non-residential wet floodproofing outside the alternative alignment is the best option to
protect the maximum number of structures at a reasonable cost, especially in the
Lynnhaven and Southern watersheds. However, if funding availability is somewhat
limited, consider Alternative A1 combined with either residential structural elevations or
voluntary property acquisitions and non-residential wet floodproofing outside the
alternative alignment as the best value to protect a large number of residential and nonresidential structures/parcels at the lowest cost.
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1. INTRODUCTION
In 2015, the City of Virginia Beach initiated the Comprehensive Sea Level Rise and
Recurrent Flooding Study (CSLRRF) in recognition of increased flood risk and the need for a
strategic plan to protect the city. The goal was to produce the needed information and
strategies to enable the City to establish long-term resilience to sea level rise (SLR) and
associated recurrent flooding. The City is considering a wide range of physical protection
measures: natural, nature-based, nonstructural, and structural interventions, illustrated in
Figure 1. This report focuses on evaluating building-level flood mitigation strategies for both
residential and commercial structures/parcels. Building-level mitigation strategies can be
implemented alone or in combination with other structural, policy, non-structural, and natural
and nature-based measures to provide comprehensive flood protection.

Figure 1: Multiple lines of defense; illustration adapted from ERDC (2018).

In Virginia Beach, approximately 94% of building parcels are residential occupancy, and 6%
are non-residential occupancy. For residential buildings, mitigation strategies include
structure elevation, demo/rebuild and voluntary property acquisition. For non-residential
buildings, mitigation strategies include dry and wet floodproofing. These strategies are
summarized in Table 1 (residential strategies) and Table 2 (non-residential strategies).
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Table 1. Residential building-level strategy information.
Structure Elevation

Demo/Rebuild

Voluntary Acquisition

Project
Description

Existing residence lifted and
placed on elevated
foundation with lowest floor
at BFE + 2 ft (or 3 ft*)
freeboard

Existing residence demolished
and replaced with new structure
on same footprint elevated to
BFE + 2 ft (or 3 ft*) freeboard

Existing residence and parcel
purchased by City, structure
demolished, site restored to
natural condition and deedrestricted

Useful Life

30 years

50 years

100 years

Costs

85-155% of existing building
replacement value, depending
on existing foundation type

115-145% of existing building
replacement value

130% of parcel’s current fair
market value

Special BCA
Requirements

FEMA guidance allows the
BCA to be waived for
structural elevation projects
that are located within the
SFHA (or where FFE is below
BFE) and cost less than $175k

FEMA guidance does allows the
BCA to be waived for mitigation
reconstruction projects

FEMA guidance allows the
BCA to be waived for
voluntary acquisition projects
that are located within the
SFHA (or where FFE is below
BFE) and cost less than $276k

Eligible for funding
under FEMA’s
Hazard Mitigation
Program?

Yes

Yes, but subject to funding
limitations (maximum Federal
share of $150k) and other
restrictions related to the
building footprint.

Yes

Residual Risk

Low

Low

None

* 3-feet should be used if policy changes, per Policy Adaptation Report, on implemented.

Table 2: Non-residential building-level strategy information.
Project Description
Useful Life
Costs
Special BCA
Requirements
Eligible for funding
under FEMA’s
Hazard Mitigation
Program?
Residual Risk

Dry Floodproofing
Reinforce walls, flood shields, and install
drainage pumps to make substantially
impermeable to floodwater entry
20 years
Costs $10/SF of building foot for each 1
foot of protection above grade

Wet Floodproofing
Hydrostatic openings, flood damage-resistant
materials, and key equipment/ contents elevated to
reduce damages
20 years
Costs $7/SF of building foot for each 1 foot of
protection above grade

None

None

Yes

Yes

High

Moderate
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2. APPROACH
The analyzed building-level mitigation strategies generated a number of benefits for the
residents and businesses within the city. The main benefit is manifested through a reduction
(or elimination) of the amount of flooding that a given parcel would experience.
Benefit-Cost Analysis (BCA) is used to demonstrate that the benefits of a project outweigh
its costs, or the Benefit-Cost Ratio (BCR) is greater than 1.0. 1 Benefits are the avoided damages
and losses associated with a proposed project; while costs are the initial and long-term
investments associated with a proposed project. BCA is used to compare the benefits of a
project to its cost. FEMA’s Unified Hazard Mitigation Assistance (HMA) program guidance
requires that the mitigation project’s BCR must be greater than 1.0 to be eligible for funding.
Project benefits occur over a period of time into the future; while most of the project costs
are incurred up front and in the present. FEMA conducts its BCAs on a net present value basis,
meaning the present value of the benefits gained from the project over the life of the project are
compared to the total project cost to establish the BCR. Because project benefits accumulate
over time, project benefits are calculated on an average annual basis (“annualized”) and then
multiplied by a Present Value Coefficient (PVC) 2 to determine the present value of the
annualized benefits.
For the different building-level flood mitigation strategies, the amount of flood damages
and losses that would occur were estimated if nothing was to be to done for the range of SLR
scenarios (the “damages before mitigation” or “no-action alternative” [NAA]) and the amount
of flood damage that are expected to occur after the mitigation project is constructed (the

1

The benefit cost ratio is calculated as follows: 𝐵𝐵𝐵𝐵𝐵𝐵 =

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

where the benefits are the avoided damages and losses associated with the project and are calculated as
follows:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = ∑(𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) − ∑(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)

and the costs are sum of the upfront construction costs and the present value of the annual operations and
maintenance costs over the useful life of the project.
2

The present value coefficient is calculate as follows: 𝑃𝑃𝑃𝑃𝑃𝑃 = �

1−(1−𝑟𝑟)−𝑇𝑇
𝑟𝑟

�

Where: r is the discount rate and T is the useful life of the project. For most flood mitigation projects, the
FEMA standard useful life of the project is between 30 years and 100 years; per Office of Management and Budget
(OMB) guidelines, the discount rate for Federally-funded mitigation projects is 7.00 percent.

Individual Building and Site-Level Flood Risk Reduction Strategies | 3

“damages after mitigation”). The difference between the two are the avoided damages and for
the purposes of this analysis are the benefits that are generated by the project.
We estimated the benefits for each project if they were to be implemented today, as well as
under the 3 ft SLR scenarios being evaluated under the CSLRRF study. The 3 ft SLR scenario
was chosen to estimate project benefits based on a time frame range that corresponded to the
end of the project useful life for the proposed mitigation measures (i.e., typically around 50
years). For each scenario, we analyzed the project benefits for two different flood frequencies –
the 10-year (1/10 = 10% annual probability) and 100-year (1/100 = 1% annual probability)
events. The overall steps for the BCA approach are shown in Figure 2 and outlined in the
sections that follow.

1) Estimate flood
depths

2) Gather
parcel/building
data

4) Estimate losses
after project
construction

5) Calculate BCRs
and summarize
results

3) Estimate losses
before project
construction

Figure 2: Overall steps in BCA approach for analyzing and calculating building-level flood mitigation strategy costs and
benefits.

2.1. Estimate Flood Depths
Flood depths are a required input for depth-damage-functions. As mentioned above, flood
depths were evaluated for two return periods (the 10- and the 100-year) and were used to
evaluate building-level project benefits. BCA performed for the City-wide structural
alternatives assessed five flood frequencies (the 10-, 25-, 50-, 100-, 500-year return periods).
This was reduced for two for the building level analysis due to additional needed calculations,
described in further detail in Section 2.3.2. Assessing such benefits for the two return periods is
considered standard practice for building-level BCA and provides an acceptable range of events
to estimate annualized losses while reducing the need for additional calculations of multiple
flood return periods. Water elevations in this range of flood recurrence are driven by
extratropical (also known as nor’easters) to tropical storm systems (hurricanes).
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Storm surge elevations were derived from modern studies that applied robust analytical
approaches utilizing numerical modeling simulations of large suites of storm events. Statistical
analysis of the event surges, as completed by the source studies, provide for the range of
recurrence interval elevations. The initial source of probabilistic surge elevations for the entire
City was the most recent FEMA FIS (FEMA 2015). City staff and Dewberry expressed concerns
after examination of the BFE at the Virginia-North Carolina boundary provided by the FEMA
FIS, which led to a review of additional available data sources. These additional data sources
included the North Carolina Floodplain Mapping Program’s (NCFMP) FIS for Currituck
County, North Carolina, as well as the USACE’s North Atlantic Coast Comprehensive Study
(NACCS). This review concluded that limitations in the FIS modeling approach for Virginia
Beach led to an underestimate in probabilistic surge elevations in the Back Bay and North
Landing River areas. Improved elevations for these areas were recommended from the NCFMP
(North Landing River) and NACCS (Back Bay) studies based on observed quality of modeling
(CVB 2017). The FEMA, NCFMP, and NACCS source surge data were combined into a single
coverage across the City, providing the existing condition, or baseline stillwater elevation
surfaces (SWEL).
SLR scenarios of 1.5 ft and 3 ft were then added to the SWEL to represent the future
conditions. The 1.5 ft scenario was simply added to the existing condition surface elevations.
The 3 ft scenario leveraged numerical modeling data of future conditions from NACCS and the
NCFMP’s Sea Level Rise Impact Study to integrate non-linear changes into the stillwater
elevations. Non-linear factors were derived from each source study and spatially applied to the
existing condition surfaces along with the 3 ft rise (CVB 2019a).
Next, wave heights were calculated for the updated 100-yr flood SWEL leveraging the
FEMA Wave Height for Flood Insurance Studies (WHAFIS) 1-D model. This was completed at
existing transect locations from the FIS study, with additional transects added in the Back Bay
National Wildlife Refuge and False Cape State Park. Erosion was re-evaluated, updated crosssections were inputted into WHAFIS, and then wave heights were re-calculated for each
scenario. Total water surface values were then extracted from WHAFIS and spatially
interpolated across the City to provide representation of the full coastal flood hazard with
waves over stillwater. Wave heights were spatially proportioned to the other return periods
using the relative ratio of wave height to stillwater. Finally, flood depths at a 10-ft horizontal
cell size were calculated by subtracting these total coastal flood elevations from a topographic
digital elevation model of the 2013 U.S. Geologic Survey LiDAR topography (CVB 2019a).
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2.2. Gather Parcel-Level Data
The next step was to determine the type and size of the structures on each affected parcel,
so as to provide a basis of valuation. For Virginia Beach, individual parcel level data was used
from the City of Virginia Beach’s tax database, which is used by city tax assessors to compile
parcel-level data on individual properties for property tax purposes.
The City’s data includes a number of variables that were used to estimate the type and size
of structure on each parcel. The variables include:
•

Building label identifies the use of each parcel;

•

Occupancy class identifies the Hazus User-Defined Facility (UDF) 3 occupancy
class for the property; and

•

Number of stories provides the estimated number or range of stories.

Please see Table A-1 and Table A-2 in Appendix A for lists of the residential and nonresidential building labels, occupancy classes, and number of stories included in the analysis.
Parcels from the damage calculations that did not have a structure on them or did not
experience flooding based on our analysis were excluded.

2.3. Estimate Damages and Losses Before Project Construction
The next step in the process was to estimate the physical damages and losses that would
occur under each scenario and flood frequency before project construction (i.e., damages
before mitigation or NAA). For each flooded building, three types of damages were estimated:
•

Structure damage includes damage to the structure of the building. It is measured as
a percent of the building’s replacement value.

•

Contents damage includes damage to everything within the house/structure that is
not permanently installed, such as rugs, furniture, inventory (for commercial parcels)
and appliances. It is measured as a percent of the building’s replacement value.

•

Displacement/loss of function are the costs associated with not being able to use
the structure. For residential structures, it is based on the number of days that the

UDF is a HAZUS term that refers to the local inventory data, including buildings, critical facilities and other
infrastructure, which can replace the national defaults supplied by the Hazus program.
3
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structure cannot be occupied, and for non-residential structures it is based on the
number of days that the structure cannot provide service.
2.3.1. Structure and Contents Damage within Hazus
The structure and contents damages for individual buildings were estimated in the Hazards
US (Hazus) flood module using depth-damage functions (DDFs), which are a mathematical
relationship between the depth of flooding on a property and the amount of damage that can
be attributed to the flooding. The FEMA expert panel Coastal A or V DDFs were selected for
residential buildings in coastal flood zones and U.S. Army Corps of Engineers (USACE) generic
DDFs for residential buildings in non-coastal flood zones. The non-residential DDFs were
based on USACE DDFs developed by various USACE Districts for the non-residential building
types included in the study area. Refer to Appendix A, Table A-3 for additional details on the
structure DDFs used in the analysis and Table A-4 for additional details on the contents DDFs
used in the analysis. Note that the selection of specific USACE District DDFs for nonresidential buildings were based on which DDFs most closely reflected the average DDFs
values used in the FEMA BCA Tool rather than which Districts were geographically closer to
Virginia Beach.
Once the structure DDFs were established for individual buildings based on a percentage of
the building value, the various structure DDF percentages were multiplied by the building
replacement value (BRV) for each building located within the study area. BRVs were
established based on unit construction cost ($/square foot) data adapted from RS Means 4
multiplied by the size of the building. The unit BRVs used in the Hazus flood module for
various residential building structures in Virginia Beach are shown in Appendix A, Table A-5;
unit BRVs for the various non-residential building structures are shown in Table A-6.
As with structures, once the contents DDFs were established for individual buildings based
on a percentage of the contents value, the various contents DDF percentages were multiplied
by the contents value for each building located within the study area. The contents replacement
values used in the Hazus flood module for various residential and non-residential building
structures in Virginia Beach are shown in Table A-4 as percentages of the BRVs.

Please see https://www.rsmeans.com/ for additional information. We used construction costs from RS
Means that was specific for the study area.
4
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2.3.2. Displacement and Loss of Function outside Hazus
Unfortunately, the Hazus flood module does not estimate displacements and loss of
function values for individual buildings (the module only provides these data by Census block).
To address this issue, residential displacements and non-residential service losses outside of
Hazus using the approach outlined in the following paragraphs were estimated.
Residential displacements were established based on U.S. Army Corps of Engineers
(USACE) generic DDFs for residential building displacements. See Appendix A, Table A-7 for
additional details on the residential building displacement DDFs.
Once the displacement DDFs were established for individual residential buildings based on
the number of displacement days, the various displacement DDF days were multiplied by the
unit displacement value for each residential building located within the study area. The unit
displacement values were established for each residential occupancy type based on the latest
U.S. Census data for Virginia Beach 5 and the current average lodging and per diem rates for
Virginia Beach from the U.S. General Service Administration 6 as shown in Table A-7.
The non-residential loss of service consists of two components: a one-time disruption cost
and a recurring monthly cost for the duration of the displacement. Both costs are measured in
dollars per square foot and reflect the loss of net business income (commercial buildings) or
value of service (public buildings) from the event as well as increased operational costs
incurred while repairs are made. Data from the FEMA Benefit Cost Analysis Re-Engineering
(BCAR) guide was used to estimate the total non-residential loss of service durations in
months. Refer to Appendix A, Table A-9 for additional details on the non-residential building
displacement DDFs.
Once the non-residential loss of function values were established for individual nonresidential buildings based on the number of months of disruption, the various losses of
function were multiplied by the unit disruption and rental costs for each non-residential
building located within the study area. The unit disruption and rental costs values were

5 Please see the 2010 U.S. Census Quick Facts data for Virginia Beach
https://www.census.gov/quickfacts/fact/table/virginiabeachcityvirginia,VA/PST045216 for additional
information.
6 Please see U.S. GSA website https://www.gsa.gov/portal/category/100120 for additional information. We
used data for the study area averaged over the past 12 months.
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established for each non-residential occupancy type based on FEMA Benefit Cost Analysis
Re-Engineering (BCAR) guidance as shown in Table A-9.

2.4. Estimate Damages and Losses After Project Construction
The next step was to estimate the physical damages and losses that would occur under each
scenario and flood frequency after project construction (i.e., damages after mitigation). As with
Step 3, the adjusted structure damage, contents damage, and displacement/loss of function for
each flooded building was estimated. Based on experience with similar projects, the adjusted
damages and losses were estimated based on the type of mitigation project as described in the
paragraphs that follow. Additionally, for all mitigation project types, computation of damages
and losses after mitigation were limited to flood-prone structures, which were classified as
those structures with at least $1,000 in total damages and losses before mitigation from the 10year or 100-year storm event.
2.4.1. Residential Structure Elevations
Residential structure elevation projects involve the lifting of existing individual flood-prone
homes within each watershed by the City. The structures are lifted by experienced elevation
contractors using a network of hydraulic jacks and lifting beams and temporarily supported on
timber cribbing. Once a residential structure is lifted 2 feet above the Base Flood Elevation
(BFE) in accordance with the City’s floodplain management ordinance (or 3 feet above BFE
based proposed recommendations in the Virginia Beach Sea Level Rise Policy Response
report), a permanent foundation is constructed beneath the existing structure in accordance
with the City ordinances and current building codes and design standards, and then it is
connected to the existing structure to complete the elevation. Examples of residential structure
elevations are shown in Figure 3. Note that structure elevations are a well-established
mitigation approach for addressing flood and SLR risks to individual properties without
impacting the tax base, but they tend to be complex and expensive to implement. Additionally,
the feasibility and effectiveness of elevating existing residential structures depends on a wide
range of factors, but one of the primary considerations is the type of existing foundation as
shown below:
•

Homes with crawlspace foundations are typically the simplest and cheapest to elevate
since lifting beams and jacks can be placed and the new foundation constructed with
relative ease in riverine flood zones.
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•

Homes with pile foundations are more difficult and expensive to elevate because homes
must be moved off their existing footprint after lifting to allow for driving of taller and
deeper piles as required in coastal flood zones.

•

Slab-on-grade homes are the most complex and costly to elevate because existing grade
slabs are difficult and lack the steel reinforcement needed to act as elevated floors, often
requiring construction of a new elevated floor system to support the home. Additionally,
existing grade slabs in coastal areas require the use of helical piles which are more
expensive to install than traditional driven piles.

Figure 3: Example of residential structure elevation projects in City of Virginia Beach. Bay Island residence after elevation,
with adjacent house in photo for context. Photograph by Dewberry.

Based on the past experience with structural elevation projects and extensive discussions
with City of Virginia Beach building officials, the expected unit costs of the structural elevation
projects were estimated between 85% and 155% of residential BRVs based on the building
footprint multiplied by weighted average residential BRVs and adjusted for the existing
building foundation type and freeboard requirements as shown below:
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•

Elevation costs for elevation to BFE + 2-foot freeboard:
o Slab-on-grade foundation home in riverine flood zone = $129/SF
o Other (non-slab) foundation in riverine flood zone = $97/SF
o Slab-on-grade foundation home in coastal flood zone = $162/SF
o Other (non-slab) foundation in coastal flood zone = $122/SF

•

Elevation costs for elevation to BFE + 3-foot freeboard:
o Slab-on-grade foundation home in riverine flood zone = $142/SF
o Other (non-slab) foundation in riverine flood zone = $107/SF
o Slab-on-grade foundation home in coastal flood zone = $178/SF
o Other (non-slab) foundation in coastal flood zone = $134/SF

Note that residential structure elevation costs included the net present value of annual
operation and maintenance (O&M) costs over the life of the project in accordance with FEMA
BCA guidance, with the annual O&M estimate of 0.25% of the elevation cost.
Using standard values used in the FEMA BCA Tool, residential structure elevation projects
were assumed to accrue benefits over a project useful life of 30 years to reflect mitigation of the
existing structure. Structure elevation is considered a low residual risk project; the elevation
provides full protection up to the design level event and still provides some protection above
the design event (i.e., a flood above BFE + freeboard can still cause some damage to the
elevated structure, but far less than if the structure were not elevated). Given the low residual
risk, damages and losses after mitigation were estimated based on the following adjustments to
damages and losses before mitigation:
•

10-year damages after mitigation reduced to zero.

•

100-year damages after mitigation were estimated based on 10-year damages before
mitigation and approximated to occur at a 150-year event recurrence interval to reflect
the residual risk associated with elevating the structure 2 to 3 feet above BFE. For an
existing building elevated to the BFE, minimal damages after mitigation would start at
the 100-year event. Therefore, in an effort to conservatively estimate the impact of
freeboard above the BFE, minimal damages (i.e., the 10-year event before mitigation)
were assumed to start at the 150-year event.
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Structure elevation projects that are cost-effective are eligible for funding under FEMA’s
Unified Hazard Mitigation Assistance (HMA) Program. Additionally, FEMA guidance allows
the BCA to be waived for structural elevation projects that cost less than $175,000 and are
either located within the Special Flood Hazard Area (SFHA) or the structure’s first floor
elevation (FFE) is below the BFE.
2.4.2. Residential Demo-Rebuild (Mitigation Reconstruction)
Demo-rebuild projects involve the demolition of existing individual flood-prone homes
within each watershed. The demolished structures are then replaced by a new structure
constructed within the same footprint, elevated 2 feet above the Base Flood Elevation (BFE) in
accordance with the City’s floodplain management ordinance (or 3 feet above BFE based on
proposed recommendations in the Virginia Beach Sea Level Rise Policy Response Report). The
new structure is designed and constructed to resist high winds and other hazards in accordance
with the City ordinances, as well as the latest building codes and design standards. Demorebuild projects are a form of mitigation reconstruction, which is a FEMA hazard mitigation
technique where all or part of an existing structure is demolished and rebuilt so it is elevated
above the design flood levels. Examples of residential structure elevations are shown in
Figure 4. Note that demo-rebuilds are a good mitigation approach for addressing flood and
SLR risks in situations where one or more existing structures cannot be feasibly elevated. Like
structural elevations, demo rebuilds allow the City to maintain the tax base, but they are
expensive and subject to FEMA hazard mitigation grant funding limitations.

Figure 4: Example of residential demo/rebuild project near Bow Creek Boulevard in central Virginia Beach. Left photo shows
the building prior to demo/rebuild; right photo shows building after. In this case, building was significantly damaged by both
flooding and fire. Photos courtesy of City of Virginia Beach.
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The expected unit costs of demo-rebuild projects were estimated between 115% and 145% of
residential BRVs. These estimates were based on the building footprint multiplied by weighted
average residential BRVs and adjusted for the anticipated quality of construction (i.e., the level
of detailed design that exceeds minimum code requirements), number of stories, and freeboard
requirements as shown below:
•

Demo-rebuild costs for elevation to BFE + 2-foot freeboard:
o Average quality in riverine flood zone (1-story) = $145/SF
o Average quality in riverine flood zone (2- or more stories) = $135/SF
o Custom quality in coastal flood zone (1-story) = $165/SF
o Custom quality in coastal flood zone (2- or more stories) = $155/SF

•

Demo-rebuild costs for elevation to BFE + 3-foot freeboard:
o Average quality in riverine flood zone (1-story) = $146.50/SF
o Average quality in riverine flood zone (2- or more stories) = $136.50/SF
o Custom quality in coastal flood zone (1-story) = $166.50/SF
o Custom quality in coastal flood zone (2- or more stories) = $156.50/SF

Note that demo-rebuild costs included the net present value of annual operation and
maintenance (O&M) costs over the life of the project in accordance with FEMA BCA guidance,
with an annual O&M estimate of 0.25% of the demo-rebuild cost from experience with similar
projects.
Based on standard values used in the FEMA BCA Tool, residential demo-rebuild projects
were assumed to accrue benefits over a project useful life of 50 years as opposed to 30 years to
reflect new construction. Demo-rebuild is considered a low residual risk project similar to
structure elevation, so damages and losses after mitigation were estimated based on the
following adjustments to damages and losses before mitigation using the same approach as
structural elevations:
•

10-year damages after mitigation reduced to zero.

•

1oo-year damages after mitigation estimated based on 10-year damages before
mitigation and approximated to occur at a 150-year event recurrence interval to reflect
the residual risk associated with elevating the structure 2 feet to 3 feet above BFE. For a
new building elevated to the BFE, minimal damages after mitigation would start at the
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100-year event. Therefore, in an effort to conservatively estimate the impact of
freeboard above the BFE, minimal damages (i.e., the 10-year event before mitigation)
were assumed to start at the 150-year event.
Mitigation Reconstruction that are cost-effective are eligible for funding under FEMA’s
HMA Program, but they are subject to funding limitations that limit the maximum Federal
share to $150,000 as well as other restrictions related to the building footprint. Refer to
Section D of FEMA’s Hazard Mitigation Assistance Program Guidance Addendum
(https://www.fema.gov/hazard-mitigation-assistance-program-guidance) for details on these
restrictions. Additionally, unlike structural elevation projects, FEMA guidance does allow the
BCA to be waived for mitigation reconstruction projects.
2.4.3. Residential Voluntary Property Acquisitions
Residential voluntary property acquisition projects involve the purchase of individual floodprone residential parcels within each watershed by the City. Once a residential parcel is
purchased from the owner, the City demolishes the existing structure(s) on the parcel, restores
the site to open space, and places a deed restriction on the parcel to prevent any future
development on the site. An example of a residential voluntary acquisition is shown in
Figure 5. Note that voluntary acquisitions are the best mitigation approach for addressing flood
and SLR risks to individual properties, but they are very expensive (depending on the real
estate market) and can negatively impact the City’s tax base. Based on the latest available
property tax records from the City to estimate fair market values for the land plus
improvements (i.e., residential structures) and experience with similar projects, the cost of
residential voluntary property acquisition projects at 130% of the fair market value for each
parcel based on the latest City property tax data using the following breakdown:
•

The additional 30% fair market value is used to estimate the cost of demolishing the
structure and restoring the site, real estate closing costs and legal fees, and deed
restrictions imposed on the site.
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Figure 5: Example of residential voluntary acquisition project. Photo taken by FEMA contractor (John Squerciati, Dewberry)
taken in 2014 of undeveloped land used as a regional detention pond in Frederick, Colorado

Note that residential voluntary property acquisition costs included the net present value of
annual operation and maintenance (O&M) costs over the life of the project in accordance with
FEMA BCA guidance, with an annual O&M estimate of 0.1% of the acquisition cost from
experience with similar projects.
Based on standard values used in the FEMA BCA Tool, voluntary acquisition projects were
assumed to accrue benefits over a project useful life of 100 years, which is considered to be
representative of projects that exist in perpetuity (i.e., forever). Voluntary acquisition projects
are considered to have no residual risk because the residential structures on the acquired
parcels are no longer at risk of future flood damage. Therefore, damages and losses after
mitigation were assumed to be zero.
Voluntary acquisition projects that are cost-effective are eligible for funding under FEMA’s
HMA Program. Additionally, FEMA guidance allows the BCA to be waived for voluntary
residential acquisition projects that cost less than $276,000 and are either located within the
SFHA or if the structure’s FFE is below the BFE. Finally, note that unlike other project types,
voluntary acquisition projects have potential environmental benefits associated with the
purchase/preservation of open space.
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2.4.4. Non-Residential Dry Floodproofing
Non-residential dry floodproofing projects involve the protection of existing individual
flood-prone commercial and public structures within each watershed by reinforcing walls,
adding flood shields, and installing drainage systems with pumps to keep the structures
substantially impermeable to the passage of floodwaters. An example of non-residential wet
floodproofing is shown in Figure 6. Note that dry floodproofing is a less expensive flood
mitigation option that maintains the City’s tax base. However, unlike other individual structure
measures, dry floodproofing is active mitigation that requires human intervention to be
effective (i.e., at least 12 hours of warning time to install the measures and evacuate).
Furthermore, because dry floodproofing measures can impose significant flood loads on
structures, their application is limited to non-residential structures in riverine floodplains with
a BFE within 1 foot of grade (i.e., a maximum protection height of 3 feet above grade including
2 feet of freeboard) and are constructed of concrete or masonry framing with slab-on-grade
foundations.

Figure 6: Example of non-residential dry floodproofing project. FEMA MAT photos taken by contractor (John Squerciati,
Dewberry) of dry floodproofed doors at a hospital in New Orleans, Louisiana, taken after Hurricane Katrina (2005).

Based on the past experience with flood mitigation projects, the expected costs of dry
floodproofing projects were estimated based on the building footprint multiplied by $10 per
square foot for each 1 foot of protection height above grade. Note that non-residential dry
floodproofing costs included the net present value of annual operation and maintenance
(O&M) costs over the life of the project in accordance with FEMA BCA guidance, with an
annual O&M estimate of 2.5% of the floodproofing cost from experience with the significantly
higher maintenance needs of similar projects.
Using standard values used in the FEMA BCA Tool, non-residential dry floodproofing
projects were assumed to accrue benefits over a project useful life of 20 years based on the
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limited durability of dry floodproofing equipment and materials. Dry floodproofing is
considered a high residual risk project due to its reliance on active measures requiring human
intervention, lack of redundancy, and flood loads. Given the high residual risk, damages and
losses after mitigation were conservatively estimated based on the following adjustments to
damages and losses before mitigation:
•

10-year damages after mitigation reduced to zero.

•

150-year damages after mitigation at the BFE plus freeboard were estimated based on
100-year damages before mitigation. For a building dry floodproofed to the BFE,
maximum damages after mitigation would start at the 100-year event when the flood
levels start to overtop the floodproofing and the project is no longer be effective.
Therefore, in an effort to approximate the impact of freeboard above the BFE, maximum
damages (i.e., the 100-year event before mitigation) were assumed to start at the 150year event.

Non-residential dry floodproofing projects that are cost-effective are eligible for funding
under FEMA’s HMA Program, but it is important to recognize the technical feasibility and
effectiveness limitations of such projects.
2.4.5. Non-Residential Wet Floodproofing
Non-residential wet floodproofing projects involve the protection of existing individual floodprone commercial and public structures within each watershed by adding hydrostatic
openings, using flood damage-resistant materials, and elevating key equipment and contents to
reduce damages and losses from inundation by floodwaters. An example of non-residential wet
floodproofing is shown in Figure 7. Note that wet floodproofing may be the least expensive
flood mitigation option that maintains the City’s tax base. However, wet floodproofing may
involve some active mitigation that requires human intervention to be effective (i.e., moving
key equipment and contents to a higher level before evacuating) and requires significant postflood cleanup. Furthermore, the application wet floodproofing measures is limited to nonresidential structures in riverine floodplains with a BFE within 6 ft of grade (i.e., a maximum
protection height of 8 feet above grade including 2 feet of freeboard). Wet floodproofing is
most suitable for commercial warehouses, storage buildings, and other non-residential
structures where the contents/equipment are more valuable than the structure itself.
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Figure 7: Example of non-residential wet floodproofing project. Photos taken by FEMA contractor (John Squerciati, Dewberry)
of hydrostatic openings and elevated HVAC compressors in New Orleans, Louisiana taken on a technical field tour after
Hurricane Katrina (2005).

The expected costs of wet floodproofing projects were estimated based on the building
footprint multiplied by $7 per square foot for each 1 foot of protection height above grade.
Note that non-residential wet floodproofing costs included the net present value of annual
operation and maintenance (O&M) costs over the life of the project in accordance with FEMA
BCA guidance, with annual O&M estimated of 0.5% of the floodproofing cost from experience
with the higher maintenance needs of similar projects.
Based on standard values used in the FEMA BCA Tool, non-residential wet floodproofing
projects were assumed to accrue benefits over a project useful life of 20 years based on the
limited durability of wet floodproofing equipment and materials. Wet floodproofing is
considered a moderate residual risk project given that it provides partial protection up to
design event (post-flood cleanup is required) and still provides limited protection above the
design event. Therefore, damages and losses after mitigation were conservatively estimated
based on the following adjustments to damages and losses before mitigation:
•

10-year damages after mitigation reduced to one half (50%) of 10-year damages and
losses before mitigation

•

150-year damages after mitigation at the BFE plus freeboard were estimated based on
100-year damages before mitigation. For a building wet floodproofed to the BFE,
maximum damages after mitigation would start at the 100-year event when the flood
levels start to overtop the floodproofing and the project would no longer be effective.
Therefore, in an effort to approximate the impact of freeboard above the BFE, maximum

Individual Building and Site-Level Flood Risk Reduction Strategies | 18

damages (i.e., the 100-year event before mitigation) were assumed to start at the 150year event.
Non-residential wet floodproofing projects that are cost-effective are eligible for funding
under FEMA’s HMA Program, but it is important to recognize the effectiveness limitations of
such projects.
2.4.6. Other Partial Protection Techniques
Wet floodproofing systems for residential buildings were not considered due to the
following inherent limitations that would have made it extremely difficult to quantify.
•

Wet floodproofing of residential structures are only applicable in limited situations such
as protecting garage areas and crawlspaces, but not the habitable spaces of a home.

•

Wet floodproofing of residential structures are only applicable to address limited flood
damages that are less than 50 percent of the structure’s pre-event market value; one
cannot use wet floodproofing to bring homes that are Substantially Damaged or
Substantially Improved (i.e., the repair cost is 50 percent or more of pre-event market
value) into compliance with the NFIP.

Techniques associated with wet floodproofing that could be used to provide partial
protection to flood-prone residential buildings were reviewed, and include:
•

Relocation of flood-prone contents: This technique involves moving existing
building contents located on the lowest floors of flood-prone buildings to a higher level
or the next highest floor, resulting in reduced contents damage.

•

Installation of hydrostatic openings: This technique involves installing hydrostatic
openings (commonly referred to as flood vents) on crawlspace foundations walls or the
walls of enclosures below the BFE that allow for the free entry and exit of floodwaters,
resulting in reduced risk of physical damage to the structure from collapse due to
excessive standing water (hydrostatic) pressure. Note that for buildings on crawlspaces
in SFHAs, this technique can reduce flood insurance premiums by changing the lowest
rated floor from the ground surface (used when the crawlspace has no hydrostatic
openings) to the top of the crawlspace. Refer to FEMA NFIP Technical Bulletin 1,
Openings in Foundation Walls and Walls of Enclosures (August 2008) for additional
technical details.
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•

Elevation of utilities: This technique involves raising flood-prone outdoor and indoor
building utility equipment and distribution systems to a higher level or the next highest
floor, resulting in reduced building damage and displacements/service losses. Note that
this technique requires less effort for buildings in riverine flood zones because elevated
building utilities in coastal flood zones must designed to address more complex forces
(i.e., storm surge, breaking waves, higher winds, and corrosion). Refer to FEMA P-348,
Protecting Building Utility Systems From Flood Damage (February 2017) for
additional technical details.

•

Construction Using Flood Damage-Resistant Materials (FDRM): This
technique involves replacing existing flood-prone structural and finish materials below
the design flood level with flood damage-resistant materials (FDRMs), resulting in
reduced building damage and shorter displacements/service losses due to post-flood
cleanup. Examples of this technique may include replacing oriented-strand board with
plywood, and replacing wood cabinets with metal. Refer to FEMA NFIP Technical
Bulletin 2, Flood Damage-Resistant Materials Requirements (August 2008) for
additional technical details.

Table 3 provides a summary of these other individual partial protection techniques, their
estimated project useful life range, and their estimated cost range per residential structure,
based on experience with similar projects.
Table 3: Summary of partial protection techniques.
Partial Protection Technique
Relocation of flood-prone contents
Installation of hydrostatic openings
Elevation of utilities – riverine flood zone
Elevation of utilities – coastal flood zone
Construction using flood damage-resistant materials

Project Useful Life
Range (years)
15 to 30
15 to 20
15 to 30
15 to 30
20 to 30

Estimated Cost Range
per Residential Structure
$0 to $1,000
$5,000 to $10,000
$6,500 to $13,000
$25,000 to $50,000
$20,000 to $40,000

Note that that the same partial protection techniques listed in Table 3 can be readily
adapted and applied to partially protect individual non-residential structures (i.e., business
and public facilities) from flood damages and losses at a generally lower cost than the other two
more comprehensive non-residential building mitigation measures. Sufficient data on the cost
ranges for adapting and applying the individual techniques to non-residential structures were
not available; however, it is anticipated their other characteristics would be essentially the
same as shown in Table 3 for residential based on experience with similar projects.
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2.5. Determine the Base and Final Benefit-Cost Ratio (BCR)
2.5.1. Base Benefit-Cost Ratio
A spreadsheet calculator was developed based on the damage-frequency assessment (DFA)
module in the latest version of FEMA’s BCA analysis software available at the time of this study
(Version 5.2.1), and the calculator has been confirmed to be consistent with the two most
recent versions of the FEMA BCA software (Versions 5.3 and 6.0) 7. This calculator was used to
process the benefits (i.e., based on avoided damages, defined as the losses before mitigation
minus the damages and losses after mitigation) and divide them by the costs (i.e., based on
construction cost plus operation and maintenance (O&M) costs necessary to maintain the
effectiveness of the project throughout its useful life). This equation produces an initial or base
BCR for each structure.
2.5.2. Social and Environmental Benefits
FEMA has recently begun to allow the use of social and environmental benefits to increase
the total benefits of projects that directly protect occupants of residential buildings. FEMA
guidance indicates these additional benefits can be added where the base project BCR equals
0.75 or greater. Social benefits quantify the mental stress and anxiety suffered by residents and
the loss of productivity to wage earners caused by flood events. The social benefits were
developed by economists and subject matter experts. FEMA currently allows the following unit
values for use in social benefit calculations:
•

$2,443 per resident for avoided mental stress and anxiety

•

$8,736 per wage earning resident for avoided loss of productivity

Data were used from the 2010 US Census and other local resources to estimate the average
number of residents and wage earners for each flood-impacted residential building within the
study area that would be mitigated. The above values were then applied to the affected
buildings to estimate the social benefits that could be added to the base benefits where the base
BCR was 0.75 or greater.

7 For additional information on the latest versions of the FEMA BCA analysis software currently available,
please see: https://www.fema.gov/benefit-cost-analysis
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Environmental benefits – also known as ecosystem service benefits – quantify the value of
voluntary residential acquisition projects that add or restore open space to the community. As
with social benefits, the environmental benefits were developed by economists and subject
matter experts and can only be included where the base BCR is 0.75 or greater. FEMA
currently allows the following unit values for use in environmental benefit calculations based
on the restored land use:
•

$8,308/acre/year for green open space

•

$39,545/acre/year for riparian (riverside or seaside access)

•

$6,010/acre/year for wetlands

•

$554/acre/year for forests

•

$1,799/acre/year for marine and estuary

Data were used from the City of Virginia Beach and other GIS resources to prepare
simplified estimates of the average environmental benefits for voluntary residential acquisition
project sites within the study area based on their proximity to rivers, streams, or coastlines.
Sites adjacent to rivers and streams used the riverside or seaside access value of
$39,545/acre/year value; while all other sites used the open space value of $8,308/acre/year.
The above values were then applied to the affected buildings to estimate the environmental
benefits that could be added to the base benefits where the base BCR was 0.75 or greater.
Once the social and environmental benefits were calculated, these benefits were added to
the base benefits for applicable residential project sites. A spreadsheet calculator was
developed based on the damage-frequency assessment (DFA) module in the latest version of
FEMA’s BCA analysis software available at the time of this study (Version 5.2.1) 8 to process the
benefits (based on avoided physical damages and losses) and divide them by the costs to arrive
at a final benefit-cost ratio (BCR) for each structure.

8 For additional information on the FEMA BCA analysis software, please see: http://www.fema.gov/medialibrary/assets/documents/92923
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3. RESULTS
BCRs were prepared for individual flood-impacted residential and non-residential
buildings. The results of these analyses are summarized in the following sub-sections. Only
projects with a BCRs greater than or equal to 1 were considered cost-beneficial and presented
in this section. Results are first summarized comprehensively across the City and then broken
down by the four major watersheds in Virginia Beach. This section is followed by a discussion
of considering cost beneficial building-level projects as a complimentary strategy to the citywide structural measures being evaluated under the CSLRRF study.

3.1. Freeboard Considerations
Residential structural elevation and demo-rebuild projects were analyzed for both 2-foot
freeboard in accordance with the City’s floodplain management ordinance and 3-foot freeboard
based proposed recommendations in the Virginia Beach Sea Level Rise Policy Response report.
Note that citywide and watershed analysis summaries of individual residential structure
elevation and demo/rebuild projects with 2-foot freeboard vs 3-foot freeboard were reviewed
and compared. The results of this review and comparison of citywide and watershed
summaries revealed the following:
•

Residential structure elevations and demo/rebuilds with 2-foot freeboard were more
cost-effective with higher BCRs than those with 3-foot freeboard.

•

Residential structure elevations and demo/rebuilds with 2-foot freeboard protected
more structures at a lower average cost than those with 3-foot freeboard.

Based on this review and comparison or results, it was decided to expand results and show
figures for residential structural elevations and demo/rebuilds with 2-foot freeboard instead of
3-foot freeboard.

3.2. Summary of Individual Building Measures Across the City
The BCA results for the three individual measures for residential structures/parcels
(elevation, demo/rebuild, voluntary acquisition) and the two individual measures for nonresidential structures (dry floodproofing, wet floodproofing) are summarized comprehensively
at the city-wide scale in Table 4 and displayed in Figure 8. Maps showing locations of costbeneficial projects at the city-wide scale are provided in Figure 9 through Figure 13 on the
pages that follow.
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Table 4: City-wide BCA results for individual residential and non-residential mitigation measures.

Mitigation Measure
Residential
Structural Elevation
– 2 ft Freeboard
Residential
Structural Elevation
– 3 ft Freeboard
Residential
Demo/Rebuild –
2 ft Freeboard
Residential
Demo/Rebuild –
3 ft Freeboard
Residential
Voluntary Property
Acquisition
Non-Residential Dry
Floodproofing
Non-Residential
Wet Floodproofing

Estimated
Number of
Structures/
Parcels
Protected

% of Total
Structures/
Parcel Protected
City-wide

Average
Protection
Cost per
Structure/
Parcel

Project
Benefits

Project Costs

BCR

4,009

2.88% Residential

$198,382

$1,756,264,109

$795,314,146

2.21

3,671

2.64% Residential

$215,396

$1,669,333,717

$790,717,049

2.11

3,302

2.37% Residential

$230,278

$1,567,012,778

$760,378,325

2.06

3,268

2.35% Residential

$231,993

$1,556,343,773

$758,152,035

2.05

2,518

1.66% Residential

$346,507

$4,649,446,584

$872,504,919

5.33

$77,618

$44,265,554

$22,586,971

1.96

$77,304

$37,560,993

$21,799,608

1.72

291
282

3.36%
Non-Residential
3.26%
Non-Residential

BCR

Count of Buildings/Parcels

6

4,500

3,500

Project BCR

4

3,000
2,500

3

2,000

2

1,500
1,000

1
0

Count of Buildings/Parcels

4,000

5

500
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Figure 8: City-wide BCA results for individual residential and non-residential mitigation measures.
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The citywide BCA results indicate the following:
•

All three of the individual measures for residential and both of the individual measures
for non-residential are cost-effective with BCRs between 1.72 and 5.33.

•

Of the three individual residential measures, structural elevation with 2-foot freeboard
protects the largest number of structures at 4,009 (2.88% of residential structures citywide) with the lowest average protection cost of $198,382 per structure and a high BCR
of 2.21, but is the second most expensive option at $795 million. By contrast, voluntary
property acquisition protects the least parcels at 2,518 (1.66% of residential parcels citywide) with the highest average protection cost of $223,654 per structure and the highest
cost at $873 million, but has the highest BCR of any of the mitigation measures analyzed
at 5.33.

•

Of the two individual non-residential measures city-wide, dry floodproofing and wet
floodproofing protect the same basic number of structures (291 dry vs 282 wet) with
similar average protection costs ($77,618/structure dry vs $77,304/structure wet) and
similar total costs ($22.6 million dry vs $21.8 million wet). Dry floodproofing has a
higher BCR at 1.96 than wet floodproofing at 1.72. However, given the high residual risk
and the documented history of poor performance of dry floodproofing measures, it is
recommended to use wet floodproofing over dry floodproofing wherever practical.

In addition to the Citywide BCA results, an assessment of the potential cost-effectiveness of
partial protection techniques discussed in Section 2.4.6 for residential buildings based on
experience with similar projects (summarized in Table 5) was provided. As stated previously,
there are not sufficient data on the cost ranges for adapting and applying the individual
techniques to non-residential structures; however, it is anticipated their potential costeffectiveness would be essentially the same as shown in Table 5 for residential structures based
on experience with similar projects.
Table 5: Summary of potential cost-effectiveness of partial protection techniques.
Partial Protection Technique
Relocation of flood-prone contents
Installation of hydrostatic openings
Elevation of utilities – riverine flood zone
Elevation of utilities – coastal flood zone
Construction using flood damage-resistant materials

Estimated Cost Range
per Residential Structure
$0 to $1,000
$5,000 to $10,000
$6,500 to $13,000
$25,000 to $50,000
$20,000 to $40,000

Potential CostEffectiveness
Highest
High
Medium
Low
Low
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Figure 9: Map showing cost beneficial building elevation projects across the City (2-foot freeboard only).
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Figure 10: Map showing cost beneficial demo/rebuild projects across the City (2-foot freeboard only).
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Figure 11: Map showing cost beneficial voluntary acquisition projects across the City.

Individual Building and Site-Level Flood Risk Reduction Strategies | 28

Figure 12: Map showing cost beneficial dry floodproofing projects across the City.
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Figure 13: Map showing cost beneficial wet floodproofing projects across the City.
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3.3. Watershed Summary
The following sub-sections provide a summary of the BCR results for cost beneficial
building-level projects within each of the City’s four major watersheds: Lynnhaven, Elizabeth
River, Oceanfront, and Southern.
3.3.1. Residential Projects
Residential elevation, demo/rebuild, and voluntary property acquisition BCA results with
breakdowns by the four watersheds within the city of Virginia Beach – Lynnhaven, Elizabeth
River, Oceanfront, and Southern – are summarized in Table 6 through Table 10 below.
Table 6: BCA results for individual residential structural elevations at 2-foot freeboard with breakdown by watershed.
Watershed
Lynnhaven
Elizabeth
River
Oceanfront
Southern
Total – All
Watersheds

Estimated # of
Protected
Residential
Structures
2,292

% of Watershed
Residential
Structures
Protected
3.26%

Average
Protection
Cost per
Structure
$169,032

Project
Benefits

Project Costs

BCR

$935,884,170

$387,421,092

2.42

16

0.09%

$176,048

$3,430,378

$2,816,767

1.22

66
1,635

1.26%
3.57%

$183,249
$240,356

$22,764,375
$794,185,186

$12,094,410
$392,981,877

1.88
2.02

4,009

2.88%

$198,382

$1,756,264,109

$795,314,146

2.21

Table 7: BCA results for individual residential structural elevations at 3-foot freeboard with breakdown by watershed.
Watershed
Lynnhaven
Elizabeth
River
Oceanfront
Southern
Total – All
Watersheds

Estimated # of
Protected
Residential
Structures
2,079

% of Watershed
Residential
Structures
Protected
2.96%

Average
Protection
Cost per
Structure
$181,254

Project
Benefits

Project Costs

BCR

$882,841,782

$376,827,151

2.34

8

0.05%

$182,896

$1,791,259

$1,463,168

1.22

52
1,532

1.00%
3.35%

$184,711
$262,938

$19,153,631
$765,547,045

$9,604,984
$402,821,746

1.99
1.90

3,671

2.64%

$215,396

$1,669,333,717

$790,717,049

2.11
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Table 8: BCA results for individual residential structure demo/rebuilds at 2-foot freeboard with breakdown by watershed.
Watershed
Lynnhaven
Elizabeth
River
Oceanfront
Southern
Total – All
Watersheds

Estimated # of
Protected
Residential
Structures
1,838

% of Watershed
Residential
Structures
Protected
2.61%

Average
Protection
Cost per
Structure
$188,460

Project
Benefits

Project Costs

BCR

$822,632,625

$346,389,145

2.37

3

0.02%

$210,057

$673,187

$630,171

1.07

39
1,422

0.75%
3.11%

$180,025
$285,751

$15,551,359
$728,155,607

$7,020,992
$406,338,017

2.21
1.79

3,302

2.37%

$230,278

$1,567,012,778

$760,378,325

2.06

Table 9: BCA results for individual residential structure demo/rebuilds at 3-foot freeboard with breakdown by watershed.
Watershed
Lynnhaven
Elizabeth
River
Oceanfront
Southern
Total – All
Watersheds

Estimated # of
Protected
Residential
Structures
1,820

% of Watershed
Residential
Structures
Protected
2.59%

Average
Protection
Cost per
Structure
$190,178

Project
Benefits

Project Costs

BCR

$818,141,370

$346,123,071

2.36

2

0.01%

$173,628

$385,194

$347,255

1.11

39
1,407

0.75%
3.07%

$181,957
$287,552

$15,551,359
$722,265,850

$7,096,331
$404,585,378

2.19
1.79

3,268

2.35%

$231,993

$1,556,343,773

$758,152,035

2.05

Table 10: BCA results for individual voluntary residential parcel acquisitions with breakdown by watershed.
Watershed
Lynnhaven
Elizabeth
River
Oceanfront
Southern
Total – All
Watersheds

Estimated # of
Protected
Residential
Parcels
1,146

% of Watershed
Residential
Parcels
Protected
1.51%

Average
Protection
Cost per
Parcel
$297,129

Project
Benefits

Project Costs

BCR

$621,552,828

$340,509,901

1.83

6

0.03%

$267,237

$3,409,237

$1,603,420

2.13

2
1,364

0.02%
2.75%

$1,716,455
$386,333

$4,700,402
$4,019,784,117

$3,432,910
$526,958,688

1.37
7.63

2,518

1.66%

$346,507

$4,649,446,584

$872,504,919

5.33

Lynnhaven Watershed
For the Lynnhaven watershed, all three residential mitigation project options can protect a
significant number of structures, with clusters of structures that range from moderately costeffective (BCRs up to 2.0) to extremely cost-effective (BCRs above 4.0) for all project types, as
shown in Figure 14. Specific details on the preferred and alternate mitigation options for the
watershed are shown below:
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•

Structural elevation with 2-foot freeboard protects the largest number of structures at
2,292 (3.26% of watershed residential structures) with the lowest average protection
cost of $169,032 per structure and the highest BCR of 2.42, but is the most expensive
option at $387.4 million.

•

Demo/rebuild with 2-foot freeboard protects fewer structures at 1,838 (2.61% of
watershed residential structures) with a higher average protection cost of $188,460 per
structure than structural elevation, but the BCR is comparable to elevation at 2.37, and
the option is only slightly more expensive than voluntary acquisition at $346.4 million.

•

Voluntary acquisition protects the fewest parcels at 1,146 (1.51% of watershed residential
parcels) with highest average protection cost of $297,129 per parcel and the lowest BCR
of 1.83, but is the least expensive option at $340.5 million.

Figure 14: Maps of residential mitigation strategies for Lynnhaven watershed showing clusters of cost-effective
structures/parcels (Note only 2-foot freeboard options for elevation and demo-rebuild shown for the sake of simplicity).
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Elizabeth River Watershed
For the Elizabeth River watershed, residential mitigation project options are extremely
limited and protect only a few structures, with a handful of structure clusters that are just
moderately cost-effective (BCRs up to 2.0) as shown in Figure 15. Specific details on the
preferred and alternate mitigation options for the watershed are shown below:
•

Structural elevation with 2-foot freeboard only protects 16 structures (0.09% of
watershed residential structures) with the lowest average protection cost of $176,048
per structure and a higher BCR of 1.22, but is the more expensive option at $2.82
million.

•

Demo/rebuild with 2-foot freeboard protects the fewest structures at three (0.02% of
watershed residential structures) with a higher average protection cost of $210,057 per
structure and the lowest BCR of 1.07, but is the least expensive option at $630,171.

•

While voluntary acquisition protects only six parcels (0.03% of watershed residential
parcels) at the highest average protection cost of $267,237 per parcel, but has the
highest BCR of 2.13 and it is a less expensive option at $1.60 million.
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Figure 15: Maps of residential mitigation strategies for Elizabeth River watershed showing clusters of cost-effective
structures/parcels (Note only 2-foot freeboard options for elevation and demo-rebuild shown for the sake of simplicity).
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Oceanfront Watershed
For the Oceanfront watershed, residential mitigation project options are limited and protect
fewer structures, with a handful of structure clusters that range from moderately cost-effective
(BCRs up to 2.0) to extremely cost-effective (BCRs above 4.0) depending on the project type as
shown in Figure 16 and mitigation specifics for the watershed shown below:
•

Structural elevation with 2-foot freeboard protects the most structures at 66 (1.26% of
watershed residential structures) with a lower average protection cost of $183,249 per
structure and a high BCR of 1.88, but is the most expensive option at $12.1 million.

•

Demo/rebuild with 2-foot freeboard protects 39 structures (0.75% of watershed
residential structures), but it’s the most cost-effective with a BCR of 2.21, has the lowest
average protection cost of $180,045/structure, and is the least expensive option at $7.02
million.

•

Voluntary acquisition protects only two parcels (0.03% of watershed residential
structures) at the lowest BCR of 1.37, the highest average protection cost of $1,716,455
per parcel, and is the most expensive option at $3.43 million.
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Figure 16: Maps of residential mitigation strategies for Oceanfront watershed showing clusters of cost-effective
structures/parcels (Note only 2-foot freeboard options for elevation and demo-rebuild shown for the sake of simplicity).

Southern Watershed
For the Southern watershed, all three residential mitigation project options can protect a
significant number of structures, with clusters of structures that range from moderately costeffective (BCRs up to 2.0) to extremely cost-effective (BCRs above 4.0) depending on the
project type as shown in Figure 17, and specific details on mitigation options shown below:
•

Structural elevation with 2-foot freeboard protects the largest number of structures at
1,635 (3.57% of watershed residential structures) with the lowest average protection cost
of $240,356 per structure and is the least expensive option at $393.0 million, but with a
BCR of 2.02.
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•

Demo/rebuild protects fewer structures at 1,422 (3.11% of watershed residential
structures) with a higher average protection cost of $285,751/structure and a higher
BCR of 2.21, but the option is more expensive at $406.3 million.

•

Voluntary acquisition protects the fewest parcels at 1,364 (2.75% of watershed
residential parcels) with highest average protection cost of $386,333 per parcel and the
most expensive option at $527.0 million, but the BCR is the highest of any of the other
mitigation options at 7.63.

Figure 17: Maps of residential mitigation strategies for Southern watershed showing clusters of cost-effective
structures/parcels (Note only 2-foot freeboard options for elevation and demo-rebuild shown for the sake of simplicity).
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3.3.2. Non-Residential Projects
Non-residential dry floodproofing and wet floodproofing BCA results with breakdowns by
the four watersheds within the city of Virginia Beach – Lynnhaven, Elizabeth River,
Oceanfront, and Southern – are summarized in Table 11 (Dry Floodproofing) and Table 12
(Wet Floodproofing), and further described on the following pages.
Table 11: BCA results for individual non-residential structure dry floodproofing with breakdown by watershed.

Watershed
Lynnhaven
Elizabeth
River
Oceanfront
Southern
Total – All
Watersheds

Estimated # of
Protected
NonResidential
Structures
189

% of Watershed
Non-Residential
Structures Protected

Average
Protection
Cost per
Structure

Project
Benefits

Project Costs

BCR

4.54%

$57,891

$25,325,095

$10,941,345

2.31

10

0.84%

$103,098

$2,729,297

$1,030,980

2.65

30

5.61%

$73,160

$3,713,352

$2,194,801

1.69

62

2.24%

$135,804

$12,497,810

$8,419,845

1.48

291

3.36%

$77,618

$44,265,554

$22,586,971

1.96

Table 12: BCA results for individual non-residential wet floodproofing with breakdown by watershed.

Watershed

Lynnhaven
Elizabeth
River
Oceanfront
Southern
Total – All
Watersheds

Estimated # of
Protected
NonResidential
Structures
189

% of Watershed
Non-Residential
Structures Protected

Average
Protection
Cost per
Structure

Project
Benefits

Project Costs

BCR

4.54%

$89,656

$29,012,216

$16,945,041

1.71

15

1.26%

$65,534

$1,307,145

$983,013

1.33

14

2.62%

$35,600

$865,722

$498,398

1.74

64

2.31%

$57,206

$6,375,911

$3,373,156

1.89

282

3.26%

$77,304

$37,560,993

$21,799,608

1.72

Lynnhaven Watershed
For the Lynnhaven watershed, both non-residential mitigation project options can protect a
significant number of structures, with individual structures that range from moderately costeffective (BCRs up to 2.0) to extremely cost-effective (BCRs above 4.0) depending on the
project type, as shown in Figure 18. Specific details on the preferred and alternate mitigation
option for the watershed are shown below:
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•

Dry floodproofing protects 189 structures (4.54% of watershed non-residential
structures) with a lower average protection cost of $57,891 per structure, a higher BCR
of 2.31, and a lower total cost of $10.9 million.

•

Wet floodproofing protects the same number of structures (189) with less residual risk
than dry floodproofing; however, wet floodproofing has a higher average protection cost
of $89,656 per structure, a lower BCR of 1.71, and a higher total cost of $16.9 million.

Figure 18: Maps of non-residential mitigation strategies for Lynnhaven watershed showing distribution of cost-effective
structures.

Elizabeth River Watershed
For the Elizabeth River watershed, non-residential mitigation project options can protect
only a few structures, with individual structures that range from moderately cost-effective
(BCRs up to 2.0) to highly cost-effective (BCRs above 3.0) depending on the project type, as
shown in Figure 19. Specific details on the preferred mitigation option for the watershed are
shown below:
•

Wet floodproofing protects 15 structures (1.26% of watershed non-residential
structures) with less residual risk at a lower average protection cost of $65,354 per
structure and a lower total cost of $983,000, but with a lower BCR of 1.33.

•

Dry floodproofing protects only 10 structures (0.84% of watershed non-residential
structures) with a higher average protection cost of $103,098 per structure and a higher
total cost of $1.03 million, but with a higher BCR of 2.65.
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Figure 19: Maps of non-residential mitigation strategies for Elizabeth River watershed showing distribution of cost-effective
structures/parcels.

Oceanfront Watershed
For the Oceanfront watershed, non-residential mitigation project options can protect only a
few structures. Individual structures range from moderately cost-effective (BCRs up to 2.0) to
extremely cost-effective (BCRs above 4.0) depending on the project type, as shown in
Figure 20. Specifics on the preferred and alternate mitigation option for the watershed are
shown below:
•

Dry floodproofing protects 30 structures (5.61% of watershed non-residential
structures), but with a lower average protection cost of $73,160 per structure, a lower
BCR of 1.69, and a lower total cost of $2.19 million.

•

Wet floodproofing protects only 14 structures (2.62% of watershed non-residential
structures); however, wet floodproofing has less residual risk, a lower average protection
cost of $35,600 per structure, a slightly higher BCR of 1.74, and a lower total cost of
$498,398.
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Figure 20: Maps of non-residential mitigation strategies for Oceanfront watershed showing distribution of cost-effective
structures/parcels.

Southern Watershed
For the Southern watershed, both non-residential mitigation project options can protect a
number of structures. Individual structures that range from moderately cost-effective (BCRs up
to 2.0) to extremely cost-effective (BCRs above 4.0) depending on the project type, as shown in
Figure 21. Specific details on the preferred mitigation option for the watershed are shown
below:
•

Wet floodproofing protects 64 structures (2.31% of watershed non-residential
structures) with less residual risk at a lower average protection cost of $57,206 per
structure, a lower total cost of $3.37 million, and a higher BCR of 1.89.

•

By contrast, dry floodproofing protects 62 structures (2.24% of watershed nonresidential structures) with a much higher average protection cost of $135,804 per
structure, a much higher total cost of $8.42 million, and a lower BCR of 1.48.
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Figure 21: Maps of non-residential mitigation strategies for Southern watershed showing distribution of cost-effective
structures/parcels.
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4. COMPLIMENTARY STRATEGY EVALUATION
Building-level mitigation strategies can be implemented alone, or in combination with
other structural, policy, and non-structural natural and nature-based measures to provide
comprehensive flood protection. This section presents an evaluation of combining costbeneficial building-level projects as complimentary strategies to the city-wide coastal risk
reduction alternatives.
Six city-wide structural coastal risk reduction alternative alignments were identified as part
of the CSLRRF study that provide widespread protection from coastal flood and SLR risks, but
they tend to be complex and expensive to implement. The selected alignments, A1 and A2, B1
and B2, and C1 and C2, are shown in Appendix B in Figures B-1, B-2, and B-3, respectively.
Based on detailed costs and estimated benefits developed as presented in the City-Wide
Structural Alternatives for Coastal Flood Protection report (CVB 2019b), the BCRs for the
preferred alternative alignments are summarized in Table 13. Note that A2 extends into the
City of Norfolk and the Joint Expeditionary Base Little Creek-Fort Story, and C1 and C2 extend
into the Cities of Norfolk and Chesapeake. Therefore, the costs and benefits below reflect only
the portion that the City of Virginia Beach would benefit from and be financially responsible
for, assuming a cost share agreement. For a more detailed discussion on these costs, please
refer to the report referenced above (CVB 2019b).
Table 13: City-wide BCA results for coastal risk reduction alternatives.
Estimated
% of Total
Average
Number of
Structures
Protection
Project
Structures
Protected CityCost per
Benefits
Protected
wide
Structure
A1
27,745
18.8%
$40,823
$2,277,021,425
A2
29,274
19.8%
$79,048
$2,342,508,810
B1
38,895
26.3%
$57,134
$3,851,116,175
B2
37,402
25.3%
$74,110
$3,690,461,130
C1
44,919
30.4%
$53,835
$4,080,993,735
C2
43,426
29.4%
$68,343
$3,920,338,690
NOTE: Project costs reflect City of Virginia Beach cost share for alignments A2, C1 and C2.
Preferred
Alternative
Alignment

Project Costs

BCR

$1,132,626,000
$2,314,054,000
$2,222,236,000
$2,771,860,000
$2,418,218,509
$2,967,842,509

2.01
1.01
1.73
1.33
1.69
1.32

Cost-beneficial building-level projects located outside of the city-wide coastal risk reduction
alternatives were isolated to represent a complimentary strategy. A summary of BCRs for each
complimentary building-level strategy type is presented in Figure 22. A more detailed
summary of structure counts, project costs, and benefits can be found in Table 14 through
Table 18. Detailed maps of select measures for each alignment are shown in Appendix B,
Figures B-4 through B-18.
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Figure 22: Summary of BCRs for individual measures that could be implemented outside to area protected by the preferred
city-wide structural alignments.
Table 14: BCA results for individual residential structural elevations at 2-foot freeboard complimentary with City-wide
alternative alignments
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

City-wide
Residential
Structures
Protected
1,709
1,689
335
685
319
669

Average
Protection Cost
per Residential
Structure
$239,455
$239,108
$262,404
$199,434
$266,735
$199,994

Percentage of
Residential
Structures
Protected
1.23%
1.21%
0.24%
0.49%
0.23%
0.48%

Elevation
Project Benefits
Complimentary
with Alignment
$824,969,502
$813,273,285
$183,357,423
$269,812,635
$179,927,045
$266,382,257

Elevation
Project Cost
Complimentary
with Alignment
$409,228,607
$403,852,649
$87,905,229
$136,612,478
$85,088,462
$133,795,711

Elevation BCR
Complimentary
with Alignment
2.02
2.01
2.09
1.98
2.11
1.99
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Table 15: BCA results for individual residential demo/rebuilds at 3-foot freeboard complimentary with City-wide alternative
alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

City-wide
Residential
Structures
Protected
1,468
1,450
286
552
283
524

Average
Protection Cost
per Residential
Structure
$283,889
$284,055
$341,599
$260,806
$342,993
$264,166

Percentage of
Residential
Structures
Protected
1.06%
1.04%
0.21%
0.40%
0.20%
0.38%

Demo/Rebuild
Project Benefits
Complimentary
with Alignment
$750,171,491
$739,702,872
$168,566,368
$244,487,299
$167,893,181
$232,940,034

Demo/Rebuild
Project Cost
Complimentary
with Alignment
$416,749,584
$411,879,790
$97,697,329
$143,964,686
$97,067,158
$138,422,913

Demo/Rebuild
BCR
Complimentary
with Alignment
1.80
1.80
1.73
1.70
1.73
1.68

Table 16: BCA results for individual residential voluntary acquisitions complimentary with City-wide alternative alignments.
Preferred
Alternative
Alignment

City-wide
Residential
Parcels
Protected

Average
Protection Cost
per Residential
Parcel

Percentage of
Residential
Parcels
Protected

A1
A2
B1
B2
C1
C2

1,387
1,373
311
330
305
322

$390,029
$387,736
$438,160
$443,534
$441,522
$438,912

0.91%
0.90%
0.20%
0.22%
0.20%
0.21%

Voluntary
Acquisition
Project Benefits
Complimentary
with Alignment
$4,040,059,017
$4,028,264,133
$1,734,417,540
$1,749,517,127
$1,731,008,303
$1,741,407,488

Voluntary
Acquisition
Project Cost
Complimentary
with Alignment
$540,970,868
$532,361,878
$136,267,667
$146,366,067
$134,664,247
$141,329,737

Acquisition
BCR
Complimentary
with Alignment
7.47
7.57
12.73
11.95
12.85
12.32

Table 17: BCA results for individual non-residential dry floodproofing complimentary with City-wide alternative alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

City-wide
NonResidential
Structures
Protected
102
84
36
69
26
36

Average
Protection
Cost per NonResidential
Structure
$92,934
$106,603
$50,753
$45,784
$30,621
$35,551

Percentage of
NonResidential
Structures
Protected
1.18%
0.97%
0.42%
0.80%
0.30%
0.42%

Dry Floodproof
Project Benefits
Complimentary
with Alignment

Dry Floodproof
Project Cost
Complimentary
with Alignment

Dry Floodproof
BCR
Complimentary
with Alignment

$15,638,857
$14,912,563
$3,854,400
$6,826,039
$1,125,103
$2,468,783

$9,479,290
$8,954,629
$1,827,116
$3,159,081
$796,136
$1,279,840

1.65
1.67
2.11
2.16
1.41
1.93
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Table 18: BCA results for individual non-residential wet floodproofing complimentary with City-wide alternative alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

City-wide
NonResidential
Structures
Protected
88
84
39
75
24
52

Average
Protection Cost
per NonResidential
Structure
$48,180
$49,924
$45,989
$56,776
$33,773
$57,431

Percentage
of NonResidential
Structures
Protected
1.02%
0.97%
0.45%
0.87%
0.28%
0.60%

Wet Floodproof
Project Benefits
Complimentary
with Alignment

Wet Floodproof
Project Cost
Complimentary
with Alignment

Wet Floodproof
BCR
Complimentary
with Alignment

$7,674,668
$7,609,529
$2,907,559
$8,514,487
$1,600,414
$6,763,134

$4,239,837
$4,193,593
$1,793,558
$4,258,190
$810,545
$2,986,420

1.81
1.81
1.62
2.00
1.97
2.26

The BCA results indicate the following for individual structure/parcel mitigation measures
constructed to supplement the city-wide coastal risk reduction alternatives:
•

All three of the individual measures for residential and both of the individual measures
for non-residential combined with city-wide coastal risk reduction alternatives are costeffective for all six preferred alternative alignments with BCRs between 1.41 and 12.85.

•

Of the three individual residential measures, structural elevations with 2-foot freeboard
protect the most residential structures (319 to 1,709 structures) with the lowest average
protection costs ($199,434 to $266,735 per structure) and higher BCRs (1.99 to 2.09) in
conjunction with city-wide measures for the six cost-effective alignments. By contrast,
voluntary residential acquisitions protect the least residential parcels (305 to 1,387) with
the highest average protection costs ($387,736 to $443,534 per parcel), but have the
highest BCRs of any individual measures (7.47 to 12.85).

•

Of the cost-effective residential structural elevations with 2-foot freeboard, structural
elevations outside the Alternative A1 and A2 alignments protect the most residential
structures at 1,689 to 1,709 (1.21 to 1.23% of residential structures city-wide) with the
lowest average protection costs at $239,108 to $239,455 per structure, but have lower
composite BCRs (2.01 to 2.20) and are the most expensive at $403.9 million to $409.2
million. As an alternative, structural elevations outside combined Alternative C2 protect
far fewer residential structures at 669 (0.48% of residential structures city-wide) at a
slightly lower composite BCR of 1.99, but have the second lowest average protection cost
at $199,994 per structure and represent the third least expensive at $133.8 million.

•

Of the cost-effective residential voluntary acquisitions, acquisitions outside the
Alternative A1 and A2 alignments protect the most residential parcels at 1,373 to 1,387
(0.90 to 0.91% of residential structures city-wide) with lower composite BCRs of 7.47 to
7.57 and the lowest average protection costs at $387,736 to $390,029 per parcel, but are
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the most expensive at $532.4 million to $541.0 million. As an alternative, voluntary
acquisitions outside combined Alternative C1 protect far fewer residential structures at
305 (0.20% of residential structures city-wide) with a higher average protection cost of
$441,522 per parcel, but have the highest BCR of 12.85 and are the least expensive at
$134.7 million.
•

Of the two individual non-residential measures, wet floodproofing and dry
floodproofing protect a comparable number of structures (24 to 102) with similar ranges
of average protection costs ($30,621 to $106,603 per structure) and similar composite
BCRs (1.65 to 2.26) in conjunction with city-wide measures for the six cost-effective
alignments. Therefore, all factors being essentially equal, wet floodproofing measures
were considered preferable because they had a lower residual risk than dry
floodproofing.

•

Of the cost-effective non-residential wet floodproofing alternatives combined with citywide measures, wet floodproofing outside the Alternative A1 and A2 alignments protect
the most non-residential structures at 84 to 88 (0.97% to 1.02% of non-residential
structures city-wide) with a lower BCR of 1.81 and moderate average protection costs of
$48,180 to $49,924 per structure, but are the most expensive at $4.19 to $4.24 million.
By contrast, wet floodproofing outside the Alternative C1 alignment protects the least
non-residential structures at 24 (0.28% of non-residential structures city-wide), with a
the second highest composite BCR of 1.97, the lowest average protection cost at $33,773
per structure, and the lowest cost of $810,545.

Combining complimentary BCA results for the three individual measures for residential
structures/parcels and the two individual measures for non-residential structures outside the
alignments with the six preferred coastal risk reduction alternatives are displayed in Figure 23
and summarized in Table 19 through Table 23.
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Figure 23: Summary of BCRs for individual measures that could be implemented outside the alignment areas combined with
preferred city-wide structural alternative alignments.
Table 19: BCA results for complimentary residential structural elevations at 2-foot freeboard combined with City-wide
alternative alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

Combined
City-wide
Structures
Protected
29,454
30,963
39,230
38,087
45,238
44,095

Combined
Percentage
of Structures
Protected
19.9%
21.0%
26.6%
25.8%
30.6%
29.9%

Average
Protection Cost
per Structure

Combined Project
Benefits

Combined Project
Cost

Combined
Project
BCR

$52,348
$87,779
$58,887
$76,364
$55,336
$70,340

$3,101,990,927
$3,155,782,095
$4,034,473,598
$3,960,273,765
$4,260,920,780
$4,186,720,947

$1,541,854,607
$2,717,906,649
$2,310,141,229
$2,908,472,478
$2,503,306,971
$3,101,638,220

2.01
1.16
1.75
1.36
1.70
1.35

Table 20: BCA results for complimentary residential demo/rebuilds at 2-foot freeboard combined with City-wide alternative
alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

Combined
City-wide
Structures
Protected
29,213
30,724
39,181
37,954
45,202
43,950

Combined
Percentage
of Structures
Protected
19.8%
20.8%
26.5%
25.7%
30.6%
29.8%

Average
Protection Cost
per Structure

Combined Project
Benefits

Combined Project
Cost

Combined
Project
BCR

$53,037
$88,723
$59,211
$76,825
$55,645
$70,677

$3,027,192,916
$3,082,211,682
$4,019,682,543
$3,934,948,429
$4,248,886,916
$4,153,278,724

$1,549,375,584
$2,725,933,790
$2,319,933,329
$2,915,824,686
$2,515,285,667
$3,106,265,422

1.95
1.13
1.73
1.35
1.69
1.34
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Table 21: BCA results for complimentary residential voluntary property acquisitions combined with City-wide alternative
alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

Combined Citywide
Structures/Parcels
Protected
29,132
30,647
39,206
37,732
45,224
43,748

Combined % of
Structures/
Parcels
Protected
19.7%
20.7%
26.5%
25.5%
30.6%
29.6%

Average
Protection Cost
per Structure/
Parcel
$57,449
$92,877
$60,157
$77,341
$56,450
$71,070

Combined
Project Benefits

Combined
Project Cost

Combined
Project
BCR

$6,317,080,442
$6,370,772,943
$5,585,533,715
$5,439,978,257
$5,812,002,038
$5,661,746,178

$1,673,596,868
$2,846,415,878
$2,358,503,667
$2,918,226,067
$2,552,882,756
$3,109,172,246

3.77
2.24
2.37
1.86
2.28
1.82

Table 22: BCA results for complimentary non-residential dry floodproofing combined with City-wide alternative alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

Combined
City-wide
Structures
Protected
27,847
29,358
38,931
37,471
44,945
43,462

Combined
Percentage
of Structures
Protected
18.9%
19.9%
26.4%
25.4%
30.4%
29.4%

Average
Protection Cost
per Structure

Combined Project
Benefits

Combined Project
Cost

Combined
Project
BCR

$41,014
$79,127
$57,128
$74,058
$53,822
$68,315

$2,292,660,282
$2,357,421,373
$3,854,970,575
$3,697,287,169
$4,082,118,838
$3,922,807,473

$1,142,105,290
$2,323,008,629
$2,224,063,116
$2,775,019,081
$2,419,014,645
$2,969,122,349

2.01
1.01
1.73
1.33
1.69
1.32

Table 23: BCA results for complimentary non-residential wet floodproofing combined with City-wide alternative alignments.
Preferred
Alternative
Alignment
A1
A2
B1
B2
C1
C2

Combined
City-wide
Structures
Protected
27,833
29,358
38,934
37,477
44,943
43,478

Combined
Percentage
of Structures
Protected
18.8%
19.9%
26.4%
25.4%
30.4%
29.4%

Average
Protection Cost
per Structure

Combined Project
Benefits

Combined Project
Cost

Combined
Project
BCR

$40,846
$78,965
$57,123
$74,075
$53,824
$68,329

$2,284,696,093
$2,350,118,339
$3,854,023,734
$3,698,975,617
$4,082,594,149
$3,927,101,824

$1,136,865,837
$2,318,247,593
$2,224,029,558
$2,776,118,190
$2,419,029,054
$2,970,828,929

2.01
1.01
1.73
1.33
1.69
1.32

The combined project BCA results indicate the following for individual structure/parcel
mitigation measures combined with the city-wide coastal risk reduction alternatives:
•

All three of the individual measures for residential and both of the individual measures
for non-residential combined with city-wide coastal risk reduction alternatives are costeffective for all six preferred alternative alignments with combined project BCRs
between 1.01 and 3.77.

•

Of the three individual residential measures combined with city-wide alternatives,
structural elevation with 2-foot freeboard protects the largest number of total structures
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(29,454 to 45,238 structures) with the lowest average protection costs ($52,348 to
$87,779 per structure) and the second highest composite BCRs (1.35 to 2.01) when for
the six cost-effective alignments. By contrast, voluntary residential acquisitions
combined with city-wide alternatives protect the least residential structures/parcels
(29,132 to 45,224) with the highest average protection costs ($56,450 to $92,877 per
structure/parcel), but have the highest BCRs of any combined projects (1.82 to 3.77).
•

Of the cost-effective residential structural elevation measures combined with city-wide
alternatives, structural elevations with the Alternative C1 alignment protect the most
structures at 45,238 (30.6% of structures city-wide) with a high combined project BCR
of 1.70 and the second lowest average protection cost at $55,337 per structure, but is the
third most expensive at $2.50 billion. Instead, structural elevations with the Alternative
A1 alignment protects the least structures at 29,454 (19.9% of structures city-wide), but
with the highest combined project BCR of 2.01, the lowest average protection cost at
$52,348 per structure, and is the least expensive $1.54 billion.

•

By contrast, of the cost-effective residential voluntary property acquisition measures
combined with city-wide alternatives, acquisitions with the Alternative C1 alignment
protects the most structures/parcels at 45,224 (30.6% of structures city-wide) with a
high combined project BCR of 2.28 and the lowest average protection cost at $56,450
per structure, but is the third most expensive at $2.55 billion. Instead, voluntary
acquisitions with the Alternative A1 alignment protect the least structures/parcels at
29,132 (19.7% of structures city-wide) and the second lowest average protection cost
($57,449 per structure/parcel), but has the highest combined project BCR of 3.77 and is
the least expensive $1.67 billion.

•

Of the two individual non-residential measures combined with city-wide alternatives,
wet floodproofing and dry floodproofing protect a comparable number of structures
(27,833 to 44,945) with similar average protection costs ($40,846 to $79,127 per
structure) and the same composite BCRs (1.01 to 2.01). Therefore, all factors being
essentially equal, wet floodproofing measures were considered preferable since they had
a lower residual risk than dry floodproofing.

•

Of the cost-effective non-residential wet floodproofing measures combined with citywide alternatives, wet floodproofing outside the Alternative C1 alignment protect the
most structures at 44,943 (30.4% of structures city-wide) with a high combined project
BCR of 1.69, the second lowest average protection cost at $72,952 per structure, but is
the third most expensive at $2.42 billion. Instead, wet floodproofing combined with the
Alternative A1 alignment protects the least structures at 27,833 (18.8% of structures
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city-wide), but has the highest composite BCR of 2.01, the lowest average protection cost
at $40,846 per structure, and the lowest cost of $1.14 billion.
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5. SUMMARY/CONCLUSIONS
Based on a detailed review of BCA results and other technical data in Section 3, Figures 25
through 30 are expressed as average annualized losses (AALs):
•

Figure 25 shows AALs in millions of dollars for the baseline (i.e., no SLR) and 3 ft
SLR scenarios for the City of Virginia Beach in light blue if no mitigation actions are
taken, along with the reduced AALs shown in dark blue if each of the six citywide
preferred alternative alignments are constructed alone.

•

Figures 26 and 27 show AALs in millions of dollars for the baseline (i.e., no SLR) and
3 ft SLR scenarios for the City of Virginia Beach in light blue if no mitigation actions
are taken, along with the reduced AALs shown in dark blue if each of the six citywide
preferred alternative alignments are constructed and combined with residential
elevation and demo/rebuild projects, respectively.

•

Figure 28 shows AALs in millions of dollars for the baseline (i.e., no SLR) and 3 ft
SLR scenarios for the City of Virginia Beach in light blue if no mitigation actions are
taken, along with the savings in AALs shown in green if each of the six citywide
preferred alternative alignments are constructed and combined with voluntary
residential acquisition projects. Note these savings in green approximate the
additional ecosystem service benefits associated with acquiring the parcels and
converting them to open space, and they account for nearly 70% of the total benefits
shown on the figure. (If the ecosystem service benefits are removed, the reduced
AALs are comparable with the other residential mitigation measures shown in
Figures 26 and 27.)

•

Figures 29 and 30 show AALs in millions of dollars for the baseline (i.e., no SLR) and
3 ft SLR scenarios for the City of Virginia Beach in light blue if no mitigation actions
are taken, along with the reduced AALs shown in dark blue if each of the six citywide
preferred alternative alignments are constructed and combined with non-residential
dry floodproofing and wet floodproofing projects, respectively.
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Figure 25: AALs in millions of dollars for Baseline and 3-ft SLR scenarios if no mitigation actions are taken (shown in light
blue) and reduced AALs (shown in dark blue) if each of the six citywide preferred alternative alignments are constructed alone.

Figure 26: AALs in millions of dollars for Baseline and 3-ft SLR scenarios if no mitigation actions are taken (shown in light
blue) and reduced AALs (shown in dark blue) if each of the six citywide preferred alternative alignments are constructed and
combined with residential structural elevation projects.

Individual Building and Site-Level Flood Risk Reduction Strategies | 54

Figure 27: AALs in millions of dollars for Baseline and 3-ft SLR scenarios if no mitigation actions are taken (shown in light
blue) and reduced AALs (shown in dark blue) if each of the six citywide preferred alternative alignments are constructed and
combined with residential demo/rebuild projects.

Figure 28: AALs in millions of dollars for Baseline and 3-ft SLR scenarios if no mitigation actions are taken (shown in light
blue) and eliminated AALs plus additional environmental benefits (shown in green) if each of the six citywide preferred
alternative alignments are constructed and combined with voluntary residential acquisition projects.

Individual Building and Site-Level Flood Risk Reduction Strategies | 55

Figure 29: AALs in millions of dollars for Baseline and 3-ft SLR scenarios if no mitigation actions are taken (shown in light
blue) and reduced AALs (shown in dark blue) if each of the six citywide preferred alternative alignments are constructed and
combined with non-residential dry floodproofing projects.

Figure 30: AALs in millions of dollars for Baseline and 3-ft SLR scenarios if no mitigation actions are taken (shown in light
blue) and reduced AALs (shown in dark blue) if each of the six citywide preferred alternative alignments are constructed and
combined with non-residential wet floodproofing projects.
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Using this information, the following recommended flood risk reduction strategies were
prepared for residential and non-residential buildings in the City of Virginia Beach:
1) Watershed Strategies for Mitigation of Individual Residential Structures/Parcels: If the
City is looking for flood mitigation of individual residential structures/parcels in each
watershed, we recommend the following cost-effective strategies:
•

In the Lynnhaven watershed, structural elevation with 2-foot freeboard is the best
option to protect the highest number of residential structures at the lowest average
cost, but consider voluntary acquisition or demo/rebuild of structures/parcels that
are the most cost-effective (see Figure 14 clusters shown in blue).

•

In the Elizabeth River watershed, structural elevation with 2-foot freeboard is the
better option to the most residential structures at the lowest average cost, but
consider voluntary acquisition for the handful of parcels that are more cost-effective
(see Figure 15 clusters shown in light blue).

•

In the Oceanfront watershed, structural elevation with 2-foot freeboard is the best
option to protect the most residential structures at the lowest average cost, but
consider demo/rebuild for the few structures that are more cost-effective (see Figure
16 clusters shown in blue) and that may be older or in need of major renovation.

•

In the Southern watershed, structural elevation with 2-foot freeboard is the best
option to protect the most residential structures at a reasonable average cost, but
strongly consider voluntary acquisition of parcels that the most cost-effective (see
Figure 17 clusters shown in blue) in order to help control development and
discourage expansion into flood-prone areas.

2) Watershed Strategies for Mitigation of Individual Non-Residential Structures: If the City
is looking for flood mitigation of individual non-residential structures in each
watershed, we recommend the following cost-effective strategies:
•

In the Lynnhaven watershed, dry floodproofing is the better option to protect a large
number of non-residential structures at a reasonable average cost, but consider wet
floodproofing to reduce residual risk (see Figure 18).

•

In the Elizabeth River watershed, wet floodproofing is the better option to protect a
small number of non-residential structures at a reasonable average cost that reduces
residual risk (see Figure 19).
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•

In the Oceanfront watershed, dry floodproofing is the better option to protect a small
number of non-residential structures at a reasonable average cost, but wet
floodproofing is a better value that can reduce residual risk (see Figure 20).

•

In the Southern watershed, wet floodproofing is the better option to protect more
non-residential structures at a reasonable average cost that reduces residual risk (see
Figure 21).

3) City-wide Strategies for Residential Mitigation Measures: If funding is limited, and the
City is looking for near-term city-wide flood mitigation of individual residential and
non-residential structures instead of long-term coastal risk reduction alternatives, we
recommend the following cost-effective strategies:
•

Pursue residential structural elevations as the best option to protect the highest
number of residential structures at a reasonable average cost, especially in the
Lynnhaven and Southern watersheds. However, consider select voluntary
residential property acquisitions as a highly cost-effective option in the Southern
watershed.

•

Pursue non-residential wet floodproofing inside the Alternative A1 alignment as
the better option to protect the higher number of non-residential structures at a
reasonable cost, especially in the Lynnhaven and Southern watersheds.

•

Promote relocation of flood-prone contents, installation of hydrostatic openings,
and select elevation of utilities as partial protection techniques that can be
implemented by flood-prone homeowners, business owners, and public facility
managers without the need to apply for mitigation grants or loans.

4) City-Wide Strategies for Residential Mitigation Measures Combined with Coastal Risk
Reduction Alternatives: If more funding is available, and the City is looking for city-wide
flood mitigation of individual residential structures/parcels outside the proposed
alignments combined with coastal risk reduction alternatives, we recommend the
following cost-effective strategies:
•

Pursue Alternative C1 combined with residential structural elevations and nonresidential wet floodproofing outside the alternative alignment as the first, best
option to protect the maximum number of residential and non-residential structures
at a reasonable cost, especially in the Lynnhaven and Southern watersheds.
Figure 26 shows that combining C1 with residential elevations will reduce AALs
nearly 95% from $329 million to $18 million; while Figure 30 shows that combining
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C1 with non-residential wet floodproofing will reduce AALs nearly 90% from $329
million to $33 million.
•

If funding is somewhat limited, consider Alternative A1 combined with either
residential structural elevations or voluntary property acquisitions and nonresidential wet floodproofing outside the alternative alignment as the best value
option to protect a large number of residential and non-residential
structures/parcels at the lowest cost. Figure 28 shows that combining A1 with
voluntary residential acquisitions will reduce AALs to zero and provide additional
environmental benefits of $120 million; while Figure 30 shows that combining A1
with non-residential wet floodproofing will reduce AALs by 50% from $329 million
to $163 million
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APPENDIX A: SUPPORTING TABLES
Table A-1: Residential building types used in analysis.
Building Label
RES1
RES2
RES3A
RES3B
RES3C
RES3D
RES3E
RES3F
Subtotal Residential

Occupancy Class
Single-Family Dwelling
Mobile Home
Multi-Family Dwelling - Duplex
Multi-Family Dwelling - 3 to 4 Units
Multi-Family Dwelling - 5 to 9 Units
Multi-Family Dwelling - 10 to 19 Units
Multi-Family Dwelling - 20 to 49 Units
Multi-Family Dwelling - 50+ Units
All Occupancies

Number of Stories
1 or more
1
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more

Number of Buildings
100,154
1,893
3,400
6,428
23,463
2,481
841
87
138,747

Table A-2: Non-residential building types used in analysis.
Building Label
AGR1
COM1
COM2
COM3
COM4
COM5
COM6
COM7
COM8
COM9
COM10
GOV1
GOV2
IND1
IND2
IND6
REL1
EDU1
EDU2
RES4
RES5
RES6
Subtotal Non-Residential

Occupancy Class
Agriculture
Retail Trade
Wholesale Trade
Personal and Repair Services
Business/Professional/Technical Services
Depository Institutions
Hospital
Medical Office/Clinic
Entertainment & Recreation
Theaters
Garage/parking
General Services
Emergency Response
Heavy Industrial
Light Industrial
Construction
Church/Membership Organizations
Schools
Colleges
Temporary Lodging
Institutional Dormitory
Nursing Home
All Occupancies

Number of Stories
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more

Number of Buildings
1,049
1,426
878
489
1,880
95
12
37
699
9
29
786
46
55
41
90
533
458
29
262
23
36
8,962
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Table A-3: Structure depth damage functions used in Hazus.
STRUCTURE DDFs - Damage Percentages Relative to Building Replacement Value and Adjusted Based on Depth Above Adjacent Grade
Building Label(s)

Occupancy Class(es)

RES1, RES3A-F

Single-Family and
Multi-Family
Single-Family and
Multi-Family

RES1, RES3A-F

Number of
Floors

DDF Curve
Source

1

USACE Generic
Riverine
USACE Generic
Riverine,
adjusted
USACE Generic
Riverine,
adjusted
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
USACE Galveston
USACE Galveston
USACE Galveston
USACE Galveston
USACE - St. Paul

2 or more

RES2

Mobile Home

1

RES1, RES3A-F

1 or more

RES2

Single-Family and
Multi-Family
Single-Family and
Multi-Family
Single-Family and
Multi-Family
Single-Family and
Multi-Family
Single-Family and
Multi-Family
Single-Family and
Multi-Family
Single-Family and
Multi-Family
Single-Family and
Multi-Family
Single-Family and
Multi-Family
Mobile Home

AGR1

Agriculture

1 or 2

COM1

Retail Trade

1 or 2

COM2

Wholesale Trade

1 or 2

COM3

1 or 2

COM6

Personal and Repair
Services
Business/Professiona
l/Technical
Depository
Institutions
Hospital

COM7

Medical Office/Clinic

1 or 2

COM8

Entertainment &
Recreation

1 or 2

RES1, RES3A-F
RES1, RES3A-F
RES1, RES3A-F
RES1, RES3A-F
RES1, RES3A-F
RES1, RES3A-F
RES1, RES3A-F
RES1, RES3A-F

COM4
COM5

1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1

1 or 2
1 or 2
1 or 2

USACE Wilmington
USACE Galveston
USACE Galveston
USACE Galveston

Hazus Wave
Zone(s)

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

1-story without
basement, riverine
2 or more without
basement, riverine

Riverine

0

3

13

23

32

40

47

53

59

63

67

71

73

75

77

79

Riverine

0

3

9

15

21

26

31

36

41

45

49

52

56

59

61

64

Mobile home, riverine

Riverine

0

0

8

44

63

73

78

80

81

82

83

84

85

86

87

88

Open Elevation on Piles
2ft with obstruction
Open Elevation on Piles
4ft with obstruction
Open Elevation on Piles
6ft with obstruction
Open Elevation on Piles
8ft with obstruction
Open Elevation on Piles
10ft with obstruction
Open Elevation on Piles
12ft with obstruction
Wall 2ft (includes piers
and basements)
Wall 3ft (includes piers
and basements)
Slab (includes fill)

Coastal A or V

1

22

53

93

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

11

48

78

100

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

53

93

100

100

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

78

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

2

10

35

75

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

2

30

75

100

100

100

100

100

100

100

100

100

100

100

100

100

Coastal A or V

0

0

12

25

50

75

100

100

100

100

100

100

100

100

100

100

Manufactured Home

Coastal A or V

15

75

100

100

100

100

100

100

100

100

100

100

100

100

100

100

Average Agriculture,
structure
Average Retail, structure

-

0

0

0

6

11

15

19

25

30

35

41

46

51

57

63

70

-

0

0

1

9

14

16

18

20

23

26

30

34

38

42

47

51

Average wholesale,
structure
Private Day Care,
structure
Office Building, structure

-

0

0

0

5

8

11

13

16

19

22

25

29

32

37

41

45

-

0

0

0

15

16

16

20

25

29

33

37

41

44

45

50

53

-

0

0

5

12

17

20

21

22

22

23

25

27

31

35

39

42

Bank, structure

-

0

0

1

5

13

21

23

24

26

28

30

33

35

37

39

42

Average, Medical Office,
structure
Average, Medical Office,
structure
Average
Entertainment/Recreati
on, structure

-

0

0

0

1

3

4

6

9

11

14

17

20

24

29

35

42

-

0

0

0

1

3

4

6

9

11

14

17

20

24

29

35

42

-

0

0

1

9

11

12

14

16

18

20

22

26

29

33

37

41

DDF Curve Description
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STRUCTURE DDFs - Damage Percentages Relative to Building Replacement Value and Adjusted Based on Depth Above Adjacent Grade
Building Label(s)

Occupancy Class(es)

Number of
Floors

DDF Curve
Source

COM9

Theaters

1 or 2

COM10

Garage/parking

1 or 2

GOV1

General Services

1 or 2

GOV2

Emergency Response

1 or 2

IND1

Heavy Industrial

1 or 2

IND2

Light Industrial

1 or 2

IND6

Construction

1 or 2

REL1

1 or 2

EDU1

Church/Membership
Orgs
Schools

EDU2

Colleges

1 or 2

USACE Galveston
USACE Wilmington
USACE Galveston
USACE Galveston
USACE Galveston
USACE Galveston
USACE Galveston
USACE Wilmington
USACE Wilmington
USACE Galveston

RES4

Temporary Lodging

2

RES5

Institutional
Dormitory
Nursing Home

1 or 2

RES6

1 or 2

1 or 2

USACE Wilmington
USACE Galveston
USACE Wilmington

Hazus Wave
Zone(s)

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

Average theatre,
structure
Garage, structure

-

0

0

0

2

4

5

5

5

6

8

10

12

15

20

24

29

-

0

0

3

7

12

17

20

24

28

32

37

41

46

51

55

59

Average government
services, structure
Average emergency
response, structure
Average heavy
industrial, structure
Average light industrial,
structure
Average Construction,
structure
Church, structure

-

0

0

0

5

8

13

14

14

15

17

19

22

26

31

37

44

-

0

0

0

1

5

5

5

6

7

9

11

14

17

24

28

32

-

0

0

1

10

12

15

19

22

26

30

35

39

42

48

50

51

-

0

0

1

9

14

17

22

26

30

32

35

37

39

43

46

48

-

0

0

0

22

31

37

43

47

50

54

57

61

43

64

65

67

-

0

0

0

10

11

11

12

12

13

14

14

15

17

19

24

30

School, structure

-

0

0

4

22

29

34

39

44

48

53

57

62

66

70

75

79

Average
college/university,
structure
Average Hotel & Motel,
structure
Nursing Home, structure

-

0

0

0

5

7

9

9

10

11

13

15

17

20

24

28

33

-

0

0

0

3

5

6

7

9

12

14

18

21

26

31

36

41

-

0

0

0

7

10

14

15

15

16

18

20

23

26

30

34

38

Rest Home, structure

-

0

0

12

21

27

34

41

49

55

62

68

73

78

83

88

93

DDF Curve Description
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Table A-4: Contents depth damage functions used in Hazus.
Building
Label(s)

Occupancy Class(es)

Number
of
Floors
1

DDF Curve Source

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES2

Mobile Home

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES1, RES3A-F

Single-Family and Multi-Family

RES2

Mobile Home

1 or
more
1 or
more
1 or
more
1 or
more
1 or
more
1 or
more
1 or
more
1 or
more
1 or
more
1

AGR1

Agriculture

1 or 2

USACE Generic
Riverine
USACE Generic
Riverine, adjusted
USACE Generic
Riverine, adjusted
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
Expert Panel Coastal
A or V
USACE - Galveston

COM1
COM2

Retail Trade
Wholesale Trade

1 or 2
1 or 2

USACE - Galveston
USACE - Galveston

COM3
COM4
COM5
COM6

Personal and Repair Services
Business/Professional/Technical
Depository Institutions
Hospital

1 or 2
1 or 2
1 or 2
1 or 2

USACE - Galveston
USACE - St. Paul
USACE - Wilmington
USACE - Galveston

COM7

Medical Office/Clinic

1 or 2

USACE - Galveston

COM8

Entertainment & Recreation

1 or 2

USACE - Galveston

COM9
COM10

Theaters
Garage/parking

1 or 2
1 or 2

USACE - Galveston
USACE - Wilmington

GOV1

General Services

1 or 2

USACE - Galveston

GOV2

Emergency Response

1 or 2

USACE - Galveston

IND1

Heavy Industrial

1 or 2

USACE - Galveston

2 or
more
1

Contents
Values
(%BRV)

Hazus
Wave
Zone(s)

1-story without basement,
riverine
2 or more without
basement, riverine
Mobile home, riverine

100%

Riverine

100%

DDF Curve Description

CONTENTSDDFs - Damage Percentages Relative to Contents Replacement Value and Adjusted Based on Depth Above
Adjacent Grade

-2

-1
3

13

23

32

40

47

53

59

63

Riverine

0

3

9

15

21

26

31

36

41

100%

Riverine

0

0

8

44

63

73

78

80

Open Elevation on Piles 2ft
with obstruction
Open Elevation on Piles 4ft
with obstruction
Open Elevation on Piles 6ft
with obstruction
Open Elevation on Piles 8ft
with obstruction
Open Elevation on Piles
10ft with obstruction
Open Elevation on Piles
12ft with obstruction
Wall 2ft (includes piers
and basements)
Wall 3ft (includes piers
and basements)
Slab (includes fill)

100%

1

22

53

93

100

100

100

11

48

78

100

100

100

53

93

100

100

100

78

100

100

100

100

100

100

100

100

2

Manufactured Home

100%

Average Agriculture,
structure
Average Retail, structure
Average wholesale,
structure
Private Day Care, structure
Office Building, structure
Bank, structure
Average, Medical Office,
structure
Average, Medical Office,
structure
Average Entertainment/
Recreation, structure
Average theatre, structure
Garage, structure

100%

Coastal
A or V
Coastal
A or V
Coastal
A or V
Coastal
A or V
Coastal
A or V
Coastal
A or V
Coastal
A or V
Coastal
A or V
Coastal
A or V
Coastal
A or V
-

Average government
services, structure
Average emergency
response, structure
Average heavy industrial,
structure

67

9

71

10

11

12

13

45

49

52

56

59

61

64

81

82

83

84

85

86

87

88

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

10

35

75

100

100

100

100

100

100

100

100

100

100

100

100

2

30

75

100

100

100

100

100

100

100

100

100

100

100

100

100

0

0

12

25

50

75

100

100

100

100

100

100

100

100

100

100

15

75

100

100

100

100

100

100

100

100

100

100

100

100

100

100

0

0

0

6

11

15

19

25

30

35

41

46

51

57

63

70

-

0
0

0
0

1
0

9
5

14
8

16
11

18
13

20
16

23
19

26
22

30
25

34
29

38
32

42
37

47
41

51
45

-

0
0
0
0

0
0
0
0

0
5
1
0

15
12
5
1

16
17
13
3

16
20
21
4

20
21
23
6

25
22
24
9

29
22
26
11

33
23
28
14

37
25
30
17

41
27
33
20

44
31
35
24

45
35
37
29

50
39
39
35

53
42
42
42

13%

-

0

0

0

1

3

4

6

9

11

14

17

20

24

29

35

42

25%

-

0

0

1

9

11

12

14

16

18

20

22

26

29

33

37

41

-

0
0

0
0

0
3

2
7

4
12

5
17

5
20

5
24

6
28

8
32

10
37

12
41

15
46

20
51

24
55

29
59

-

0

0

0

5

8

13

14

14

15

17

19

22

26

31

37

44

-

0

0

0

1

5

5

5

6

7

9

11

14

17

24

28

32

-

0

0

1

10

12

15

19

22

26

30

35

39

42

48

50

51

100%
100%
100%
100%
100%
100%
100%
100%

36%
36%

12%
12%

0

0

1

2

3

4

5

6

7

8

73

75

77

79
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DDF Curve Source

DDF Curve Description

Light Industrial

Number
of
Floors
1 or 2

USACE - Galveston

IND6

Construction

1 or 2

USACE - Galveston

REL1
EDU1
EDU2

Church/Membership Orgs
Schools
Colleges

1 or 2
1 or 2
1 or 2

USACE - Wilmington
USACE - Wilmington
USACE - Galveston

RES4

Temporary Lodging

2

USACE - Wilmington

RES5
RES6

Institutional Dormitory
Nursing Home

1 or 2
1 or 2

USACE - Galveston
USACE - Wilmington

Average light industrial,
structure
Average Construction,
structure
Church, structure
School, structure
Average
college/university,
structure
Average Hotel & Motel,
structure
Nursing Home, structure
Rest Home, structure

Building
Label(s)

Occupancy Class(es)

IND2

Contents
Values
(%BRV)

Hazus
Wave
Zone(s)

-2

-1

0

1
9

14

17

22

26

30

32

-

0

0

0

22

31

37

43

47

50

-

0
0
0

0
0
0

0
4
0

10
22
5

11
29
7

11
34
9

12
39
9

12
44
10

-

0

0

0

3

5

6

7

-

0
0

0
0

0
12

7
21

10
27

14
34

15
41

-

7%

100%

CONTENTSDDFs - Damage Percentages Relative to Contents Replacement Value and Adjusted Based on Depth Above
Adjacent Grade
0

0

1

2

3

4

5

6

7

8

35

9

37

10

11

12

13

54

57

61

43

64

65

67

13
48
11

14
53
13

14
57
15

15
62
17

17
66
20

19
70
24

24
75
28

30
79
33

9

12

14

18

21

26

31

36

41

15
49

16
55

18
62

20
68

23
73

26
78

30
83

34
88

38
93

39

43

46

48
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Table A-5: Residential building replacement values for Virginia Beach used in Hazus.
Quality of
Number of
Construction*
Floors
Single-Family Dwelling
Economy
1
Single-Family Dwelling
Economy
2
Single-Family Dwelling
Economy
3
Single-Family Dwelling
Economy
4 or more
Single-Family Dwelling
Average
1
Single-Family Dwelling
Average
2
Single-Family Dwelling
Average
3
Single-Family Dwelling
Average
4 or more
Single-Family Dwelling
Custom
1
Single-Family Dwelling
Custom
2
Single-Family Dwelling
Custom
3
Single-Family Dwelling
Custom
4 or more
Single-Family Dwelling
Luxury
1
Single-Family Dwelling
Luxury
2
Single-Family Dwelling
Luxury
3
Single-Family Dwelling
Luxury
4 or more
Mobile Home
Multi-Family Dwelling – Duplex
1 or more
1 or more
Multi-Family Dwelling – 3 to 4 Units
2 or more
2 or more
Multi-Family Dwelling – 5 to 9 Units
2 or more
2 or more
Multi-Family Dwelling – 10 to 19 Units
3 or more
3 or more
Multi-Family Dwelling – 20 to 49 Units
3 or more
3 or more
Multi-Family Dwelling – 50+ Units
4 or more
4 or more
*All RES1 properties in coastal areas are assumed to be of the highest quality (Luxury)

Building Label
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES1
RES2
RES3A
RES3B
RES3C
RES3D
RES3E
RES3F

Occupancy Class

BRV ($/SF)
$ 78.91
$ 83.96
$ 89.01
$ 94.06
$ 111.15
$ 107.93
$ 113.12
$ 101.71
$ 137.57
$ 135.17
$ 140.06
$ 126.00
$ 167.32
$ 159.33
$ 164.11
$ 149.42
$ 42.80
$ 95.15
$ 103.68
$ 184.74
$ 164.82
$ 162.09
$ 157.94
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Table A-6: Non-residential building replacement values for Virginia Beach used in Hazus.
Building Label
AGR1
COM1
COM2
COM3
COM4
COM5
COM6
COM7
COM8
COM9
COM10
GOV1
GOV2
IND1
IND2
IND6
REL1
EDU1
EDU2
RES4
RES5
RES6

Occupancy Class
Agriculture
Retail Trade
Wholesale Trade
Personal and Repair Services
Business/Professional/Technical Services
Depository Institutions
Hospital
Medical Office/Clinic
Entertainment & Recreation
Theaters
Garage/parking
General Services
Emergency Response
Heavy Industrial
Light Industrial
Construction
Church/Membership Organizations
Schools
Colleges
Temporary Lodging
Institutional Dormitory
Nursing Home

BRV ($/SF)
$ 90.93
$ 98.92
$90.93
$122.52
$159.74
$229.30
$268.52
$196.55
$204.13
$146.12
$52.34
$128.43
$199.44
$105.69
$90.93
$90.93
$165.89
$138.05
$173.27
$158.65
$180.73
$151.98
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Table A-7. Residential displacement depth damage functions used outside Hazus.
Building
Label(s)

Occupancy Class(es)

Number of
Floors

DDF Curve Source

RES1, RES3A-F

Single-Family and Multi-Family

1

RES1, RES3A-F

Single-Family and Multi-Family

2 or 3

RES1, RES3A-F

Single-Family and Multi-Family

4 or more

RES2

Mobile Home

1

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES1, RES3A-F

Single-Family and Multi-Family

1 or more

RES2

Mobile Home

1

USACE Generic
Riverine
USACE Generic
Riverine, adjusted
USACE Generic
Riverine, adjusted
USACE Generic
Riverine, adjusted
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V
Expert Panel
Coastal A or V

DDF Curve Description

Hazus
Wave
Zone(s)

DISPLACEMENT DDFs – Residential Number of Days Based on Depth Above Grade
-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

1-story without basement, riverine

Riverine

-

-

0

45

90

135

180

225

270

315

360

405

450

495

540

585

2- or 3-story without basement,
riverine
4 or more stories with basement,
riverine
Mobile home, riverine

Riverine

-

-

0

45

90

135

180

225

270

315

360

405

450

495

540

585

Riverine

-

-

0

23

45

68

90

113

135

158

180

203

225

248

270

293

Riverine

0

0

0

604

720

720

720

720

720

720

720

720

720

720

720

720

Open Elevation on Piles 2ft with
obstruction
Open Elevation on Piles 4ft with
obstruction
Open Elevation on Piles 6ft with
obstruction
Open Elevation on Piles 8ft with
obstruction
Open Elevation on Piles 10ft with
obstruction
Open Elevation on Piles 12ft with
obstruction
Wall 3ft (includes piers and
basements)
Slab (includes fill)

Coastal A
or V
Coastal A
or V
Coastal A
or V
Coastal A
or V
Coastal A
or V
Coastal A
or V
Coastal A
or V
Coastal A
or V
Coastal A
or V

0

120

360

540

720

720

720

720

720

720

720

720

720

720

720

720

0

360

540

720

720

720

720

720

720

720

720

720

720

720

720

720

360

540

720

720

720

720

720

720

720

720

720

720

720

720

720

720

540

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

720

0

120

540

720

720

720

720

720

720

720

720

720

720

720

720

720

0

0

0

120

360

540

720

720

720

720

720

720

720

720

720

720

0

540

720

720

720

720

720

720

720

720

720

720

720

720

720

720

Manufactured Home

Table A-8: Residential unit displacement values.
Building Label
RES1
RES2
RES3A
RES3B
RES3C
RES3D
RES3E
RES3F

Estimated Number of Unit Displacement
Households
Value* ($/day)
Single-Family Dwelling
1
$275
Mobile Home
1
$275
Multi-Family Dwelling - Duplex
2
$550
Multi-Family Dwelling - 3 to 4 Units
4
$1,100
Multi-Family Dwelling - 5 to 9 Units
7
$1,925
Multi-Family Dwelling - 10 to 19 Units
15
$4,125
Multi-Family Dwelling - 20 to 49 Units
35
$9,695
Multi-Family Dwelling - 50+ Units
50
$13,750
*Residential Displacement Value Per Household estimated as follows:
Occupancy Class

Average Household Population for Virginia Beach (2010 U.S. Census)
Current FY2018 Average Lodging Rate for Virginia Beach, VA ($/night)
Current FY2018 Per Diem Rate for Virginia Beach, VA ($/person/day)
Average Household Population Displacement (rounded)
Adjusted cost per person to eat meals at home ($/person/day)
Residential Displacement Value per household ($/day)

2.63
$119
$59
3
$7
$275
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Table A-9: Non-residential loss of function depth damage functions used outside Hazus.
Building
Label
AGR1
COM1
COM2
COM3
COM4
COM5
COM6
COM7
COM8
COM9
COM10
GOV1
GOV2
IND1
IND2
IND6
REL1
EDU1
EDU2
RES4
RES5
RES6

Occupancy Class
Agriculture
Retail Trade
Wholesale Trade
Personal and Repair Services
Business/Professional/Technical
Services
Depository Institutions
Hospital
Medical Office/Clinic
Entertainment & Recreation
Theaters
Garage/parking
General Services
Emergency Response
Heavy Industrial
Light Industrial
Construction
Church/Membership
Organizations
Schools
Colleges
Temporary Lodging
Institutional Dormitory
Nursing Home

Number of
Floors

Disruption
Costs ($/SF)

Rental Costs
($/SF/Month)

1 or more
1 or more
1 or more
1 or more
1 or more

$0.68
$1.09
$0.95
$0.95
$0.95

$0.68
$1.16
$0.48
$1.36
$1.36

-2
-

-1
-

1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more
1 or more

$0.95
$1.36
$1.36
N/A
N/A
N/A
$0.95
$0.95
N/A
$0.95
$0.95
$0.95

$1.70
$1.36
$1.36
$1.70
$1.70
$0.34
$1.36
$1.36
$0.20
$0.27
$0.14
$1.02

18.0
-

18.0
-

1 or more
1 or more
1 or more
1 or more
1 or more

0
6.5
16.0
16.0
10.5
14.0

LOSS OF FUNCTION DDFs – Non-Residential Disruption Times in Months Based on Depth Above Grade*
1
2
3
4
5
6
7
8
9
10
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
16.0
16.0
16.0
16.0
18.5
18.5
18.5
18.5
24.0
24.0
16.0
16.0
16.0
16.0
18.5
18.5
18.5
18.5
24.0
24.0
10.5
10.5
10.5
10.5
13.5
13.5
13.5
13.5
21.0
21.0
14.0
14.0
14.0
14.0
18.5
18.5
18.5
18.5
24.0
24.0

11
6.5
24.0
24.0
21.0
24.0

12
6.5
24.0
24.0
21.0
24.0

13
6.5
31.0
31.0
21.0
25.0

14.0
24.0
14.0
16.0
16.0
1.0
14.0
14.0
6.0
4.5
4.5
16.0

14.0
24.0
14.0
16.0
16.0
1.0
14.0
14.0
6.0
4.5
4.5
16.0

14.0
24.0
14.0
16.0
16.0
1.0
14.0
14.0
6.0
4.5
4.5
16.0

14.0
24.0
14.0
16.0
16.0
1.0
14.0
14.0
6.0
4.5
4.5
16.0

14.0
24.0
14.0
16.0
16.0
1.0
14.0
14.0
6.0
4.5
4.5
16.0

18.5
30.0
18.5
18.5
18.5
1.0
18.5
18.5
6.0
4.5
4.5
18.5

18.5
30.0
18.5
18.5
18.5
1.0
18.5
18.5
6.0
4.5
4.5
18.5

18.5
30.0
18.5
18.5
18.5
1.0
18.5
18.5
6.0
4.5
4.5
18.5

$0.95
$1.02
14.0
14.0
14.0
14.0
14.0
18.5
18.5
18.5
$0.95
$1.36
14.0
14.0
14.0
14.0
14.0
18.5
18.5
18.5
$0.82
$2.04
12.5
12.5
12.5
12.5
12.5
16.0
16.0
16.0
$0.82
$0.41
14.0
14.0
14.0
14.0
14.0
18.5
18.5
18.5
$0.82
$0.75
14.0
14.0
14.0
14.0
14.0
18.5
18.5
18.5
*Non-Residential Displacement = (Disruption Cost x Building SF Area) + (Rental Cost x Building SF Area x Disruption Time in Months)

18.5
30.0
18.5
18.5
18.5
1.0
18.5
18.5
6.0
4.5
4.5
18.5

24.0
30.0
24.0
24.0
24.0
1.0
24.0
24.0
6.0
4.5
4.5
24.0

24.0
30.0
24.0
24.0
24.0
1.0
24.0
24.0
6.0
4.5
4.5
24.0

24.0
30.0
24.0
24.0
24.0
1.0
24.0
24.0
6.0
4.5
4.5
24.0

24.0
30.0
24.0
24.0
24.0
1.0
24.0
24.0
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APPENDIX B: CITYWIDE PREFERRED ALTERNATIVES AND COMPLIMENTARY STRATEGY ANALYSIS

Figure B-1: Maps of City-wide coastal risk reduction preferred alternatives A1 (left) and A2 (right).
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Figure B-2: Maps of City-wide coastal risk reduction preferred alternatives B1 (left) and B2 (right).
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Figure B-3: Maps of City-wide coastal risk reduction preferred alternatives C1 (left) and C2 (right).
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Figure B-4: Maps of individual residential structural elevations (left), demo/rebuilds (center) and voluntary parcel acquisitions (right) outside of City-wide coastal risk reduction preferred Alternative A1.
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Figure B-5: Maps of individual non-residential dry floodproofing (left) and wet floodproofing (right) outside of City-wide coastal risk reduction preferred Alternative A1.
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Figure B-6: Maps of individual residential structural elevations (left), demo/rebuilds (center) and voluntary parcel acquisitions (right) outside of City-wide coastal risk reduction preferred Alternative A2.
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Figure B-7: Maps of individual non-residential dry floodproofing (left) and wet floodproofing (right) outside of City-wide coastal risk reduction preferred Alternative A2.
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Figure B-8: Maps of individual residential structural elevations (left), demo/rebuilds (center) and voluntary parcel acquisitions (right) outside of City-wide coastal risk reduction preferred Alternative B1.
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Figure B-9: Maps of individual non-residential dry floodproofing (left) and wet floodproofing (right) outside of City-wide coastal risk reduction preferred Alternative B1.
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Figure B-10: Maps of individual residential structural elevations (left), demo/rebuilds (center) and voluntary parcel acquisitions (right) outside of City-wide coastal risk reduction preferred Alternative B2.
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Figure B-11: Maps of individual non-residential dry floodproofing (left) and wet floodproofing (right) outside of City-wide coastal risk reduction preferred Alternative B2.

Individual Building and Site-Level Flood Risk Reduction Strategies | 81

Figure B-12: Maps of individual residential structural elevations (left), demo/rebuilds (center) and voluntary parcel acquisitions (right) outside of City-wide coastal risk reduction preferred Alternative C1.
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Figure B-13: Maps of individual non-residential dry floodproofing (left) and wet floodproofing (right) outside of City-wide coastal risk reduction preferred Alternative C1.
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Figure B-14: Maps of individual residential structural elevations (left), demo/rebuilds (center) and voluntary parcel acquisitions (right) outside of City-wide coastal risk reduction preferred Alternative C2.
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Figure B-15: Maps of individual non-residential dry floodproofing (left) and wet floodproofing (right) outside of City-wide coastal risk reduction preferred Alternative C2.
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Key Terminology
The following table highlights useful terminology used throughout the document.
Table 1: Key Terminology
Key Terminology

Abbreviation

Agricultural Reserve Program

ARP

Capital Improvement Program

CIP

Community Development Block Grant Program – Disaster Recovery

CDBG-DR

Community Rating System
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Comprehensive Sea Level Rise and Recurrent Flooding Study

CSLRRF Study

Department of Conservation and Recreation

DCR

Environmental Impact Bond

EIB

Federal Emergency Management Agency

FEMA

FEMA Flood Insurance Rate Map

FIRM

Geographic Information System

GIS

Hampton Roads Hazard Mitigation Plan

HMP

Hampton Roads Planning District Commission

HRPDC

Hampton Roads Region – Norfolk and Virginia Beach Joint Land Use Study

JLUS

Hampton Roads Sanitation District

HRSD

Hampton Roads Transportation Planning Organization

HRTPO

Intensely Developed Area

IDA

Limit of Moderate Wave Action

LiMWA

National Flood Insurance Program

NFIP

National Oceanic and Atmospheric Administration

NOAA

Purchase of Development Rights Program

PDR

Special Flood Hazard Area

SFHA

Strategic Growth Area

SGA

Special Service District

SSD

Tax Increment Financing

TIF
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Key Terminology

Abbreviation

Transferrable Development Rights

TDR

U.S. Geological Survey

USGS

Virginia Department of Environmental Quality

DEQ

Virginia Department of Transportation

VDOT

Virginia Institute of Marine Science

VIMS

Glossary Terms
The Policy Response to Sea Level Rise and Recurrent Flooding Report or “Policy Response Report” refers to the
policy portion of the Comprehensive Sea Level Rise and Recurrent Flooding Study (CSLRRF)
The Policy Response to Sea Level Rise and Recurrent Flooding Report Action Items or “Policy Action Items” or
“Action Items” refers to the specific prioritized action items that are detailed under each numbered objective
within this document
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Executive Summary
The City of Virginia Beach, Virginia, has
recognized that flood impacts are increasing
and must not be left unchecked. In addition
to sea levels rising at a rate nearly twice
that of the global average, Virginia Beach is
threatened by changing precipitation patterns
and increasingly recurrent tidal, storm surge,
and inland flooding events. In order to tackle
such challenges, the City must pivot to fully
informed planning, infrastructure design,
and community engagement. This document
provides guidance on the actions the City
should undertake to secure a vibrant future for
the entire Virginia Beach community.

Figure 1: Flooding in Virginia Beach.

In 2015, the City initiated the Comprehensive Sea Level Rise and Recurrent Flooding Study (CSLRRF).
The genesis of the study was both in recognition of increased flooding and the need for a strategic
plan to protect the city. The goal was to produce the needed information and strategies to enable the
City to establish long-term resilience to sea level rise and associated recurrent flooding. The following
outcomes were identified for the study, with this document being a product supporting the policy
strategy aspect of outcomes numbers two and three.
1. Establish a full understanding of flood risk and anticipated changes over planning and
infrastructure time horizons.
2. Develop risk-informed strategies, including engineered protection and policy, to reduce short
and long-term impacts.
3. Produce policy and structural strategies to reduce short- and long-term impacts.
4. Engage in public outreach process to advance resilience initiatives.
This report, The Virginia Beach Sea Level Rise Policy Response Report (the Policy Response Report)
contains a diverse range of policy action items, which were developed in an effort to provide future
guidelines while fostering resilience in City-wide practices. The policy action items within this document
reflect City staff priorities and have largely been molded by the collaborative effort of numerous
departments within Virginia Beach’s municipal government. Following the creation of the Report’s
action items, City staff undertook an extensive ranking exercise, which culminated in the prioritization
of action items as seen in this Report. The document provides the City with an array of recommended
actions and steps that the City may choose from to begin making zoning, ordinances, policies and
regulations more resilient to wide-ranging flood issues. All policy action items fall under seven specific
goals which are highlighted below:
1. Plan for a future with more frequent and intense flooding
2. Enhance the flood resilience of critical infrastructure and invest in capital improvements to
reduce community flood risk
3. Enhance the flood resilience of buildings and neighborhoods
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4. Protect and enhance the local economy
5. Preserve and enhance natural flood buffers and open space
6. Improve City coordination and responsiveness to community flood concerns
7.

Advocate for changes in state and federal law and policy to incentivize, support, and fund local
resilience implementation

These seven goals closely align with priorities set by the City Council in recent strategic documents.
Each goal is supported by strategies, objectives, and prioritized action items for City staff and
departments to undertake. The action items have been assigned priority rankings through a
participatory process with City staff and range from Low, Medium-Low, Medium, Medium-High, to High.
It is the City’s expectation that laying out a broad and diverse menu of action items will help City
departments implement changes in zoning, ordinances, codes, and regulations that, when paired
with cost-beneficial engineered solutions, will increase the overall resilience of all Virginia Beach
communities.

GOAL 1

GOAL 2

GOAL 3

GOAL 4

Plan for a future with
more frequent and
intense flooding

Enhance resilience of
critical infrastructure
and invest in capital
improvements

Enhance resilience
of buildings and
neighborhoods

Protect and enhance
the local economy

GOAL 5

GOAL 6

GOAL 7

Preserve and enhance
natural flood buffers
and open space

Improve City
coordination and
responsiveness

Advocate for changes in
state and federal law and
policy to support local
resilience implementation
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Introduction
Comprehensive Sea Level Rise and Recurrent Flooding Study (CSLRRF)
In order to address existing flood risk and reduce short- and long-term flood exposure, the City has
undertaken a thorough, City-wide analysis to develop strategies and solutions that promote resilience.
This Study is known as the Comprehensive Sea Level Rise and Recurrent Flooding (CSLRRF) Study and is
expected to be fully completed in 2019. The CSLRRF was initiated by City Council in 2014 in recognition
of the need for a systematic response to increasing flood issues. The CSLRRF was funded through the
City’s Capital Improvement Plan at $3 million over a period of 5-years. Additional funding of $844,000
was gained from a federal grant through the National Oceanic and Atmospheric Administration (NOAA)
Office for Coastal Management in 2016.
The CSLRRF was structured as a 3-phase
effort, as shown in Figure 2. The foundation
was to understand current and future flood
hazards and risk. Since 2015, study activities
have progressed sequentially through
this phased approach in collaboration
between the study consultant team and
City staff (Figure 3) to culminate in a host
of strategies. Through 2019, the CSLRRF
will synthesis work activities to produce an
overall adaptation plan document using a
watershed-based approach.

3. Implementation
Planning the Actions

2. Adaptation Strategies
Tailoring the Solutions

1. Sea Level Rise/Recurrent Flooding Impacts
Defining the Problem

The City understands that its flood issues
Figure 2: Steps to the 3-phase effort
are multi-faceted and there is no simple
fix to the flooding issues at hand. To address this, the City is considering a range of adaptation
strategies falling into two main categories: policy and engineering. Engineering strategies can be highly
effective at mitigating flood risks in specific situations, but they are also costly, complex, and would
require many years to effectively implement City-wide. Combining engineering solutions with policy
approaches will offer a more efficient systems-based approach for reducing vulnerability across all of
Virginia Beach and transitioning the City into a new era of resilience.

PLANNING
• Scenarios
• Conceptual
model

STUDY PROGRESSION
• Grant award
• Hazard and risk
assessment
• Essential analysis to
inform design
• Stormwater coordination
• Policy menu

STRATEGY FOCUS
• Structural alternatives
• City-wide concepts
• Performance
• Down-selection
• Policy refinement and
ranking

SYNTHESIS
• Neighborhood and
site alternatives
• Full draft
adaptation plan
• Stakeholder
outreach and input

Figure 3: Timeline of CSLRRF study progression.
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Sea Level Rise and Recurrent Flooding in Virginia Beach
Sea level rise (SLR) is a major concern worldwide for coastal areas, coastal Virginia, and especially
the Hampton Roads region, which includes the City of Virginia Beach. The five long-term water level
observation stations in southeast Virginia are measuring sea level rise rates among the top 10% in the
nation.1 These water level observations show us that, historically, sea levels have risen approximately
0.8 feet in the past 50 years, or between 1.5 and 2.0 feet per century.
Although sea level rise is occurring at a faster rate in the Hampton Roads Region, it is exacerbated
by land subsidence along the coast, further impacting water levels and resulting in increased flood
vulnerability for the Community. Estimates state that as much as 50% of the relative sea level rise is
due to land subsidence as the land sinks and settles in the Tidewater region.2 Sea level rise and land
subsidence, paired with other flood risks such as storm surge and tidal flooding as well as inland
flooding due to increased precipitation patterns and heavier rainfall, have also impacted recurrent
flooding. These variables have resulted in a persistent threat to the Virginia Beach Community, both
on the coast, but also inland, and served as the impetus for the City taking action to both better
understand its flood risk, and develop adaptation strategies.
The City has identified two sea level rise scenarios to facilitate adaptation actions that address both
moderate and long-term risk to increased flooding. Municipal planning and infrastructure cycles were
reviewed to select time horizons for each scenario, shown in Table 2. In selecting sea level rise scenario
values, the City aimed to balance the need to proactively plan for future increases in sea level against
the uncertainty in the projections. With the study goals and objectives in mind, it was decided to use
mid-range values across the array of federal projections available at the initiation of the study, and
within the planning horizon windows identified in Table 2.
The selected sea level rise scenarios are in alignment with state, and regional guidance. The scenarios
align with the intermediate-high curve for their respective time frames as provided by the 2012 federal
guidance, which was effective at the time of study inception.3 The values align with the “intermediate”
scenario curve as provided by the updated federal guidance released in 2017.4 Guidance released by the
Virginia Institute of Marine Sciences (VIMS) in 2012 recommended a planning scenario of 1.5 feet for the
region over the next 20 to 50 years, but noted that 3.0 feet is possible in the 50-year horizon. Finally,
in 2018, the Hampton Roads Planning District Commission adopted resolution 2018-01, recommending
values of 1.5 feet for near-term planning, 3.0 feet for mid-term planning, and 4.5 feet for long-term
planning.5
The selected values require an acceleration of the historically observed sea level rise trend. The best
record for Hampton Roads is found at Sewell’s Point, in Norfolk, VA. A recent analysis published
by VIMS6 found acceleration in the Sewell’s Point record and projected a sea level increase of
approximately 1.6 feet (with a 95% confidence interval of 0.6 feet) by 2050. Such analysis provides
some assurance that the City's chosen values for sea level rise planning is appropriate and timely.
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Table 2: CSLRRF Study sea level rise scenarios, planning horizons, and intended use.
SLR Scenario and
Life Cycle Alignment

Time Horizon/
Time Period

1.5 feet

20-40 years

Municipal Planning

2035-2055

3.0 feet

50-80 years

Critical Infrastructure /
Long-term awareness

2065-2085

Relevance

Use

Comprehensive Plan &
Outcomes

Vulnerability assessment

Utility Infrastructure
life-cycle

Secondary vulnerability
assessment to provide insight
into long-term risk

Key planning value
Short end of Commercial
Basis for evaluation of all
and Utility life-cycles
adaptation strategies or policy
action items

Transportation
infrastructure lifecycles
Residential structure
lifecycles

Basis for long-term infrastructure
decisions
Evaluate cost-effectiveness
of additional protection for
adaptable resilience strategies
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The Virginia Beach Sea Level Rise Policy Response Report
The Policy Response Report proposes wide-ranging policy-based adaptation actions that will enable
Virginia Beach to establish long-term resilience to both sea level rise and associated recurrent flooding.
In order to effectively address sea level rise and flood vulnerability, Virginia Beach can undertake a
number of policy solutions (zoning, ordinances, codes, and regulations)—in addition to engineered
solutions, which will be detailed in the CSLRRF—to instill a deliberate foundation on which to build
decision-making practices for City-wide operations and planning. The Policy Response to Sea Level
and Recurrent Flooding Report is meant to be utilized as a standalone document, but will feed into the
expansive CSLRRF Study upon its completion.

Development Process
The development of the Policy Response Report began in 2015 and has been a collaborative process
between the City of Virginia Beach, the Virginia Beach Community, Regional Stakeholders, and contract
support. For a summary of the Report development process, please see Figure 4 below.

Figure 4: The Policy Response Report Development Process
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The Report began as an extensive menu of policy-based adaptation actions which deliberately address
flood risks, changing precipitation patterns, and sea level rise. The policy action items, when originally
developed, fell into the following categories:
Planning Processes – Consider projected sea-level rise, precipitation changes, and
related flooding impacts in land-use, capital, and emergency-response planning processes
to support long-range resilience efforts and provide the evidentiary basis for discrete
adaptation actions. Harmonize resilience elements across all planning efforts.
Government Operations and Administration – Organize and streamline government
administration, including procedures and design standards, to facilitate adoption and
maintenance of policies that improve Virginia Beach’s resilience to sea-level rise,
precipitation changes, and their related impacts.
Regulatory - Adopt or amend land-use, floodplain, coastal, and resource-management
regulations to require or encourage new development and redevelopment to adequately
account for present and future impacts of sea level rise and changes in precipitation
patterns.
Spending – Allocate City funds to promote flood-resilient development patterns:
encouraging the voluntary adoption of flood-hazard-mitigation measures, including
property retrofits and open-space preservation, while discouraging future development in
hazard-prone areas. Prioritize City investments in infrastructure while integrating
resilience measures into both replacement and expansion projects. The City defines
infrastructure as bridges, drinking water, dams, inland waterways, levees, ports, parks,
roadways, schools, solid waste, transit and wastewater and all City facilities.
Taxes, Fees, and Market-Based - Use taxation and other state-granted authority to create
incentives for resilient development and services while generating revenue to fund vital
city-implemented flood-resilience measures.

Public Awareness and Education – Leverage city data and programs to provide residents,
business owners, and developers with comprehensive climate-related information to
enable more informed private-sector decision-making to increase sea level rise and flood
resilience.

Funding – Employ innovative funding mechanisms to finance ongoing resilience efforts.
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In early 2018, following the finalization of the policy menu, the policy action items were aligned with
City Council’s goals, which are outlined below. These goals provided the framework with which the
Policy Response Report is built upon.
1. Plan for a future with more frequent and intense flooding
2. Enhance the flood resilience of critical infrastructure and invest in capital improvements to
reduce community flood risk
3. Enhance the flood resilience of buildings and neighborhoods
4. Protect and enhance the local economy
5. Preserve and enhance natural flood buffers and open space
6. Improve City coordination and responsiveness to community flood concerns
7.

Advocate for changes in state and federal law and policy to incentivize, support, and fund local
resilience implementation

Goals, Strategies, Objectives, and Action Items
Following the alignment of the Policy Response Report under the
seven aforementioned goals, each goal was further broken down by
strategies, specific corresponding objectives, and prioritized action
items. The goals serve as primary outcomes, the strategies contain
the City’s overarching approach to achieve the goal, the objectives are
focus areas that are vital to achieving the strategy, and the actions are
specific prioritized tactics the City can explore in pursuit of meeting
the outlined objectives.
Additional benefits and considerations are also included with each
set of action items, providing further information on relevant
topics, including administrative needs, environmental impacts, legal
concerns, and funding opportunities.
The high-level goals, which provided the foundational base for
this document, were largely built off of Virginia Beach’s strategic
Figure 5: The Virginia Beach
Strategic Plan to Achieve City
documents, which include Virginia Beach’s Strategic Plan to Achieve
Council's Vision for the Future.
City Council’s Vision for the Future (2016-2018), the 2017-2022 City
Council Goals, and the Hampton Roads Hazard Mitigation Plan. These
foundational documents provided a basis for which to analyze and
construct action items that align with priorities already identified by the City.

Action Item Ranking Process
The policy action items highlighted in this document represent activities that the City should explore,
evaluate, and/or undertake as part of a comprehensive, long-term approach to addressing sea level rise
and recurrent flooding within Virginia Beach. The actions are not meant to be prescriptive, but form a
starting place from which flood vulnerabilities can be addressed from a policy perspective.
The development of the actions items evolved from national best practices, expansive interviews with
City staff, numerous collaborative workshops, multiple meetings with Virginia Beach Sea Level Rise City
Manager's Working Group, and discussions with relevant City departments. The ranking process of these
action items was a collaborative exercise that included participation from City-wide staff. This ranking
process is summarized in Figure 6 and described in detail on the following page.
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Figure 6: Action Item Ranking Process
Given both the number and complexity of the action items, nine variables were evaluated for each
action item. Figure 7 displays the ranking considerations for the variables that were identified and
analyzed by the City.

Technical Considerations

Administrative
Needs

Political
Support

Legal
Concerns

Very
Effective

Minimal

Supportive

Moderate

Somewhat
Effective

Moderate

Complex

Less
Effective

Significant

Technical
Feasibility

Project
Effectiveness

Simple

Fiscal Considerations

Social
Environmental
Vulnerability
Impacts
Impacts

Cost

Cost
Effectiveness

Simple

Affordable

Exceptional

Positive

Positive

Neutral

Moderate

Low

High

Neutral

Neutral

Resistant

Complex

Moderate

Moderate

Negative

Negative

High

Low

Prohibitive

Unknown

Figure 7: Overview of the variables that each action item was evaluated upon.
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Each ranking consideration was assigned a numerical point score, based upon the rating City Staff
assigned the variable. The rating to score conversion is displayed below in Figure 8.
Technical Considerations

Technical
Feasibility

Project
Effectiveness

Simple

20

Moderate

12

Complex

4

Very
Effective

25

Somewhat
15
Effective
Less
Effective

5

Fiscal Considerations

Administrative
Political Support Legal Concerns
Needs
Minimal

10 Supportive 15

Simple

Cost
Effectiveness

Cost

10 Affordable 25 Exceptional 40

Environmental
Impacts

Social
Vulnerability
Impacts

Positive

15

Positive

10

Moderate

6

Neutral

9

Moderate

6

Low

20

High

20

Neutral

9

Neutral

6

Significant

2

Resistant

3

Complex

2

Moderate

15

Moderate

12

Negative

3

Negative

2

High

5

Low

4

Prohibitive

0

Unknown

0

Figure 8: Numerical point scores assigned to each ranking consideration for all nine variables.
An Excel spreadsheet was distributed to City Departments, and scoring was encouraged as a group
activity within each department. Following review by the Departments, all responses (which included
the aforementioned numerical point score) were compiled and an average score for each category was
calculated. The cumulative score for each action item was tallied, allowing ranking of each action in the
context of all presented activities. The chart below in Figure 9 highlights the outputs of the ranking
exercise, and the frequency with which action items were prioritized.
Total Decision Factor Scores and Rating
Total Score Range

Frequency
Rating

Minimum

Maximum

105.2

131.5

High

51

92.1

104.7

Med-High

54

78.9

91.6

Medium

35

21.6

78.4

Med-Low

40

0.5

21.5

Low

2

Figure 9: Decision Factor Scores and Action Item Ratings
The outcomes of the action ranking exercise are represented by the “Priority” column at the end
of each action. The prioritization includes low, medium-low, medium, medium-high, and high. For
example, a “high” priority ranking would mean that the action item was deemed technically feasible,
has high project effectiveness, minimal administrative needs, high political support, low legal concerns,
and is affordable, cost effective, with positive environmental impact and positive social impacts.
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National Flood Insurance Program Community Rating System
The Policy Response Report also looks at how policy changes could
result in the City earning additional CRS points through the National
Flood Insurance Program (NFIP) Community Rating System (CRS)
program. The CRS is a national program developed by the Federal
Emergency Management Agency (FEMA). CRS is a voluntary, pointbased, incentive program that encourages and rewards community
floodplain management activities that exceed the minimum NFIP
requirements.
Communities that go above and beyond the minimum NFIP
requirements are eligible for discounted insurance premium rates,
which reflect the reduced flood risk resulting from community actions
meeting the three goals of CRS:
●

Reduce flood damage to insurable property,

●

Strengthen and support the insurance aspects of the NFIP, and

●

Encourage a comprehensive approach to floodplain
management.

Figure 10: NFIP CRS Coordinator’s
Manual.

For CRS participating communities, points are accumulated for a variety of eligible flood mitigation
activities, and flood insurance premium rates are discounted in increments of 5%. A Class 1 community
would receive a 45% premium discount, a Class 9 community would receive a 5% discount, and a Class
10 community is not participating in the CRS and would receive no discount).
Table 3: Breakdown of CRS points by Class
Class

Points

SFHA

Non-SFHA

1

4,500

45%

10%

2

4,000

40%

10%

3

3,500

35%

10%

4

3,000

30%

10%

5

2,500

25%

10%

6

2,000

20%

10%

7

1,500

15%

5%

8

1,000

10%

5%

9

500

5%

5%

10

0

0

0

The City of Virginia Beach is currently working towards participation in the CRS program and is expected to be
accepted in 2019. The City expects to enter into the program at a Class 7 or 8, equating to a 10%-15% premium
reduction for NFIP participants within the Special Flood Hazard Area (SFHA), and a 5% premium discount for those
participants outside of the SFHA. These reductions in premium costs will potentially save residents thousands
of dollars a year in flood insurance premiums. In addition to the cost incentives for residents, the CRS program
requirements align closely to the Policy Response Action Items highlighted in this document.
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POLICY RESPONSE REPORT
GOAL 1
Plan for a Future with More Frequent and Intense
Flooding
In order to plan for a future with more frequent and intense flooding, the City is working to incorporate
the most recent data, research, and future projections regarding changing precipitation patterns, sea
level rise, and recurrent flooding into local plans, resources, and processes. The institutional use of
up-to-date data and forward-looking projections will inform decision-makers in the implementation of
resilience-focused policies, codes, and ordinances.

Strategy: To achieve this goal the City should incorporate the most recent sea level rise,
precipitation, and recurrent flooding data, such as the CSLRRF analysis outputs, including
future flooding considerations, into all relevant City plans and process documents during
their next update, or no later than 2025. The following objectives and accompanying
action items will help the City plan for a future with more frequent and intense flooding.

Objective 1.1: Comprehensive Planning
Incorporate the most recent sea level rise,
precipitation, and recurrent flooding data into
the next update of the City’s Comprehensive
Plan.
As the City’s official land use policy framework,
the 2016 Virginia Beach Comprehensive Plan
acknowledges sea level rise as a natural hazard
facing the City, discusses challenges in certain
neighborhoods, designates Strategic Growth
Areas (SGAs), and indicates that the plan will
be updated with the most recent sea level rise,
precipitation, and recurrent flooding data. An
update to the Comprehensive Plan is scheduled
for 2021 and City officials anticipate that process
will begin in 2019.

Figure 11: Croatan Beach located in Virginia Beach, during a
storm

Action Items
The next update to the City’s Comprehensive Plan should:
COMPREHENSIVE PLANNING ACTION ITEMS
1.

Integrate the scientific and legal justification for short- and long-term recommendations for
land use regulations needed to accommodate sea level rise.

2.

Overlay areas of expanding floodplains and concentrated flood risk with the land use plan.
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PRIORITY
IN PROGRESS
HIGH

COMPREHENSIVE PLANNING ACTION ITEMS

PRIORITY

3.

Adjust existing and future development goals and locations, including SGAs, based on the
anticipated flood risks.

MED-HIGH

4.

Extend the planning-time horizon for visioning purposes, especially in the SGAs, to
consider the effects of flood scenarios out to 2075 or 2100.

MED-HIGH

5.

Identify and designate “high and dry” areas with minimal flood risk for higher-density
development and higher-intensity land uses.

MED-HIGH

6.

Incorporate flood-resilience strategies into sections of Comprehensive Plan related to
specific watersheds, zoning districts, and vulnerable neighborhoods.

MED-HIGH

Benefits and Considerations
●

Administrative: Any land use policies adopted by the City to
reduce flood risks from sea level rise will need to be consistent
with the City’s Comprehensive Plan, which is designed to set
the broad policy objective of a community.

Objective 1.2: Hazard Mitigation Planning
Ensure that the City’s priority hazard-mitigation projects, and the
most recent sea level rise, precipitation, and recurrent flooding
data and analyses, are incorporated into the Hampton Roads
Regional HMP.
Virginia Beach participates in a Regional HMP7 that addresses,
among other hazards, flood risk. The adopted 2017 Regional HMP
includes regional and local priorities as well as the NOAA and
Virginia Institute of Marine Science findings regarding future sea
level rise and its potential impacts. The next HMP will be finalized
in 2020 and the City is actively working to incorporate sea level rise
into the document.

Figure 12: Hampton Roads Hazard
Mitigation Plan.

Action Items
In the next update to the Virginia Beach section of the Regional HMP, the City should:
HAZARD MITIGATION PLANNING ACTION ITEMS

PRIORITY

1.

Incorporate high priority flood risk reduction projects and strategies into the Mitigation
Strategy section of the HMP.

2.

Identify regional flood risk reduction projects that could be pursued with neighboring
jurisdictions, such as the City of Norfolk.

3.

Identify priority properties for hazard mitigation actions such as voluntary buyouts and
acquisitions, or mitigation reconstruction projects.

IN PROGRESS
MED-HIGH
IN PROGRESS

Benefits and Considerations
●

Funding: By incorporating flood risk reduction projects into the HMP, the City will be positioned
to utilize hazard mitigation funding from FEMA to pay for implementation of high-priority
projects, particularly after a major disaster event.
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●

Administrative: By identifying high-priority adaptation projects through the HMP process, the
City can streamline the allocation of disaster recovery dollars in the aftermath of a Presidential or
state level declaration, and more quickly apply funds to mitigation projects.
●

●

The hazard mitigation plan is prepared at the regional level, requiring City staff to coordinate
with the Hampton Roads Planning District Commission (HRPDC) to ensure that the City’s
priority projects are reflected in the Plan.

CRS: The City should focus on maintaining the hazard mitigation plan’s strong CRS score in
future updates.

Objective 1.3: Emergency Response Planning
Incorporate considerations of sea level rise, recurrent flooding, and changing precipitation
patterns in emergency response and evacuation planning.
Current evacuation plans for the Hampton
Roads area include tiered evacuation zones,
robust signage, and community outreach. An
evaluation of the longer-term impacts of sea
level rise on evacuation routes may identify
areas at risk of future inaccessibility, and
therefore destined to become more difficult to
evacuate safely.
In addition, the Emergency Management Team
should continue to plan for increased nuisance
flooding. Emergency response planning
documents should be updated to reflect the
increased risk to both the community and
first responders, especially given changing
precipitation patterns and increasing demand
for emergency personnel to respond during
flood events.

Figure 13: Flooding in the streets of Virginia Beach.

Action Items
Updated emergency response and evacuation plans should:
EMERGENCY RESPONSE PLANNING ACTION ITEMS
1.

PRIORITY

Raise community awareness regarding the increased vulnerability to emergency first
responders due to the threat of sea level rise, changing precipitation patterns, and
increasing flood and storm events through education and outreach programs.

HIGH

2.

Update and expand communication, outreach, and risk notification systems throughout the
city in order to warn communities during increasingly common flooding events.

HIGH

3.

Increase the level of fleet/asset management and operational planning in broader
emergency response planning, as high water response vehicles and high water assets are
acquired for flood events and water rescues.

4.

5.

Coordinate with the Virginia Department of Transportation and Hampton Roads
Transportation Planning Organization to assess the long-term vulnerability of critical
evacuation routes.
Identify needed improvements to existing evacuation routes in both the short- and longterm.
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MED-HIGH

MEDIUM

MED-LOW

Benefits and Considerations
●

Risk Reduction: By proactively preparing for flood events with increased severity and intensity,
the City will be better able to mobilize first responders and assist with emergency evacuations,
particularly in regard to vulnerable populations (e.g., senior care facilities and hospitals) and
vulnerable communities. In turn, these measures will help the City save lives and reduce the
impact of severe storm events on residents and businesses.

●

Response Costs: Reducing the risk of sea level rise and flooding throughout Virginia Beach will
not only serve to reduce the overall cost of emergency response, but also reduce the risk to first
responders and emergency personnel during flood events.

Objective 1.4: Internal Data Collection and Accessibility
Develop a one-stop internal web resource that provides all relevant documentation and GIS
information to inform decision-making around flood risk, sea level rise, resilience, and hazard
mitigation for City Staff. (See Objective 6.3 for external data collection and accessibility.)
The City currently maintains an Open Data Portal that provides online access to a variety of geospatial
data for both the general public and City Staff. The existing portal provides access to the FEMA Flood
Insurance Rate Map (FIRM). In addition to the Open Data Portal, the Comprehensive Sea Level Rise
information webpage provides limited access to future floodplain maps through the CSLRRF Story
Map, as well as a variety of other sea level rise data and completed studies. These sources will be
bolstered with new sea level rise, precipitation, and recurrent food data, such as the CSLRRF findings,
when they are made available. In addition, the City maintains a separate database of architectural
and archaeological resources, as well as an inventory of public and private open space. Geographic
information system (GIS) data, maps, flood information, and sea level rise data is located throughout a
number of City webpages, without a designated landing page that City staff can readily access.

Figure 14: Virginia Beach's Open Data Portal.
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Action Items
The one-stop internal web resource/database should:
INTERNAL DATA COLLECTION AND ACCESSIBILITY ACTION ITEMS
1.

Establish and maintain an internal repository of reports, data, and guidance and strategy
documents to facilitate accessibility by City staff.

2.

Update and maintain the internal City Map to include the following ArcGIS data components:
•

Existing flood hazard information for existing and future conditions, including both
FEMA FIRM, CSLRRF, and Master Drainage Study information

•

Flood risk data across the City’s geographic planning units

•

Landsat data

•

Projected flood-hazard areas based on sea level rise projections

•

Zoning setbacks and Resource Protection Area buffers

•

Cadastral and land use data

•

Census-derived socio-demographic data and vulnerability indices

•

All capital improvement construction projects, including status, priority, costs, and
benefits

•

Parcel-level GIS data with minimum first-floor elevations and foundation types.

•

Zoning

•

Impervious surface coverages

•

Hydrological features

•

Preferred structural flood risk reduction alternative alignments and locations

•

Preserved open space (with land record information)

•

Natural areas including parks, reserves, and managed lands

•

Dam Inundation Zones

•

Historical Structures and Archaeological Sites

PRIORITY
HIGH
HIGH

Benefits and Considerations
●

Administrative: An internal data portal would ensure that all City staff have access to GIS and
other resources to support informed decision-making.

●

Flood Risk Reduction and Environmental: These GIS layers will enable the City to prioritize
projects that will provide the most environmental and flood risk reduction benefits.

●

CRS: Developing and publishing more detailed floodplain maps can earn communities up to
200 CRS credit points (Activity 412.d). It will also help the City to identify parcels for voluntary
acquisition, preservation, or development, which can further reduce flood risks and earn
CRS credits. Communities can receive an additional 350 points for conducting new studies
of flooding that meet FEMA standards, and 60 points when the new study is reviewed by an
independent entity (Activity 412.a). 160 points are available for creating and maintaining map
systems that improve a community’s access to and quality of data (Activity 442.a).
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Objective 1.5: Floodplain Management Planning
Develop a comprehensive floodplain management plan.
The City has not yet developed a floodplain management plan, though initial workflow discussions
around funding, support, and a project timeline have been initiated. The Floodplain Management Plan
would serve as an input, and help to inform, the Comprehensive Plan.

Action Items
In developing the Floodplain Management Plan the City should:
FLOODPLAIN MANAGEMENT PLANNING ACTION ITEMS

PRIORITY

1.

Ensure that flood mitigation practices identified in the Floodplain Management Plan are
incorporated into future Comprehensive Plan and the Regional HMP updates (See Objective
1.1, 1.2).

MED-HIGH

2.

Incorporate detailed mitigation practices for addressing repetitive loss structures and
enhancing natural floodplain functions.

MED-HIGH

3.

Follow the 10-step process (as laid out in the CRS Coordinator’s Manual8) to identify
strategies for enhancing floodplain management practices and use the regional hazard
mitigation planning process to meet CRS requirements.

MEDIUM

4.

Include green infrastructure plans and watershed inventories with recommended actions for
preserving natural floodplains, in order to maximize the number of CRS credits earned.

MEDIUM

5.

Incorporate the projections of future flood hazards and risks from sea level rise and
changing precipitation patterns into the Floodplain Management Plan.

MED-LOW

Benefits and Considerations
●

Flood Risk Reduction: By creating a Floodplain Management Plan the City can align and
prioritize flood hazard mitigation projects and ensure that available funding is dedicated
to projects that will provide the greatest return on investment through flood risk reduction
benefits.

●

Administrative: The City would utilize a Floodplain Management Plan to both inform and
enhance the comprehensive planning process, viewing the document as an integral component
to the Comprehensive Plan. However, the creation of a Floodplain Management Plan would be yet
another planning process for the City to undertake and keep updated, requiring significant time
and capacity commitment. As an alternative, the City could explore opportunities to combine a
Floodplain Management Plan with other planning processes, while also ensuring that the FEMA
10-step process is followed so that the City can earn CRS credit.

●

CRS: The City can earn up to 382 points for developing a Floodplain Management Plan that
conforms to the 10 steps laid out in the CRS Coordinator’s Manual. Additional points can be
earned for assessing repetitive loss areas (Activity 512.b, 140 points) and natural floodplain
function (Activity 512.c, 100 points). A floodplain management plan is a requirement for
communities with more than 50 repetitive loss properties (Virginia Beach has over 600); however,
the HMP is eligible to serve as a floodplain management plan for CRS purposes so long as
flooding is a hazard addressed.
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GOAL 2
Enhance the Flood Resilience of Critical Infrastructure
and Transportation Systems and Invest in Capital
Improvements to Reduce Community Flood Risk
The City will need to make investments to retrofit or replace existing infrastructure systems to
withstand current and future flood risks. Incorporating future flood risks into capital investment
decision-making will ensure that the City is building wisely to account for future risks, and proactively
making investments to reduce vulnerability for residents and businesses.
Critical infrastructure resilience should
be undertaken as a multi-jurisdictional
effort. Virginia Beach is dependent on
the City of Norfolk for public utilities
such as drinking water and Hampton
Roads Sanitation District (HRSD) for
sanitary sewer treatment. Impacts
to critical infrastructure outside of
city limits would have a direct impact
on the reliability and operation of
Virginia Beach’s water and sanitary
sewer systems. Although the City
does not have direct control over this
infrastructure, coordination should be
undertaken to understand how these
entities are incorporating sea level
rise adaptation into infrastructure
management.

Figure 15: Virginia Beach Highway System.

City agencies and departments can align funding to implement projects that will deliver multiple
benefits or multi-objective flood management. For example, large-scale deployment of green
infrastructure across City lands and in rights-of-way can both reduce flood risks for neighborhoods,
while also improving water and air quality. Addressing community flood risks with green and grey
infrastructure projects will produce significant cost-savings from avoided losses over the useful design
life of public facilities.

Strategy: In order to achieve this goal the city should incorporate sea level rise
projections and increasing flood risk into the design of new capital improvement
projects, the retrofit of existing infrastructure, and the maintenance and operations of all
city-owned assets by 2050. The following objectives and accompanying action items will
help the City enhance the flood resilience of infrastructure and transportation systems.
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Objective 2.1: Capital Improvement Planning and Budgeting
Integrate the proposed recommendations from the CSLRRF Study, when they are made available,
into the Capital Improvement Program (CIP) to facilitate prioritization and budgetary planning in
the context of overall City infrastructure requirements.
The City develops a six-year CIP to define public infrastructure needs and priorities, and plan funding
for the acquisition, construction, expansion, maintenance, rehabilitation, and upgrade of public
infrastructure. The plan allows for budgeting of public dollars and assessment of impacts of proposed
capital projects to the City’s operating budget. The CIP document also serves to communicate
City Council priorities to the public, especially when the priorities relate to large-cost, long-term
improvements.

Action Items
In order to adopt more comprehensive practices for considering sea level rise impacts in its CIP
planning and budgeting processes, the City should:
CAPITAL IMPROVEMENT PLANNING AND BUDGETING ACTION ITEMS

PRIORITY

1.

Communicate CSLRRF infrastructure budgetary requirements and anticipated timelines to
City Council and encourage adoption of the CSLRRF as an essential element to the Capital
Improvement Plan.

HIGH

2.

Initiate integration of high-priority, short-term infrastructure projects identified by the
CSLRRF into the adoption process for the CIP.

HIGH

3.

Take advantage of section 404 Hazard Mitigation Grant funding and section 406 Public
Assistance Mitigation funding following disaster declarations to help finance, rebuild, and
retrofit capital improvements.

HIGH

4.

Initiate budgetary planning processes for recommended infrastructure strategies
highlighted in the CSLRRF.
Identify elements that can be adopted into the CIP under current fiscal conditions, and
elements that would require additional funding and/or cost-sharing from external
stakeholders. (See Objective 2.8)

MED-HIGH

5.

Ensure the City’s long-term budget allocates funding for design, construction, and
maintenance of capital improvement projects needed to reduce flood risks for communities
and critical infrastructure outside of those highlighted in the CSLRRF.

MED-HIGH

6.

Quantify the pre- and post-construction flood protection levels for all affected structures
(including residential) for funded CIPs.

MED-HIGH

7.

Re-evaluate existing projects and associated costs for design and/or cost adjustments to
incorporate the identified future changes to flood hazards.

MEDIUM

8.

Ensure the City’s budget allocates funding for long-term maintenance, retrofits, or
relocation of City existing facilities that may be affected by sea level rise.

MEDIUM

Benefits and Considerations
●

Flood Risk Reduction and Losses Avoided: Investments in flood control structures can reduce
flood risks for neighborhoods and critical facilities, as determined by the City of Virginia Beach
Office of Emergency Management, creating cost savings from losses avoided during extreme
storm events. Investments in retrofitting existing infrastructure to enhance flood resilience can
ensure that critical facilities stay online during a disaster event and the critical services can be
maintained.
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●

Environmental: When making investments in flood control structures, the City should consider
the environmental impacts to coastal ecosystems and balance those impacts when evaluating
which projects to select for funding and determine how to mitigate environmental impacts of
flood control projects.

●

Social: In determining where to build new flood control structures, the City should use
socioeconomic indicators to ensure that investments are reducing risks for vulnerable populations
most at-risk to impacts from flooding.

●

Historic and Cultural Resources: The City should utilize spatial distribution and GIS data to
ensure that high-risk historical and cultural resources are protected from sea level rise and the
impacts of flooding.

●

Funding: The costs to retrofit and maintain existing infrastructure and build new infrastructure
to protect against future sea level rise will be considerable. When determining the allocation of
scarce City resources, the City should consider the costs of funding the increasing maintenance
needs of existing infrastructure, in conjunction with new investments in stormwater management
and flood control. The City should prioritize investments that provide the greatest return on
investment, while ensuring that the long-term costs of operations and maintenance are accounted
for. (See Objective 2.7.)

●

Legal: Flood control projects can take many years to fund and permit, therefore the City will need
to simultaneously evaluate short-term flood risk reduction strategies for neighborhoods that may
benefit from future, longer-term flood protection projects.

●

CRS Benefits: Capital projects that protect private structures are eligible for CRS points as long
as steps are taken to quantify pre- and post-construction flood protection levels for all impacted
structures. Communities can receive up to 2,250 points by removing buildings (including critical
facilities, severe repetitive loss properties, repetitive loss properties, and buildings in Zone V or
Coastal A) from the regulatory floodplain (Activity 520). Flood protection projects, which could
serve to protect critical facilities, can earn up to 1,600 points (Activity 530).

Objective 2.2: Transportation Planning and Management
Assess the vulnerability of critical transportation routes and identify strategies to mitigate flood
risk to roads and bridges.
Currently there is no systematic program or review process for making decisions about how to retrofit
and maintain existing roads or build new roads while accounting for and protecting against increased
coastal and interior flooding risks.

Figure 16: A high water sign warning of floodwaters in Virginia Beach.
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Action Items
The City should ensure that the Long Range Transportation Plan incorporates consideration of sea level
rise:
TRANSPORTATION PLANNING AND MANAGMENT ACTION ITEMS

PRIORITY

1.

Use the most recent sea level rise, precipitation, and recurrent flooding data to update the
vulnerability assessment for transportation routes, especially critical evacuation routes, for
sea level rise, storm surges, and interior flooding (See Objective 1.3).

HIGH

2.

Ensure that adaptation options for transportation systems are also incorporated in the City’s
Comprehensive Plan and the Capital Improvement Plan.

HIGH

3.

Ensure that future road and bridge construction considers sea level rise projections and
prioritizes flood protection when designing the infrastructure.

4.

Assess all planned or approved road projects against the most recent sea level rise,
precipitation, and recurrent flooding data and analyses, as well as the preferred flood risk
management solutions (where roads may be used as a flood control structure) and identify
and implement any needed changes to the project design and/or budget.

MED-LOW

5.

Identify strategies for maintaining access along critical evacuation routes during extreme
storm events with consideration of future sea level rise and precipitation changes (See
Objective 1.3).

MED-LOW

6.

Evaluate future waterway clearance for bridges based on sea level rise projections to ensure
adequate clearance for recreational and commercial vessels.

MED-LOW

7.

Evaluate elevation and realignment strategies for roads and bridges that already experience
nuisance flooding and that may become regularly or permanently flooded in the near future.
Determine options for maintaining access for homes and businesses serviced by roads and
bridges that may potentially be phased out.

8.

Evaluate and incorporate necessary improvements, such as drainage and elevation, to
enhance flood resiliency of critical transportation routes.
Ensure military access to critical transportation routes, as identified by the Hampton Roads
Region – Norfolk and Virginia Beach Joint Land Use Study (JLUS).

9.

Develop asset-management planning policies for transportation systems that account for
sea level rise and increased flooding, while prioritizing adaptation projects based upon the
roadway’s criticality, life cycle, and vulnerability.

MEDIUM

MED-LOW

MED-LOW

MED-LOW

Benefits and Considerations
●

Losses avoided: By making proactive investments to retrofit transportation infrastructure, the
City can reduce damages to roadways and bridges and ensure that critical roadways continue to
be accessible during storm events, thereby also reducing public safety response costs.

●

Safety: By proactively addressing flood risks to critical access routes, the City can ensure that
roadways remain accessible during storm events for evacuations and emergency response.

●

Environmental: Broad scale deployment of green infrastructure solutions along City rights-ofway can reduce the vulnerability of these roads to flooding and improve accessibility during
storm events.

●

Funding: Retrofitting roadways, bridges and culverts will take large amounts of capital. The City
needs to incorporate these costs into their financial planning and explore options to fund these
actions.
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●

Legal: When assessing roadways that may become impassable due to increasing nuisance
flooding, the City should consider alternative access routes and realignment strategies to
mitigate potential legal risk.

Objective 2.3: Asset Management Planning
Develop asset management plans for critical assets.
Critical assets are assets such as infrastructure,
systems, or networks, which if incapacitated or
destroyed, would have a detrimental impact on the
City of Virginia Beach and the function of the City’s
operations as a whole. The City manages an extensive
array of assets including all City-owned facilities as
well as roadways, bridges, curbs, gutters, sidewalks,
stormwater pipes, swales, roadside and off-road ditches,
public beaches, and traffic lights and signs. Many of
these assets are critical for the functioning and success
of the City, and are increasingly vulnerable as flooding
has increased within Virginia Beach.
Asset management plans for critical assets should
account for potential threats, such as sea level rise and
recurring flooding, over the useful life of the asset or
system, and at this time, the City does not implement
individualized asset management plans for specific
facilities or systems.
This objective pertains to all city-owned infrastructure
and facilities, other than transportation which is covered
in Objective 2.2.

Figure 17: Blackwater Fire Station in Virginia Beach.

Action Items
To facilitate asset management planning for critical assets, the City should:
ASSET MANAGEMENT PLANNING ACTION ITEMS

PRIORITY

1.

Factor in the most recent sea level rise, precipitation, and recurrent flooding data and
analyses into new and existing capital projects.

HIGH

2.

Incorporate the siting of new facilities outside of high risk areas.

HIGH

3.

Explore the option of retrofitting, relocating, or replacing existing facilities that are
vulnerable to sea level rise and flooding risks.

HIGH

4.

Develop criteria for prioritizing investments to reduce flood risks to vulnerable assets,
including additional infrastructure maintenance, improvements, retrofits, relocation, or
other adaptation options.

5.

Evaluate realignment and disinvestment as strategies to phase out assets and facilities in
highly flood-prone areas where repetitive flood damages and increasing maintenance costs
may make it more cost effective to relocate the facility.
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MED-HIGH

MEDIUM

Benefits and Considerations
●

Cost Benefit: Prioritizing and managing critical assets to avoid losses from sea level rise and
storm events can lead to considerable cost savings for the City in both the near- and long-term

●

Legal: The City should evaluate legal questions about level of service agreements and duties to
maintain infrastructure.

●

CRS: Flood protection projects, which could serve to protect assets, can earn up to 1,600 points
(Activity 530). Communities can receive up to 2,250 points by removing buildings (including
critical facilities, severe repetitive loss properties, repetitive loss properties, and buildings in Zone
V or Coastal A) from the regulatory floodplain (Activity 520).

Objective 2.4: Stormwater Planning and Management
Develop a plan for prioritizing investments in stormwater management facilities (including both
grey and green infrastructure) and agreements for coordinating investments and maintenance
across City agencies and departments.
Virginia Beach is preparing a new Stormwater Master Plan, which will address projected sea level
rise and potential changes in precipitation patterns. The Stormwater Master Plan will update the
City’s 31 Drainage Basin Models, include preliminary drainage analysis, and identify future capital
drainage projects. These models are scheduled for completion by the end of August 2019. This data,
in conjunction with the most recent sea level rise, precipitation, and recurrent flooding data, will help
to inform the City of inland flood risks and set priority areas for further research focus and funding
allocation.
The Virginia Beach Public Works Department has been investing in stormwater management facilities in
order to meet the City’s goals to promote effective stormwater management and improve water quality.
These investments encompass a diverse mix of both grey and green infrastructure projects, including
general drainage improvements, pump stations, tide gates, and storm drains, permeable pavers, and
bioretention areas.

Figure 18: Virginia Beach prepares its stormwater system for the impact of Hurricane Florence.
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Action Items
To facilitate broad deployment of stormwater management practices across agencies and departments
the City should:
STORMWATER PLANNING AND MANAGEMENT ACTION ITEMS

PRIORITY

1.

Formally adopt the most recent findings regarding sea level rise estimates and increased
rainfall provisions into the stormwater design requirements and fully integrate these
considerations into stormwater management and design practice.

2.

Consider incentives, such as reduced stormwater fees, for residential properties that reduce
impervious surface coverage or install green infrastructure features above and beyond BPM
or other requirements.9

MED-HIGH

3.

Establish an interagency green infrastructure working group to review existing and future
capital improvement projects and identify opportunities to integrate green infrastructure
practices into projects.

MED-HIGH

4.

Preserve existing tree canopy, encourage re-introduction of tree canopy into existing
development, where feasible, and set minimum canopy requirements for new development
in the City’s green infrastructure planning documents, recognizing the role that forests can
play in flood mitigation.

IN PROGRESS

MED-HIGH

Implement the recommendations proposed in the Urban Forest Management Plan, and
improve recognition of the benefits of urban forest in mitigation of flooding.
5.

Complete an assessment of relative flood risk from stormwater drainage issues due to
future losses from sea level rise to inform capital improvement.

6.

Explore expanding the current green infrastructure policy for new school construction,
which requires the result of a 10 year storm to be retained on site, to all newly constructed
City facilities.

MEDIUM
MED-LOW

Benefits and Considerations
●

Co-benefits: Green infrastructure reduces and filters stormwater runoff thereby improving water
quality, recharging the water table, reducing risks of saltwater intrusion, improving air quality,
and providing public health benefits.

●

Costs: Agencies will need to consider and budget for costs of long-term maintenance and upkeep
of green and gray stormwater management features and develop agreements detailing who will
maintain and fund the maintenance of these systems. Green infrastructure projects can be a more
cost-effective and expeditious solution for improving stormwater infrastructure while larger, more
costly gray stormwater projects are being designed, funded, and constructed.

●

CRS: There is potential for CRS credits, but this would depend on the policy changes made in
regards to stormwater management (Activity 450). Points are available if development is regulated
to ensure that peak flow of stormwater runoff from a site will not exceed the pre-development
runoff, if development and redevelopment is regulated according to a watershed management
master plan, erosion and sediment control, and water quality improvements. The City already
receives points for Stormwater Management and is working to incorporate CRS requirements into
the new Master Drainage Plan to maximize points received.
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Objective 2.5: Back-Up Power and Microgrids
Continue investments in back-up power for City-owned facilities, especially critical facilities.
Explore opportunities to invest in microgrids to increase the overall resilience of the City and
reduce dependence upon the electrical grid during flood or other hazard events.
The City has taken proactive steps to ensure that city-owned facilities remain operational during power
outages. High-risk sanitary sewer pump stations rely on diesel and natural gas powered generators, or
are equipped with quick-connects and automatic transfer switches for portable generators, or diesel
bypass pumps. The City has also ensured that the potable water stations are increasingly resilient,
equipping all but one with diesel back-up generators. The City should continue these efforts, creating
redundancy in their systems and ensuring critical facilities remain operational during power outages.
In addition to traditional back-up power systems, the City should explore alternative energy sources
such as microgrids. A microgrid is a local energy grid with control capability, which means it can
disconnect from the traditional grid and operate independently of the grid. A microgrid can be
powered by distributed generators, batteries, and/or renewable resources like solar energy. The
City should explore opportunities to invest in microgrids in an effort to provide independent,
environmentally friendly, back-up power to the City.

Action Items
To ensure that City facilities can remain operational during power outages and flood events, the City
should:
BACK-UP POWER AND MICROGRID ACTION ITEMS

PRIORITY

1.

Explore providing back-up generators to all City sanitary sewer pump stations

MED-LOW

2.

Invest in back-up power systems for critical infrastructure and city-owned facilities, where
cost effective.

MED-LOW

3.

Explore opportunities to provide grants or loans to utilities or private owners of critical
facilities (such as hospitals, emergency shelters, and senior citizen centers) to support
private investments in back-up power.

MED-LOW

4.

In concert with Dominion Energy, explore investment in microgrids to increase overall grid
resilience.

MED-LOW

Benefits and Considerations
●

Safety: Back-up power will improve the City’s ability to maintain services during power outages,
enhancing the City’s ability to protect residents and lowering response costs during emergencies.

●

Cost: Hazard mitigation assistance grant funding is available to help fund generator purchases
for critical facilities, helping to offset costs. Microgrids are often built using renewable energy
with back-up batteries. While renewable power sources reduce overall energy costs for facilities,
the batteries needed to ensure power supply during power outages can be expensive, although
prices are coming down as technologies improve.

●

Legal: Microgrids have the potential to raise legal questions, particularly regarding the
relationship between microgrids, their operators, and existing regulated utilities that will need to
be navigated if the City decides to use microgrids for public or private facilities.
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Objective 2.6: Engage with Private Utility and Service Providers
Cooperate with private utilities, telecommunications and broadband firms, healthcare providers,
and private schools to enhance the resilience of critical infrastructure that affects overall city
resilience, but is not owned and controlled by the City.
The City should continue to engage with private utility providers such as Dominion Energy, Virginia
Natural Gas, Cox Communications, Lumos Network, and Verizon in an effort to promote resilience
among critical infrastructure that the City does not own and maintain. The City should communicate
the findings of the most recent sea level rise, precipitation, and recurrent flooding data and research,
and provide these resources to private providers. In addition, the City should also continue to engage
stakeholders such as private healthcare and education providers, helping them to understand potential
vulnerabilities and supporting the development of contingency plans to address increasing flood risks.

Action Items
To encourage private owners of critical facilities and key resources to enhance flood resilience, the City
should:

1.

2.

PRIVATE UTILITY AND SERVICE PROVIDER ACTION ITEMS

PRIORITY

Share the results of the most recent sea level rise, precipitation, and recurrent flooding
data and research with private utilities and private service providers (See Objective 6.3) and
execute a Memorandum of Understanding (MOU) in which they recognize their risk to sea
level rise and pledge to incorporate sea level rise considerations into their continuity and
asset management planning.

MED-HIGH

Continue to encourage private utilities and service providers to engage with the City on
issues related to sea level rise and increased flooding events through their participation
in working groups and inclusion as stakeholders in City decision-making and planning
processes.

MED-HIGH

Benefits and Considerations
●

Legal: The City has no authority to require private utilities to retrofit assets to enhance resilience,
therefore the City will need to work cooperatively with utilities and other service providers to
ensure that owners and operators are making needed investments to retrofit and maintain
systems needed to support the City’s overall resilience.

Objective 2.7: Funding and Financing for Capital Improvements
Fund and finance the required investment in capital projects to reduce risks from sea level rise
and increasing flood variability.
The City should continue to utilize financing mechanisms that have proven successful in the past,
such as general obligation and revenue bonds, while continuing to expand their repertoire to utilize
new funding streams to finance capital improvements. (See Objective 3.5 and 4.2 for information on
additional funding and financing tactics.)
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Action Items
In order to raise additional revenue and reallocate revenue streams to support resilience investments,
the City should:
FUNDING AND FINANCING FOR CAPITAL IMPROVEMENT ACTION ITEMS

PRIORITY

1.

Consider issuing Revenue and/or General Obligation bonds to support capital needs for
resilience investment.

HIGH

2.

Utilize potential funding sources such as planning grants from both federal agencies
and non-profits, FEMA Hazard Mitigation Grants, Pre-Disaster Mitigation Grants, Flood
Mitigation Assistance Grants, CBDG/HUD Grants, the National Coastal Resilience Fund,
the Virginia Shoreline Resiliency Fund, Department of Defense Community Infrastructure
Grants, and others.

IN PROGRESS

3.

Explore offering incentives (in the form of reduced stormwater fees) for commercial
property owners, as stormwater fees are established that reduce impervious surfaces on a
lot, above minimum requirements.

4.

Explore alternative bonding and financing mechanisms for major resilience infrastructure
projects, such as catastrophe, resilience, or social impact bonds. While the City’s AAArating suggests that Revenue and General Obligation bonds provide low financing rates and
are an accessible form of new capital, new mechanisms may provide unique opportunities in
the future as resilience capital needs increase.

MEDIUM

5.

Explore the use of VDOT funds to help fund retrofits and the raising of roads, bridges and
multi-modal transportation routes that are highly vulnerable to sea-level rise.

MEDIUM

6.

Consider reallocating specific tax revenue or revenue from non-obligated funds to finance
flood and sea level rise resilience projects.

MEDIUM

7.

Explore innovative ways to incorporate flood and sea level rise resilience into projects that
are already planned and budgeted from committed City funds.

MEDIUM

8.

Consider combination of revenue-generating amenities, such as parking facilities,
with flood resilience infrastructure investments that improve drainage and stormwater
management.

MEDIUM

9.

Explore creation of a maximum impervious surface area requirement for all zoning districts.

MED-HIGH

LOW

Benefits and Considerations
●

Costs: The transaction costs on a number of innovative financial mechanisms, such as resilience
bonds or social impact bonds, are very high and require specific expertise during structuring,
issuance, and monitoring.

●

Legal: Financing strategies must be consistent with delegations of authority to cities under the
Virginia Code. Alternative financing mechanisms will only be available to the City provided that
the City has not exceeded its municipal debt limit.
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GOAL 3
Enhance the Flood Resilience of Buildings and
Neighborhoods
The 2016 Virginia Beach Housing Needs Assessment, Market Analysis, and Re-Investment Study
determined that half of the housing stock in Virginia Beach was built in the 1970s and 1980s, and
therefore numerous structures in and around the City may need to be improved and/or redeveloped
over the next decade. This presents an opportunity for the City to ensure that as the housing stock
transitions, redeveloped structures are designed, sited, and constructed to be more resilient to the
future flood risks as detailed by the most recent sea level rise, precipitation, and recurrent flooding
data and research. Virginia Beach has a unique opportunity to not only enhance community resilience,
but also to streamline City administrative processes to make it easier for developers and City officials
to follow and apply City ordinances and codes.

Strategy: In order to accomplish this goal the City should utilize the findings of the
most recent sea level rise, precipitation, and recurrent flooding data and research to
bolster the Virginia Beach community against the threat of sea level rise, increasing
the resilience of neighborhoods across the City by 2080. The following objectives and
accompanying action items will help the City enhance the overall resilience of buildings
and neighborhoods within Virginia Beach.

Objective 3.1: Land Use Ordinances and Regulations
Comprehensively revise the City’s land use codes and policies to incorporate flood resilience
principles and ensure consistency and uniformity across codes. Require developers applying
for conditional rezoning and conditional use permits for new development and redevelopment
projects to utilize resilient design practices that account for the most recent sea level rise,
precipitation, and recurrent flooding projections data and research.
Existing inconsistencies between City codes and ordinances make it difficult for developers to comply
with land use requirements and creates obstacles for City officials to review and issue development
permits. Many of the City ordinances have not been updated since 1988. A comprehensive update
would provide an opportunity to streamline permitting and integrate resilience considerations
into codes and ordinances. These updates would provide flood risk reduction benefits as well as
administrative efficiencies.
The City currently lacks requirements pertaining to sea level rise and flood vulnerability in its
conditional rezoning, conditional use permitting, and its site plan review processes. While some
flood-related information is requested with site plan submissions (such as estimates of stormwater
management costs, identification of drainage flows, and landscape designs), current code does not
require applicants to consider future flood conditions that may be impacted by sea level rise and
changing precipitation patterns.
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Action Items
As the City updates its land use codes and policies, the City should:
LAND USE ORDINANCE AND REGULATION ACTION ITEMS
1.

2.

PRIORITY

Provide specific guidance to developers on the sea level rise and precipitation projections
that should be considered to assess the flood risks to the project. Flood risk should
be considered in terms of the project’s design life, density, and permitted uses (with
requirements to consider more precautionary scenarios for denser projects or project with
more intense uses).

HIGH

Provide specific example mitigation measures that developers could incorporate into the
project design to reduce flood risks to the project (e.g., green stormwater management
practices, floodproofing measures, preservation of natural flood buffers, back-up power or
microgrids).

HIGH

3.

Create incentives to increase the density of development in Strategic Growth Areas (SGAs)
that are less vulnerable to flood risk.

MED-HIGH

4.

Update the City’s land use codes and policies to include development requirements that
take into consideration the most recent sea level rise projections, changes in precipitation,
and increased flood risk.

IN PROGRESS

5.

Ensure consistency and uniformity across codes, including the city’s zoning, floodplain,
stormwater, subdivision, site plan ordinances, and associated policies and public works
standards.

MEDIUM

6.

Recognize both short- and long-term flood risk in the Resort SGA and integrate either
site plan adjustments or flood protection infrastructure improvements to protect existing,
planned, and future development.

MEDIUM

7.

Recognize long-term flood risk in Pembroke SGA and integrate either site plan adjustments
or flood protection infrastructure improvements to protect existing, planned, and future
development.

MEDIUM

8.

Explore the expansion of the building height limitations in the Zoning Ordinance
for developers that are developing new construction above the minimum freeboard
requirement.

MEDIUM

Benefits and Considerations
●

Administrative: A comprehensive rewrite of City ordinances and land use policies will help the
City consistently incorporate considerations of future flood risks across land use regulations.

●

Cost: A comprehensive code update will require a significant investment of City resources.
However, increased efficiencies for developers and City officials would create longer-term
administrative cost savings and could spur economic development in the City by making it easier
to comply with land use rules.

Objective 3.2: Floodplain Regulations
Amend the City’s floodplain ordinance to ensure that private development is designed and sited
to be more resilient to future flood risks.
Virginia Beach's Floodplain ordinance, Appendix K, currently applies to the 100-year floodplain (1%
annual chance floodplain or “Special Flood Hazard Area” (SFHA)) and the City currently imposes a twofoot freeboard requirement for residential structures. Non-residential structures within the SFHA must
either meet the freeboard requirement or floodproof. Currently, most structures meet the freeboard
requirement.
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Current code allows owners of substantially damaged or destroyed structures, in a non-flood event,
to obtain administrative approval to build back to the freeboard level (or design flood elevation)
that was in effect when the building was originally constructed.10 Additionally, owners only need to
rebuild to higher standards when the structure is substantially damaged (greater than 50 percent) or is
being “substantially improved.”11 The City’s FIRMs identify the Limit of Moderate Wave Action (LiMWA)
delineating areas expected to receive 1.5-foot or greater breaking waves during the 1% annual chance
flood event (Coastal A-Zones), but the City’s current floodplain ordinance does not specify the LiMWA
as a separate floodplain district, distinct from lower-risk SFHAs. FEMA recommends that cities apply
higher design standards to areas subject to wave action (i.e., applying V-Zone standards in Coastal
A-Zones).
Although Virginia Beach currently limits or restricts fill in Zones V and VE of the SFHA, as well as in
designated portions in the Rural Area, the City could consider expanding the limitations to other areas
vulnerable to flooding. Within the Rural Area, the City has prohibited the construction of residential
dwellings on newly created lots within the regulatory 100-year floodplain. (See VB Code. App. K, §
4.10.)

Action Items
As the City updates its floodplain ordinance, the following policies should be adopted to ensure that
new development and redevelopment is designed and sited to account for future flood risks:
FLOODPLAIN REGULATION ACTION ITEMS
1.

Increase building elevation requirements (i.e., freeboard) to 3 feet above base flood
elevations for new and “substantially improved” structures or to a future design flood
elevation based upon the risks as detailed by the most recent sea level rise, precipitation,
and recurrent flooding data and research.
Ensure that design flood elevations are specified in the CSLRRF, when complete, so that they
can be utilized by developers and regulators to determine appropriate building elevation
requirements.

PRIORITY

IN PROGRESS

2.

Require mechanical and electrical systems to be elevated to design flood elevation (with
additional freeboard).

HIGH

3.

Expand the additional height allowance for buildings outside the Special Flood Hazard Area
where property owners are seeking to elevate structures to reduce flood risks.

HIGH

4.

Restrict new critical facilities in the 500-year floodplain (or future floodplain), where
feasible. Where infeasible, require structures to be designed and sited to be resilient to
impacts based upon the projected sea level rise scenarios.

MED-HIGH

5.

Explore financing mechanisms to fund and/or offset the costs to acquire or buy-out
repetitive loss properties and properties that are vulnerable to rising sea levels and
changing precipitation patterns. In addition, the City should utilize grant programs from
both FEMA and HUD to help finance buy-outs of vulnerable properties.

MED-HIGH

6.

7.

8.

Expand and redefine the “regulatory floodplain” (i.e. the area where floodplain regulations
apply) to address known limitations in the existing Flood Insurance Study (i.e., Southern
Watershed), and/or to accommodate future conditions by using the existing 500-year
floodplain or a “future 100-yr floodplain” as delineated by the most recent sea level rise,
precipitation, and recurrent flooding data and research.

MEDIUM

Explore zoning incentives (e.g., density bonuses) for development projects that preserve
open space in areas vulnerable to flooding, enhance stormwater management on site, or
add additional resilient design features (e.g., elevation above minimum requirements or
back-up power).

MEDIUM

Explore the benefits of restricting fill in riverine or other portions of the newly defined
regulatory floodplain.12

MEDIUM
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FLOODPLAIN REGULATION ACTION ITEMS
9.

PRIORITY

Eliminate variances that allow owners of buildings or structures “substantially damaged”
by causes other than floods to build back to historic rather than current freeboard
requirements.13

10. Require structures to be brought up to code using a cumulative “substantial damage” and
“substantial improvement” standards.
11.

MEDIUM
MEDIUM

Designate a “Coastal A-Zone” and, in accordance with the 2015 Virginia Unified State
Building Code (VAUSBC), apply V-Zone building requirements to new and substantially
improved structures in Coastal A-Zones.14

MEDIUM

12. Require landowners to record acknowledgment of flood risk when issuing a permit for
redevelopment/new development in a flood hazard area.

MEDIUM

13. Encourage mitigation reconstruction, second story conversion, first floor abandonment,
and elevation of highly vulnerable properties through FEMA grant programs and other
alternative funding mechanisms.

MED-LOW

Benefits and Considerations
●

CRS: Through the action items listed above, the City has ample opportunity to achieve CRS
points under the Higher Regulatory Standards section of the CRS Program (Activity 430). The City
can earn up to 1,330 points for prohibiting fill, buildings, and or the storage of materials in the
SFHA, and a number of other action items will positively impact the City's points under a variety
of other CRS activities.

●

Flood Risk Reduction Benefits: Floodplain regulations will ensure that as the City’s housing
stock is updated and properties are redeveloped, future flood risks and sea level rise will be
accounted for. Elevating structures and mechanical equipment can significantly reduce damage
to structures in the event of flooding. Similarly, hardening structures in Coastal A-Zones will
reduce risks posed by extreme storm events and storm surge.

Objective 3.3: Community Rating System:
Join the CRS, a flood insurance discount program offered through the NFIP for communities that
adopt more robust floodplain management practices.
Virginia Beach is actively developing an application to participate in the CRS program, leveraging its
freeboard standard, preserved open space, and the regional Hazard Mitigation Plan. Many of the action
items highlighted within this document will enable the City to earn points under the CRS. By developing
a GIS tool, adopting an updated floodplain ordinance, and preserving the floodplain as undeveloped
open space, the City can earn substantial points in the CRS program leading to discounts for residents
and businesses on their flood insurance premiums.

Action Items
The City should pursue CRS accreditation with FEMA through the following actions:
COMMUNITY RATING SYSTEM ACTION ITEMS

PRIORITY

1.

Complete the CRS Application and gain acceptance into the CRS Program.

COMPLETE

2.

Document all potential points earned with more robust floodplain management practices.

MED-HIGH

3.

Identify the future practices that could be incrementally adopted to increase the City’s
ranking under the CRS and earn resident’s additional flood-premium discounts.

MED-HIGH
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COMMUNITY RATING SYSTEM ACTION ITEMS

PRIORITY

4.

Communicate class ranking and savings to City Council and residents, as well as steps
needed to progress to higher class levels with larger discounts.

MED-HIGH

5.

Incorporate necessary GIS data needed for earning points under the CRS into a GIS portal
(See Objective 1.4).

MEDIUM

Benefits and Considerations
●

Flood Risk Reduction: The CRS program rewards communities for adopting practices that
tangibly reduce flood risks and therefore potential flood insurance claims. By adopting the
practices credited under the CRS, the City will be reducing physical risks and flood insurance
premiums for residents and businesses. Participation in the CRS program will also ensure
sustained commitment for floodplain management practices, because to maintain the insurance
discounts that flow from the CRS participation, the City will have to maintain compliance with the
program.

●

Economic: By participating in the CRS, the City will earn flood insurance premium discounts for
residents and businesses, which will enhance their economic resilience and reduce the housing
cost burden for residents. These economic benefits can also translate to public support for CRS
participation and floodplain management policies.

●

Administration: Completing the application process and maintaining compliance with the CRS
program requires a significant commitment of staff time. Additional resources will be needed to
improve class ranking and achieve greater discounts for residents.

Objective 3.4: Setbacks and Buffers
Expand waterfront setbacks for new development and reconstruction after major flood events to
address increasing flood risk from sea level rise to waterfront properties, where lot sizes permit.
Virginia Beach evaluates development encroachments within the Chesapeake Bay and the Southern
Rivers Management Area designated buffers.

Action Items
The City should evaluate waterfront setback requirements to:
SETBACK AND BUFFER ACTION ITEMS

PRIORITY

1.

Encourage maintenance of natural flood buffers or use of living shoreline approaches for
managing erosion, where feasible (See Objective 5.2).

2.

Apply setbacks and buffers to new development and reconstruction of existing structures
abutting wetlands, streams, or the oceanfront, where lot sizes can accommodate additional
setbacks.

MEDIUM

3.

Evaluate the feasibility of designating Virginia Beach as an Intensely Developed Area (IDA) to
enable reset setbacks and buffers based on sea level rise projections.

MEDIUM

4.

Setbacks and buffers should be established based upon projected inundation from sea
level rise and erosion rates over the design life of the structure or applying a “maximum
practicable setback.”
The maximum practicable setback should require that structures be set back as far
landward or upland on a lot as possible to maximize protection from flooding and erosion.
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HIGH

MED-LOW

Benefits and Considerations
●

Administrative/Legal: Because the City is already built out in many waterfront areas, changing
setbacks will be difficult outside of redevelopment or reconstruction after a major disaster event. In
establishing setback requirements, the City should consider lot sizes, projected erosion rates, and
lands that will become submerged over the useful design life of a structure to maintain buildable
space on lots (and to avoid prohibiting all development on parcels or requiring variances).

Objective 3.5: Tax and Financial Incentives for Homeowners
Develop a grant or loan program to provide financial assistance to private property owners to
support flood retrofits, including elevation and mitigation reconstruction. Enhance programs
that provide tax incentives to property owners that invest in flood resilience above minimum
requirements.
Tax and financial incentives are proven methods that support and encourage homeowners to undertake
mitigation efforts. The City should develop a grant and / or loan program, offer tax incentives in the
form of rebates, exemptions, or discounts, in order to support flood retrofits for homes and buildings.

Action Items
In creating tax and financial incentives for homeowners, the City should:
TAX AND FINANCIAL INCENTIVES FOR HOMEOWNERS ACTION ITEMS

PRIORITY

1.

Maintain regulatory consistency with the Virginia Shoreline Resiliency Fund, ensuring that
once funds are made available, Virginia Beach can utilize the funding.

MED-HIGH

2.

Preserve wetlands, riparian buffers, or coastal properties through permanent conservation
easements.15 Work with willing landowners to acquire conservation easements to priority
lands to qualify property owners for tax credits.

MED-HIGH

3.

Work with other partners (e.g., The Nature Conservancy or land trust) to leverage additional
funds to compensate landowners for dedicated conservation easements.

MED-HIGH

4.

Provide financial assistance to private property owners to support flood retrofits including
elevation (for residential structures), floodproofing (for non-residential structures),
mitigation-reconstruction, stormwater management, and green infrastructure retrofits.

MEDIUM

5.

Provide financial incentives to property owners of historic buildings and sites for mitigation
of flooding and sea level rise threats.

MED-LOW

6.

Include notice about use-value assessment benefits16 with local property tax assessment
bills, and promote use-value assessment benefits to landowners with undeveloped lands in
floodplains.

MED-LOW

Benefits and Considerations
●

Legal: The scope of the City’s authority to offer loans under the Virginia Shoreline Resiliency Fund
will depend on the guidelines developed by the Department of Conservation and Recreation (DCR)
as required by the law. Specifically, once finalized, the DCR guidelines may limit uses of the funds
for stormwater management or demolition and rebuild projects. Wetlands or riparian buffers
subject to perpetual easements that allow inundation are considered a separate class of property
under state law. Localities may adopt ordinances to fully or partially exempt property covered by an
easement. Approved living shorelines are also entitled to a full exemption from property taxes.
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Objective 3.6: Subdivision Regulations
Review subdivision regulations for the potential to further limit new subdivisions in vulnerable
areas, require clustering of development outside the floodplain, and preserve open space.
The City’s subdivision amendment in the Code of Ordinances was passed in 1970, and should be
updated to address threats posed by sea level rise and recurrent flooding. Sea level rise and increased
flooding in the City should be written into the ordinance, ensuring that new development takes into
account the increased vulnerability.

Action Items
The City should amend its subdivision requirements to address the following:
SUBDIVISION REGULATION ACTION ITEMS
1.

PRIORITY

The city should continue to limit the creation of new residential properties in areas subject
to flooding, as well as areas subject to future sea level rise and changing precipitation
patterns.

IN PROGRESS

2.

Ensure that all proposals provide for adequate drainage with consideration of future sea
level rise and precipitation changes for the site.

IN PROGRESS

3.

Include sea level rise projections in addition to flood zones, BFEs, and flood depth damage
data in subdivision / site plans.

HIGH

4.

Delineate natural resource areas and physical features that will be preserved to maintain
habitats, ecosystems, or to provide natural flood buffers.

HIGH

5.

Require that lots have buildable area above the base flood elevation, have dryland access,
and meet “higher standards” than those prescribed in the building code or floodplain
ordinance, as described in Department of Conservation and Recreation guidance for local
floodplain ordinances.

MED-HIGH

6.

Ensure that public roadways are located and constructed to minimize flood damage and to
maintain accessibility with 3 feet of additional sea level rise.

MEDIUM

7.

Ensure that all public utilities and facilities in new subdivisions (such as sewer gas,
electrical, and water systems) be located and constructed to minimize vulnerability to
flooding.

MED-LOW

Maximize setbacks in waterfront subdivisions (See Objective 3.4).

MED-LOW

8.

Benefits and Considerations
●

Flood Risk Reduction: By enforcing increased subdivision regulations, the vulnerability of newly
developed areas in the community is reduced. In addition, by accounting for sea level rise in the
design of the development, the threat to residents is greatly reduced, along with the vulnerability of
emergency response and first responders during a flood event.

●

Cost Savings: The City will see potential cost savings in servicing areas that are not under constant
inundation of flood waters and sea level rise.

●

Development Impact: There is potential for reduced subdivision development given increased
regulatory requirements and building costs from complying with new subdivision regulations.
By increasing the requirements for building homes in new subdivisions, there is a potential for
increased building costs that will be passed along to the homeowner.

Objective 3.7: Historic Properties
Develop plans and policies for addressing flood risks to historic properties archaeological sites
that are consistent with historic preservation requirements.
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The Virginia Beach Historic Preservation Commission's 2018 Priorities and Goals document identifies
the completion of a sea level rise assessment for historic resources as a priority. Virginia Beach's
historical resources are dispersed throughout the City and may require a variety of strategies in which
to address the threats sea level rise and recurrent flooding.

Action Items
To address flood risks to historic structures and archaeological resources, the City should:
HISTORIC PROPERTY ACTION ITEMS
1.

PRIORITY

Develop informational materials for property owners and contractors detailing how to
renovate historic properties to enhance flood resilience, while remaining consistent with
historic preservation requirements.

HIGH

2.

Assess the vulnerability of historic structures and archaeological resources to future flood
risks from sea level rise and include in a GIS portal (See Objective 1.4).

MED-HIGH

3.

Work with the Historic Preservation Commission and State Historic Preservation Officer to
develop a detailed mitigation plan that will include guidance for allowing flood resilient
renovations or relocations of historic structures vulnerable to flood impacts, while
preserving the historic character of structures and sites.

MED-HIGH

Develop guidance that is consistent with the National Environmental Policy Act requirements
so that disaster recovery funding can be used to renovate or relocate historic structures,
where needed.

MED-HIGH

4.

Benefits and Considerations
●

Flood Risk Reduction Benefits: By creating guidance to allow property owners to enhance the
flood resilience of historic structures, the City can help property owners reduce or avoid damages
to these structures during flood events while also preserving the historic character of these
structures and districts.

●

Cost: Many owners of historic structures are seeing rising flood insurance rates as a result of
recent reforms to the NFIP. If structural elevation or other mitigation solutions are allowed, these
homeowners can receive significant discounts on their flood insurance.

●

Social: By developing a plan and policies to preserve historic structures and archaeological
sites in the face of increasing flood risks, the City can ensure that these landmarks and cultural
resources are sustained and continue to benefit the community.

Objective 3.8: Saltwater Intrusion and Septic System Failure
Assess the risks of saltwater intrusion of private wells and septic system failure in areas of the
City not connected to the public water system, and develop a plan for addressing these impacts.
In order for the City to assess the potential for flood-induced groundwater well contamination and
septic system failure, analysis of residential assets must be undertaken. Water from depths greater
than 196 feet, generally, is too saline to drink, and the U.S. Geological Survey (USGS) in conjunction
with Virginia Beach Public Utilities have been studying the shallow aquifers of the southern watersheds
for a number of decades. In addition to the threats of sea level rise, the over-pumping of groundwater
has led to both dropping water table levels and land subsidence in Virginia Beach. The dropping water
tables provide a potential entrance for increased salt water intrusion, even without the threat of sea
level rise.

Policy Response Report | 35

Hampton Roads Sanitation District’s Sustainable Water Initiative for Tomorrow (HRSD SWIFT) is currently
underway as a pilot project that would inject treated wastewater into aquifers. Similar projects are
being evaluated for New Kent and Hanover. Additional coordination with HRSD should be considered
for Virginia Beach.

Action Items
To better understand the impact of saltwater intrusion and septic system failure on the community, the
City should take the following actions:
SALTWATER INTRUSION AND SEPTIC SYSTEM FAILURE ACTION ITEMS
1.

Increase public education and awareness regarding the threat (depending on the research
and study outcomes) to saltwater intrusion, and provide resources to help mitigate the
issues.

PRIORITY
HIGH

2.

Increase permitting standards and enforcement of groundwater wells.

MEDIUM

3.

Undertake a study to assess and determine what the protocols might be when and if
saltwater intrusion is occurring.

MED-LOW

4.

Explore expanding the HRSD network to areas served by septic systems in Virginia Beach.

MED-LOW

5.

Limit the development of new septic systems, following failures of older systems due to
groundwater table level increase.

MED-LOW

6.

Permit alternative septic systems such as ClearStream, Wisconsin Mounds, etc. and increase
potential funding programs for owners to upgrade to newer treatment technologies that are
not dependent on groundwater.

MED-LOW

Benefits and Considerations
●

Community Resilience: Assessing the vulnerability of Virginia Beach Residents’ wells to
saltwater intrusion and analyzing septic system failure is the first step in identifying potential
weaknesses in private sanitation systems.

●

Regulatory: Increased permitting and regulatory oversight of well drilling, must contend with
property owner’s rights.
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GOAL 4
Protect Local Businesses and Enhance the Local
Economy
The City of Virginia Beach is a vibrant
economic center with businesses that support
a range of sectors in the region (e.g., defense,
maritime, tourism, biomedical, agriculture)
as well as critical assets, including a port and
military bases. Many of these businesses are
small- or medium-sized enterprises (nine in
ten Virginia Beach business have fewer than
50 employees), which due to their size, are
particularly vulnerable to disruptions and
closure from flood impacts. FEMA statistics
show that one in four businesses never reopen
after experiencing impacts from a disaster.
The ability of Virginia Beach businesses to
withstand and bounce back from flood events
is critical to the city’s overall resilience.
Therefore, it is imperative that the City help
businesses plan and invest to protect against
current and future flood risks.

Figure 19: Flooding affecting local Virginia Beach businesses

In addition to protecting existing businesses, Virginia Beach has an opportunity to attract businesses
and train residents to work in the growing “resilience economy.” As the public and private sectors
increase investment in flood protection and stormwater management, there will be a growing need
for contractors and businesses that can provide a range of sustainable and resilient construction
practices (e.g., installing solar, elevating homes, elevating utilities and mechanical equipment, wet and
dry floodproofing, installing green infrastructure, and remediating flood damages). The City has an
opportunity to develop workforce development programs in these types of jobs and attract companies
that will deliver these services throughout the region.

Strategy: Promote local business and economic resilience in Virginia Beach through
increased outreach, education, vulnerability assessments, data sharing, and collaboration
regarding flooding hazards and preparedness strategies between the City and local
businesses. The following objectives and accompanying action items will help the City
protect local businesses and foster growth within the local economy.
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Objective 4.1: Engage Local Businesses
Engage and educate local businesses on flood risks, sea level rise, flood insurance, and hazard
mitigation strategies.
Small local businesses in Virginia Beach fuel the economic success and stability of the community. The
City recognizes the importance of the business community as a fundamental component to the vitality
and success of the City as a whole, and also understands that increased flooding and the impacts of
sea level rise will continue to affect the economic success of area businesses. The City should continue
to engage and collaborate with area businesses in an effort to educate them about current and future
flood risks while supporting continuity planning.

Action Items
To enhance the resilience of local businesses, the City should:
ENGAGE LOCAL BUSINESSES ACTION ITEMS

PRIORITY

Develop education and outreach programs for engaging local businesses on the topics of
sea level rise, flood risk, and resilience, to help them to understand their flood mitigation
options and the benefits of carrying flood insurance.

MED-LOW

2.

Support business continuity planning for small businesses that are particularly vulnerable to
economic losses and closure from flood events.

MED-LOW

3.

Encourage private businesses to acknowledge and create action plans to address the
impacts that City-wide systemic failures (e.g., public infrastructure systems, power outages,
school and hospital closures) would have on their bottom-line as well as their ability to
recover from disasters.

MED-LOW

4.

Incorporate considerations of economic resilience in the next update to the City’s
comprehensive plan following guidelines from the Economic Development Agency.17

MED-LOW

5.

Partner with business organizations such as the Tidewater Builders Association, the Virginia
Beach Economic Development Authority, and the Hampton Roads Chamber of Commerce.

MED-LOW

6.

Assess the vulnerability of the Virginia Beach business sector to future flood risks in order
to determine potential impacts on the local economy, employment, environment, and
supply chains.

MED-LOW

1.

Benefits and Considerations
●

Losses Avoided: By encouraging businesses to develop continuity plans, the City enables
businesses to bounce back from interruptions caused by disaster events and avoid wage and
revenue losses due to prolonged closures.

●

Economic: By helping existing businesses to withstand shocks from flooding and extreme storms,
the City is also helping to protect the local and regional economy. By investing in building the
capacity of businesses and residents to provide needed resilience services, the City can further
grow the local economy and incentivize private investment in Virginia Beach.

●

Legal: The City has no authority to require private utilities or businesses to create flood
vulnerability assessments or action plans, therefore the City will need to work cooperatively with
service providers to ensure that owners and operators are planning accordingly for the increasing
risks from sea level rise and recurrent flooding.

Objective 4.2: Tax and Financial Incentives for Local Businesses
Develop grant or loan program to encourage and support wet or dry floodproofing of commercial
structures. Provide tax incentives to businesses that install flood resilience or green stormwater
management measures.
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The City currently offers a number of tax incentives under various programs, including a preferential
rate on assessments for building improvements with qualifying energy-efficient structures that exceed
statewide energy efficiency standards.

Action Items
Similar to Objective 3.5, the City should develop a grant and/or loan program for local businesses and
offer tax incentives in the form of rebates, exemptions, or discounts to business and property owners
of commercial or industrial structure for the following:
TAX AND FINANCIAL INCENTIVES FOR LOCAL BUSINESSES ACTION ITEMS

PRIORITY

Provide financial assistance through tax incentives and/or low interest loans to encourage
owners of commercial and industrial properties to undertake flood retrofits (including
elevation, floodproofing, mitigation-reconstruction, stormwater management, and green
infrastructure retrofits.

MED-LOW

2.

Maintain regulatory consistency with the Virginia Shoreline Resiliency Fund, in order that
once funds are made available, Virginia Beach can utilize the funding.

MED-LOW

3.

Leverage funds from other state and federal sources including FEMA pre-disaster mitigation,
hazard mitigation grants, and community development block grants.18

MED-LOW

1.

Benefits and Considerations
●

Economic: Tax and financial incentives for businesses serve to promote resilient development
and can bolster economic growth and development within the community.

Objective 4.3: Workforce Development
Create workforce development programs to train residents to provide resilience services, such as
elevating homes and installing and maintaining green infrastructure.
The City has one of the most successful workforce development programs in the country. The Virginia
Beach Department of Economic Development engages with Tidewater Community College to provide
training on manufacturing and biomedical careers and works with local businesses to connect
companies to training programs.

Figure 20: Tidewater Community College and the City of Virginia Beach Joint-Use Library.
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Action Items
To establish a workforce development program for cultivating the skills needed to support resilient
services, the City should:
WORKFORCE DEVELOPMENT ACTION ITEMS

PRIORITY

Work with current employers and potential employers in industries related to climate
resilience in the region to better understand what skills are and will be most in demand for
future high growth job opportunities.

MED-LOW

Provide training, certifications, and/or apprenticeships in resilience and sustainability jobs
including grey and green infrastructure installation and maintenance; flood retrofiting
including home elevations, utility and mechanical elevation, and flooding remediation;
living shoreline design, installation and maintenance; solar and/or microgrid installation
and maintenance; energy efficiency upgrades.

MED-LOW

3.

Leverage existing partnerships and job training, workforce development, and
apprenticeship programs, such as programs with Tidewater Community College.

MED-LOW

4.

Include metrics and processes for monitoring job placements and retention rates.

MED-LOW

5.

Connect program graduates directly to both public and private sector jobs, including jobs
with City contractors.

1.

2.

LOW

Benefits and Considerations
●

Flood Risk Reduction: By training a local workforce that can do the work needed to retrofit
homes and businesses, as well as design, install and maintain the infrastructure needed to
reduce flood risks, the City can not only build the capacity to perform these needed services
locally, but also ensure that the investments are being utilized to promote local economic
growth.

●

Economic: By ensuring that there is a trained local workforce that can provided needed resilience
services, the City can bring new jobs and economic investments into the City.
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GOAL 5
Preserve and Enhance Natural Flood Buffers and
Open Space
Virginia Beach’s unique natural landscapes, waterways, beaches, public open spaces, recreational trails,
and greenways are some of the City’s greatest assets. These landscapes are not only an important
recreational draw to the region, but valuable environmental assets that provide vital ecosystem
services, such as managing flood waters, serving as habitats for important native species, and
improving water quality. These natural spaces can also provide resiliency by managing flood hazards in
a way that the built environment cannot.
The City benefits from an expansive range of land uses and is composed of four major watersheds:
Lynnhaven, Oceanfront, Elizabeth River, and the Southern. The Southern watershed is home to many
of the City’s most pristine natural environments, houses the City’s agricultural industry, and is home
to a distinctive rural community. Extensive low-lying areas in the Southern Watershed also result in
the area having the greatest exposure to increased flooding. It is imperative that the City continues to
preserve the important natural resources in this region, while limiting new development and preserving
natural flood buffers. This will reduce the often repetitive damages that flood-prone areas experience
with significant rainfall and storm surge, in turn protecting life, structures, and property for future
generations.

Strategy: Promote new conservation and preservation programs at the City while
continuing to expand on current initiatives to propagate natural flood buffers and open
space throughout the community. The following objectives and accompanying action
items will help the City preserve and enhance natural flood buffers and open space.

Objective 5.1: Voluntary Acquisitions, Conservation, and Preservation
Easements
Build upon and enhance programs for preserving open space City-wide.
Voluntary property acquisition and buyouts are one of many tools that reduce a community’s exposure
and vulnerability to flood risk and sea level rise. By acquiring, demolishing, and then converting
a property into open space, the area can serve as a form of stormwater management or act as a
natural buffer against flood hazards. On undeveloped land, the development rights can be secured
through conservation or preservation easements, allowing the land to be maintained as open space
for long periods of time (or into perpetuity). The Department of Parks and Recreation has conserved
open space, especially in flood prone areas throughout the City. In addition, the Federal and State
Government own the Back Bay National Wildlife Refuge, False Cape State Park, and First Landing State
Park. In addition, The Nature Conservancy owns expansive areas along the North Landing River to
conserve environmentally sensitive portions of the City. On the private side, the Agricultural Reserve
program has allowed farmers to conserve valuable agricultural lands in the southern portion of the
City. These examples should serve as building blocks as the City looks to explore all strategies and
options to voluntarily conserve areas prone to flooding.
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Action Items
The City should expand upon existing acquisition and conservation easement programs to allow for
voluntary buyouts to enhance flood resilience. In order to achieve this, the City should:
VOLUNTARY ACQUISITION, CONSERVATION & PRESERVATION EASEMENT ACTION ITEMS

PRIORITY

Restart the voluntary acquisition and buyout programs (Open Space Program and
Agricultural Reserve Program) to allow for acquisitions to also enhance the City’s flood
resilience, including allowing for acquisition of: repetitive loss properties, undeveloped
parcels in the 100-year floodplain, and wetlands and natural floodplains. (See Objective 5.3)

HIGH

Prioritize voluntary acquisition of properties with high restoration potential and potential to
deliver multiple social, economic, and environmental benefits (e.g., reducing flood risks for
neighboring properties, improving water quality, enhancing habitats, enhancing recreational
open space, and increasing property values for neighboring properties).

HIGH

3.

Set aside funds to restore and manage acquired parcels to enhance floodplain and
stormwater management.

HIGH

4.

Prioritize voluntary acquisition of repetitive loss structures, and areas where multiple
structures can be aggregated and acquired together, to facilitate restoration of natural
floodplain function and reduce flood risks for neighboring properties.

MED-HIGH

Identify other funding sources that can be leveraged and combined to support voluntary
buyouts and acquisitions including local, state and federal sources (e.g., stormwater fees,
hazard mitigation grants, water quality grants or loans,19 and community development
block grants).

MED-HIGH

Offer flexibility to bundle and allow for resilient redevelopment on some sites with lower
risk of flooding. Particularly in areas in which landscaping and building features can
be used to reduce flood risks for the property and alleviate flood risks to the broader
community.

MED-HIGH

7.

Seek to preserve historical and cultural resources located in areas acquired for
conservation.

MED-LOW

8.

Seek funding to renovate or otherwise protect historic structures in vulnerable areas.

MED-LOW

1.

2.

5.

6.

Benefits and Considerations
●

Flood Risk Reduction: By permanently removing structures from the floodplain, the City will be
eliminating any future damages to these structures while reducing the potential for emergency
response costs. By preserving open space in the floodplain, the City can reduce future damages
to adjacent homes, businesses, infrastructure, and City-owned facilities.

●

Economic: Natural open space and recreational space provides economic benefits in the form of
increased tourism and property values. Virginia Beach’s natural landscapes are one of the City’s
greatest economic assets.

●

Environmental: Naturalized landscapes provide many ecological benefits including habitats for
native species, erosion reduction, water and air quality improvement, and carbon sequestration.

●

Administration: If acquiring properties, the City will need to allocate resources or form
partnerships to maintain the acquired properties over time. By leveraging multiple funding
sources the City will be able to acquire and restore more properties, however different funding
sources have different rules and requirements, which can prove difficult to administer. For
example, properties acquired with FEMA funds must be permanently preserved as open space,
whereas properties acquired with Community Development Block Grant-Disaster Recovery
(CDBG-DR) funds can be redeveloped with more resilient construction. The City could also
partner with land trusts to reduce the administrative burden of managing and maintaining
acquired lands.
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●

Cost: Voluntary property acquisition, oftentimes, results in the conversion of the property into
open space, thereby reducing the City’s property revenue from taxes. However, other cities, like
Charlotte, have experienced significant increases in neighboring property values where buyout
lands are restored, and recreational amenities are added. There is the potential for reduced costs
incurred by the City in servicing severe repetitive and repetitive loss properties during flooding
and storm events, following buyouts.

●

CRS: Up to 1,450 points can be earned for preserving undeveloped land in the floodplain as
open space (Activity 422.a), with up to 50 extra points for legal restrictions that prohibit future
development on those properties preserved (422.b). In addition, up to 150 points can be awarded
if preserved open spaces are also affected by a special flood-related hazard or low-density
zoning regulations (422.d). Up to 250 points can be earned for creating Open Space Incentives
(Activity 422.f), and up to 750 points are provided for the preservation of open space within a
community’s mapped coastal erosion hazard area (Activity 422.e). The City is already pursing
points in this category for existing areas of preserved open space in the SFHA; however, there
is the potential to increase points in this category if additional area vulnerable to flooding are
preserved.

Objective 5.2: Living Shorelines
Expand efforts to encourage “soft” or living shorelines in appropriate areas.
Living shorelines are a green infrastructure technique that uses native vegetation, often in combination
with offshore sills, to stabilize and protect a shoreline.20 As such, living shorelines are a natural
alternative to typical built shoreline stabilizations methods, such as bulkheads. In addition to
protecting shoreline and coastal infrastructure, living shorelines provide numerous environmental
and social benefits. These benefits include: improved marine habitat and spawning areas, coastal
erosion management, attractive natural appearances, improved water quality, efficient stormwater
management, carbon sequestration, increased biodiversity, and increased recreation opportunities.
Due to the numerous benefits and effectiveness of living shorelines, the Virginia General Assembly
has created policy stating that living shorelines techniques are the preferred method of tidal shoreline
stabilization.21

Figure 21: Pleasure House Point Natural Area is an example of a successful living shoreline with it's shallow water and ideal
habitat for the Chesapeake Bay blue crab and Lynnhaven oyster.
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The original authority for implementing living shorelines comes from the Coastal Primary Sand Dunes
Protection Act, which was enacted by the Virginia General Assembly in 1980. The 1980 act only covered
nine Virginia Tidewater localities. In later years it was recodified as the Coastal Primary Sand Dunes
and Beaches Act in Code § 28.2-1400 to -1420, and modified further in 2008 to extend protection to all
of Virginia’s Tidewater dunes and beaches. The City of Virginia Beach allows for the implementation of
living shorelines under its Wetlands Zoning Ordinance as well as its Coastal Primary Sand Dunes Zoning
Ordinance (Virginia Beach, Municipal Code art. XIV § 1402(l) & 1602(m)).22 In order to implement a
living shoreline, several permits must be obtained. These include the Living Shorelines Group 1 General
Permit (Wetlands) or the Living Shorelines Group 2 General Permit (Coastal Primary Sand Dunes and
Beaches), the US Army Corps of Engineers Nationwide Permit 13 – Bank Stabilization, and the US Army
Corps of Engineers Nationwide Permit 54 – Living Shorelines.23
Wetland Watch identifies the Virginia Shoreline Resiliency Fund (VSRF), a revolving loan program for
shoreline protection, as a potential source of funding, however, the VSRF is currently unfunded.24 There
are numerous opportunities for Virginia Beach to augment their living shorelines program and expand
the promotion of living

Action Items
In order to encourage use of “soft” or “living” shoreline stabilization approaches on appropriate lots,
the City should:
LIVING SHORELINE ACTION ITEMS
1.

Collaborate with the Nature Conservancy, Back Bay Wildlife Refuge, Department of Game
and Inland Fisheries, Department of Conservation and Recreation, and other interested
stakeholders in marsh and submerged aquatic vegetation restoration.

2.

PRIORITY
IN PROCESS

Provide technical assistance, grants, loans, or tax incentives to private landowners to assist
in the removal of hardened shorelines and the design and construction of living shorelines,
such as through participation in the Commonwealth’s living shoreline loan program.25

MED-HIGH

3.

Provide contractor training programs to build the capacity of local contractors to design
and construct living shoreline projects.

MED-HIGH

4.

Build pilot soft or living shoreline projects on city-owned properties and replace hardened
shorelines to demonstrate the effectiveness of these approaches.

MED-HIGH

Benefits and Considerations
●

Legal: The state has authorized local wetlands boards to permit shoreline protection structures
along non-vegetated shorelines during emergency situations.26 In general the threatened
structure has to be within 50 feet mean high water shoreline. Virginia Beach uses a joint permit
application for: landings, jetties, etc.; landfill into waters, marshlands, or lowlands; and to alter
or develop wetlands or the coastal primary sand dunes. Applicants file a joint permit application
which goes to the Virginia Marine Resource Commission, Habitat Management Division. Permits
are reviewed by Army Corps, VMRC, and the Planning and Community Development Department
at the City.

●

CRS: Restricting shoreline armoring in addition to any other alteration of natural shorelines can
earn up to 120 points (Activity 422.h).
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Objective 5.3: Purchase of Development Rights (PDR) and Transferable
Development Rights (TDR)
Investigate the creation of a Transferable Development Rights (TDR) program to allow landowners
in high-risk areas to transfer their development rights to protected or higher ground areas.
Explore the Purchase of Development Rights (PDR) by the City, much like the successful
Agricultural Reserve Program (ARP), to purchase the development rights for high risk areas that
will be vulnerable to sea level rise.
Virginia Beach’s PDR program, ARP, is one of the most successful in the Commonwealth with more than
9,700 acres enrolled. The City has acquired 858 development rights at a cost of $46.1 million. The City
should consider expanding this program to incorporate the voluntary acquisition of property rights in
order to reduce the vulnerability of landowners to recurrent flooding and sea level rise.
The General Assembly first adopted statewide enabling legislation (presently contained in Va. Code §§
15.2-2316.1 and 15.2-2316.2), allowing local jurisdictions to enact zoning ordinances permitting Transfer
of Development Rights in 2006.
While a TDR Program is not something the City is currently exploring, there may be opportunities
to develop a pilot program to assess logistics of implementation, with a potential for expansion/
development into a larger program. There may be extensive policy and ordinance changes necessary to
successfully implement a TDR program.

Action Items
In developing a flood focused TDR program, the City should:
PDR AND TDR ACTION ITEMS
1.

PRIORITY

Consider opportunities to prepare the City for the adoption of a Sea Level Rise Transferable
Development Rights program.
Create market-incentives for developers to purchase TDRs in vulnerable areas in order to
receive approvals for additional density and more intense uses in “higher ground” areas.

2.

HIGH

Identify priority areas for preservation (i.e., areas with current or future high-flood risk,
valuable natural resources, and areas with high potential for future development or
subdivision) and priority areas for additional growth (i.e., higher ground areas with lower
flood risk and existing supporting infrastructure and services).

MED-HIGH

3.

Develop a program to purchase and retire development rights in areas at vulnerable to sea
level rise and recurrent flooding.

MED-HIGH

4.

Designate areas at high risk from future sea level rise as “sending areas” where landowners
can sell their development rights and agree to preserve flood-prone lands as undeveloped
open space.

MED-HIGH

5.

Designate higher-ground areas as “receiving areas” where developers can use development
rights to increase densities and/or intensities of use.

MED-HIGH

6.

Create incentives, such as increased floor-area ratios or allowable densities to encourage
purchase of TDRs in “sending areas”.

MED-HIGH

7.

Limit allowable densities in sending and receiving areas to create market incentives for the
purchase of development rights.

MED-HIGH
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Benefits and Considerations
●

Flood Risk Reduction: By limiting new development and redevelopment in flood-prone areas the
City can ensure that it is not exacerbating flood risks and preserving natural flood buffers for
upland and neighboring development.

●

Costs: This strategy may deprive the City of some additional tax revenues, but this has potential
to save the City in terms of loses avoided.

●

Environmental: By preserving open space, the City will deliver many environmental benefits
including improved water quality, air quality, and native species habitats.

●

Regulatory: The City would have to look at revising zoning and density regulations and
ordinances, which could be administratively burdensome.

●

CRS: Up to 1,450 points can be earned for preserving undeveloped land in the floodplain as
open space (Activity 422.a), with up to 50 extra points for legal restrictions that prohibit future
development on those properties preserved (422.b). In addition, up to 150 points can be awarded
if preserved open spaces are also affected by a special flood-related hazard or low-density
zoning regulations (422.d). Up to 250 points can be earned for creating Open Space Incentives
(Activity 422.f), and up to 750 points are provided for the preservation of open space within a
community’s mapped coastal erosion hazard area (Activity 422.e).
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GOAL 6
Improve City Coordination and Responsiveness to
Community Flood Concerns
The impacts of sea level rise in Virginia Beach are far-reaching, transecting economic sectors,
neighborhood boundaries, and diverse community populations. Effective response to flood risk will
require action by multiple city departments, supported by non-profit and community organizations
within Virginia Beach. While many actions addressing the future threat of sea level rise must be taken
at the local level, regional coordination can greatly improve local response to flood concerns. Virginia
Beach’s neighboring municipalities, regional non-profit organizations, private companies, and leading
academic institutions offer a significant range of resources to aid in the fight against sea level rise and
recurrent flooding.
The City of Virginia Beach has been intimately involved in regional coordination and information
sharing, participating in collaborative projects such as the Hampton Roads’ StormSense project.
Continuing to improve collaboration across local and groups locally and regionally will allow the City to
improve data collection and analysis, coordinate response efforts, streamline planning processes, and
improve stakeholders’ understanding of the risks associated with sea level rise and recurrent flooding.

Strategy: Ensure active internal and external coordination to align priorities, build
coalitions, leverage resources, and educate the public in order to facilitate the
progression of resilience activities. The following objectives and accompanying
action items will help the City improve coordination and responsiveness in regards to
community flood concerns relating to changing precipitation patterns, sea level rise, and
recurrent flooding.

Objective 6.1: Internal City Coordination
The City should continue to improve internal interdepartmental coordination, and consider expanding
the existing Sea Level Rise Working Group to include
private utilities, local businesses, civic organizations,
and other affected stakeholders in the region.
Virginia Beach’s Sea Level Rise Working Group meets
regularly to review issues related to sea level rise and
related coastal and stormwater flooding. The work
group’s mission could be expanded to oversee and
coordinate implementation upon completion and
adoption of the prioritized action items within this
document. A Chief Resilience Officer could facilitate
the needed coordination to implement CSRRF Study
recommendations.

Figure 22: The Virginia Beach Municipal Center.
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Action Items
The City should undertake the following actions to improve internal coordination:
SEA LEVEL RISE WORKING GROUP ACTION ITEMS
1.

PRIORITY

The Deputy City Manager’s (DCM) Sea Level Rise Working Group, operating under
the authority of the City Manager, will facilitate cross-departmental coordination and
implementation of the action items detailed within this document.

IN PROGRESS

2.

City staff will lead implementation, report progress, and provide status updates to the DCM
Sea Level Rise Working Group.

IN PROGRESS

3.

The Sea Level Rise Working Group will provide accountability for the accomplishment of the
prioritized action items.

IN PROGRESS

4.

Continue Sea Level Rise Working Group Meetings, with a standing agenda and status
updates to monitor implementation of action items by City staff.

IN PROGRESS

Benefits and Considerations
●

Resources: A working group that involves and engages private sector partners including
businesses, nonprofits, and universities can help bring additional resources and expertise to
support the City’s flood resilience work.

●

CRS: A community can earn up to 200 points for creating and implementing public outreach
projects (332.a). Up to 50 points can be added for outreach projects conducted in coordination
with or having information more widely disseminated by non-governmental representatives or
partners (332.d).

Objective 6.2: Regional Coordination
Continue to participate and support climate preparedness activities through regional
planning organizations and other regional initiatives.
Continued active participation and leadership in regional activities are critical for leveraging
investments, coordinating activities, and liaising with regional, state, and federal partners. Regional
coordination, especially with the Hampton Roads Planning District Commission (HRPDC), the military,
and regional/state academic institutions will help build cohesion.
Over the last several years, key activities have included the Hampton Roads Intergovernmental Pilot
Project, the HRPDC Coastal Resiliency Working Group, the Joint Land Use Studies, and the Hampton
Roads Adaptation Forum. Additionally, the City has participated in a host of workshops, meetings, and
symposiums to coordinate and communicate resilience activities. These activities should be selectively
maintained to ensure City awareness, to represent and forward City priorities, and disseminate lessons
learned.
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Action Items
City officials should continue to engage regionally on climate resilience through the following actions:
REGIONAL COORDINATION ACTION ITEMS
1.

PRIORITY

Improve coordination with the cities of Norfolk and Chesapeake, VA, as well as Currituck
County, NC to align flood protection strategies and design standards across municipal
boundaries.

IN PROGRESS

Communicate recommended strategies developed from the most recent sea level rise,
precipitation, and recurrent flooding data and analyses to the Norfolk District US Army
Corps of Engineers. Establish level of interest and support for identified potential solutions,
and advocate for feasibility studies and cost-share agreements.

IN PROGRESS

Communicate recommended strategies developed from the most recent sea level
rise, precipitation, and recurrent flooding data and analyses to leadership at the Joint
Expeditionary Base Little Creek-Fort Story, Dam Neck, and Oceana. Identify constraints
on structural solutions due to property ownership and land use, as well as solutions and
collaborative actions that forward flood resilience activities.

IN PROGRESS

4.

Advocate for and engage with regional sea level rise planning initiatives through the
Hampton Roads Regional Planning Commission and the Coastal Resiliency Working Group.

IN PROGRESS

5.

Engage with regional transportation planning initiatives lead by the Hampton Roads
Transportation Planning Organization.

MED-HIGH

6.

Ensure data and strategies developed using the most recent sea level rise, precipitation, and
recurrent flooding data and analyses are available for regional counterparts to utilize and
leverage through both the general sharing of information and the creation of an external
facing data portal (See Objective 6.3).

MED-HIGH

7.

Explore ways to further engage public sector expertise, such as collaboration with the Port
of Virginia.

MED-HIGH

8.

Minimize impermeable surface areas in new developments and areas being redeveloped
based upon the Stormwater Act and The Chesapeake Bay Preservation Area ordinance.

2.

3.

MEDIUM

Benefits and Considerations
●

Environmental: Analyzing and managing ecological resources at a regional level more accurately
reflects ecosystem functions. Working across political boundaries will allow the City to gain a
more effective understanding of systemic ecosystem functionality and increase preparedness
and mitigation opportunities in terms of sea level rise and recurrent flooding.

●

Relationship Building: By engaging in regional coordination and information sharing, the City of
Virginia Beach will continue to build relationships with neighboring communities, jurisdictions,
and cities. Sea level rise and flood risk are not contained or applicable only to the City, and by
collaborating within the regional community, the City has an opportunity to share ideas and
implement best practices.

●

Administrative: Increased regional coordination and data sharing will remove redundancies
in data collection and research, reducing the administrative costs associated with climate
preparedness.
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Objective 6.3: Stakeholder Engagement, Education, and Outreach
Develop programs to support public education and outreach about flood risks and resilience.
The City prioritizes public education, outreach, and
engagement with the community on the topic of sea level
rise and recurrent flooding. The City will continue to make
a concerted effort to regularly update community members
and stakeholders on what, when, and how the City is
tackling the ongoing threats from rising water levels and
increased nuisance flooding. Despite these efforts, there is
continual room for improvement. In particular there are a
number of actions the City can take to distribute research
results and data into the broader community, allowing
community members to make educated decisions regarding
their vulnerability.

Figure 23: Public meeting to discuss the impacts
of sea level rise on Virginia Beach.

Action Items
In order to develop and expand public outreach and engagement programs on flood risk, sea level rise,
flood insurance, and hazard mitigation, the City should:
STAKEHOLDER ENGAGEMENT, EDUCATION, AND OUTREACH ACTION ITEMS

PRIORITY

1.

Create online resources that the general public can utilize in personal preparedness and
mitigation to reduce flood risk.

IN PROGRESS

2.

Undertake targeted outreach to increase flood insurance policy penetration within areas
vulnerable to coastal and stormwater flooding.

HIGH

3.

Provide flood-protection consultations and workshops for homeowners and businesses to
disseminate information about different methods for retrofitting structures to reduce flood
damage and available financing services and grants.

HIGH

Provide training on emergency response to healthcare and educational providers,
community-based organizations, and other service providers that engage directly with
vulnerable populations.

HIGH

5.

Engage youth through education and outreach programs coordinated with schools,
community organizations serving youth, and the aquarium.

HIGH

6.

Develop a program to earn points for community engagement in regards to flood risk under
the CRS program.

HIGH

7.

Engage and partner with community-based organizations, academia, professional
associations, and the private sector to enhance outreach and engagement to target
audiences, including home builders, emergency responders, homeowners, landlords, small
businesses, private utilities, schools, universities and other important stakeholders.

HIGH

4.

8.

Continue participation in the Hampton Roads Adaptation Forum hosted by Old Dominion
University, Virginia Sea Grant, and the Hampton Roads Planning District Commission.

9.

Create a formal external facing data portal and easily navigable dashboard which translates
the findings and recommendations, based upon the most recent sea level rise, precipitation,
and recurrent flooding data and analyses, into easily digestible content.
The portal should combine outputs of the FEMA special flood hazard area, the Master
Drainage Study, Hurricane Evacuation Zones, and the findings from the most recent sea
level rise, precipitation, and recurrent flooding data and analyses, to clearly communicate
the flood risk in the city at the property level, to the public. In addition, the portal should
contain pictures and information regarding flood conditions in real time.

50 | Policy Response Report

IN PROGRESS

IN PROGRESS

STAKEHOLDER ENGAGEMENT, EDUCATION, AND OUTREACH ACTION ITEMS

PRIORITY

10. Continue and expand efforts to identify and reach vulnerable populations, such as lowerincome residents, renters, and the elderly.
11.

Work with Community Emergency Response Teams and develop training programs to
enhance emergency preparedness and the ability to rebuild with resilience after a disaster
event.

MEDIUM

MED-LOW

Benefits and Considerations
●

Flood Risk Reduction: By engaging with the public the City can encourage and build the
capacity of independent and private sector actors to invest in and take action to reduce their
own flood risks.

●

CRS: CRS points for stakeholder engagement and education are available under:
330: Outreach Projects (maximum credit: 350 points); note that the individual point values
provided below can be increased if a community has or conducts the outreach projects in
conjunction with an approved Program for Public Information (PPI) through 332.c below (i.e.,
a PPI acts as a “multiplier” to increase the amount of points a community can earn for each
activity) or has work carried out by a stakeholder:
● 332.a: Outreach Projects: A community can earn up to 200 points for creating and
implementing public outreach projects
● 332.b: Flood Response Preparations: A community can earn up to 50 points by proactively
preparing a “pre-flood plan” to direct the preparation and delivery of public information for
future floods
● 332.c: Program for Public Information (PPI): A PPI can add up to 80 points for outreach
project activities and 20 points for flood protection assistance activities
● 332.d: Stakeholder Delivery: Up to 50 points can be added for outreach projects
conducted in coordination with or having information more widely disseminated by nongovernmental representatives or partners
350: Flood protection information (maximum credit: 125 points)
360: One-on-one help to people who are interested in protecting their property from
flooding.
● 362.a: Property protection advice can provide up to 25 points for making one-on-one
counseling available, with 15 extra points if in conjunction with a program for public
information under Series 330
● 362.b: Protection advice following a site visit can provide up to 30 points, with 15 extra
points if part of a program for public information
● 362.c: Financial-assistance advice can provide up to 10 points with 5 extra points if in
conjunction with a program for public information
● 362.d: Adviser training can provide 10 points if the person providing advice has
participated in the latest approved training on property protection and financial assistance
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GOAL 7
Advocate for Changes to State and Federal Policy
in order to Incentivize, Support, and Fund Local
Resilience Implementation
While locally focused policy and regulatory changes are vital to the continued growth and success
of Virginia Beach, the City should continue to advocate for regulatory changes at both the state and
federal level. There is an opportunity, given the focus on mitigation, community resilience, and flood
risk reduction at the federal level, to voice the significant challenges that Virginia Beach faces in terms
of rising sea levels and increased flood vulnerability. Federal dollars are increasingly being allocated for
mitigation and infrastructure resilience, and Virginia Beach has a unique opportunity to communicate
the need for resilience investment at the local level. The City should continue to publicize the findings
from the most recent sea level rise, precipitation, and recurrent flooding data and research, while
highlighting the resilience measures and actions that Virginia Beach is undertaking.

Strategy: Advocate for changes to state and federal policy to reduce or remove
impediments to flood hazard mitigation activities and promote resilient infrastructure.
The following action items will support local resilience initiatives through political and
legal advocacy at the state and federal level.

Action Items
The City should undertake the following actions in an effort to advocate for state and federal policy
changes in regards to sea level rise and recurrent flooding:
ADVOCACY FOR STATE AND FEDERAL POLICY ACTION ITEMS
1.

Seek legislation authorizing funding to support local investments in critical infrastructure to
reduce flood risks in coastal communities.

2.

Establish lines of communication with Virginia’s U.S. Congressional State Representatives
and Senators, Local Representatives in the Virginia House of Delegates and the Senate of
Virginia, and the Virginia State Resiliency Officer.
Express the challenges of funding sea level rise resilience and flooding mitigation, outside
of a Disaster Declaration, as well as existing regulatory, legal, and administrative hurdles
that the City faces.

PRIORITY
HIGH

IN PROGRESS

3.

Seek policy changes at FEMA Region III to lower hurdles and improve existing mechanisms
for flood mitigation project requirements.

MED-HIGH

4.

Seek a legislative amendment requiring backup power and annual inspections for facilities
providing critical emergency services, such as senior care facilities.

MED-HIGH

5.

Seek legislation requiring private utilities and private owners of facilities serving vulnerable
populations (e.g., senior care facilities) to support investments in back-up power.

MED-HIGH

Advocate for grant or loan funding to support this initiative.
6.

Seek legislation to fund the Virginia Resiliency Fund.

7.

Seek an amendment to state statute limiting use of impact fees.

MEDIUM

8.

Seek an amendment to state statute that allows property owners to rebuild or replace
nonconforming structures if rebuilt within 2 years of being damaged.

MEDIUM
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MED-HIGH

9.

ADVOCACY FOR STATE AND FEDERAL POLICY ACTION ITEMS

PRIORITY

Seek an amendment to state law limiting real estate flood risk disclosures for properties in
the floodplain.

MED-LOW

Benefits and Considerations
●

Funding: Policy changes at the state and federal level have the potential to create additional
funding streams for sea level rise and flooding mitigation, alleviating the need for the City to
fund capital improvements on their own.

●

Administrative: Statewide or federal policy changes have the potential to create additional
administrative overhead and management. Additionally, changes at the state or federal level,
may not perfectly align with the sea level rise goals and objectives of the City.
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APPENDIX A
Supporting Strategy and Planning Documents
The following table highlights the Virginia Beach Strategy and Planning documents that were utilized in
the support and development of the Sea Level Rise Policy Adaptation Actions.
Document
A Strategic Plan to
Achieve City Council’s
Vision for the Future

Section
QPE1

Highlights
We continue to ensure and improve water quality (drinking water,
sanitary sewers, stormwater, surface waters, and beaches) by
developing and implementing initiatives to protect our water
resources.
1.03 Align policies and codes to minimize effects of storm water
runoff for new development and redevelopment.
1.06 Develop initiatives to protect, and enhance forests, wildlife
areas, coastlines, floodplains and other sensitive lands and identify
adaptation strategies for lands subject to recurrent flooding or sea
level rise.

A Strategic Plan to
Achieve City Council’s
Vision for the Future

QPE5

Use energy as efficiently and effectively as possible - while
investing and planning for the continuity of operations during
energy disruptions.
5.02 Prepare critical facilities and essential operations for energy
outages by investing and maintaining in standby power generation for
City facilities.

A Strategic Plan to
Achieve City Council’s
Vision for the Future

QPE7

The City incorporates sea level rise and hazard mitigation into all
aspects of city planning to address current flood prone areas and
future development.
7.01 Evaluate existing floodplain, zoning, and site plan ordinances to
identify any inconsistencies and/or gaps and propose any changes or
additions.
7.02 Develop the application for submission to the Community Rating
System program to lower flood insurance rates for the community.
7.03 Identify and prioritize mitigation projects and seek funding
opportunities to strengthen the City’s resilience.
7.04 Develop and implement strategies for sand replenishment on
all beaches, including identifying sand sources, developing funding
strategies and obtaining easements to provide engineered beaches for
hazard mitigation.
7.05 Undertake a comprehensive sea level rise and recurrent flooding
analysis and develop policies to address those areas of the City that
are most vulnerable through a combined use of adaptation strategies.
7.06 Develop and implement a comprehensive outreach plan
to communicate flooding hazards and mitigation strategies for
homeowners in the community.

54 | Appendix A

Document

Section

A Strategic Plan to
Achieve City Council’s
Vision for the Future

EV2

A Strategic Plan to
Achieve City Council’s
Vision for the Future

EV4

Highlights
We are a growing diverse economy that attracts and retains private
companies that want to invest.
Initiative 2.05: Develop a communication plan that demonstrates a
proactive approach addressing our response to sea level rise.
We provide and maintain the infrastructure required to support
economic vitality, and develop our resources in a sustainable
manner (economically, socially, and financially) so that we are an
appealing community for citizens, visitors, and businesses.
Initiative 4.01: Improve our development review processes, codes, and
standards to better encourage sustainable development and to make
it easier to implement our adopted plans and policies.
Initiative 4.02: Implement models for sustainable development
and maintenance of local publicly-owned land, facilities, and
infrastructure.

A Strategic Plan to
Achieve City Council’s
Vision for the Future

EV6

We develop the plans, incentive efforts; detailed specific area
plans, programs, zoning codes, and projects to implement the
Strategic Growth Area Plans.
Initiative 6.01 Study potential impact of sea level rise on existing
SGA Plans and devise strategies for monitoring those impacts where
practical.
Initiative 6.02 Develop and implement the Overlay Zoning and/or
Zoning Codes as well as parking policies and strategies necessary to
implement the SGA Plans.

A Strategic Plan to
Achieve City Council’s
Vision for the Future

SC2

We work with the community and with other departments to be
ready and able to face a major disaster and to recover in a timely
manner utilizing internal and external resources.
2.01 Utilize the Emergency Management Institute to provide disaster
recovery training for the City in order to increase preparedness.
2.02 Enhance disaster recovery planning by working with the
Emergency Preparedness Committee, stakeholders and available
citywide contracts in order to better serve the community.
2.03 Mandate citywide resources and personnel to support real time
exercises in order to enhance our capacity and ability to respond to
major disasters and health emergencies.

City Council Goal

City Council Goal

4

6

Revitalize Neighborhoods and Plan for the Future
•

Use Community Vision, Strategic Growth Area Plans, and
Comprehensive Plan to guide future development and land use

•

Protect natural resources and waterways

Be the safest city in Virginia:
•

Be prepared for, respond to, and recover from catastrophic events.

•

Timely responses to emergency calls for service.
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Document
City Council Goal

Section
9

Highlights
Data and Technology is used to Enhance Community Livability,
Prosperity and Sustainability:
•

City Council Goal
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10

City using data and analysis in policy development and decision
making

City Assets and Infrastructure are Well Maintained and Meet
Community Expectations:
•

Have an effective stormwater management system that is welldesigned, well-built, and well-maintained.

•

Align policies and codes to minimize the effects of stormwater
runoff for new development and redevelopment. • Prepare city
infrastructure for sea level rise.

APPENDIX B
Examples of Sea Level Rise Planning and Policy Actions within the
United States
Norfolk’s Vision 2100 Plan and Zoning Ordinance Rewrite
Norfolk’s Vision2100 plan, adopted in November 2016, provides a useful model for developing a longterm vision for addressing sea-level rise impacts. The plans lays out a strategies for preparing Norfolk
for the impacts of climate change through the end of the century. The plan also designated four
different regions within the city based upon consideration of relative exposure to sea-level rise and
existing and projected development. For each zone, the city established adaptation goals and priorities
for investment.
In 2018, Norfolk updated its Zoning Ordinance designating a Coastal Resilience Overlay zone, Upland
Resilience Overlay zone, and a Resilient Quotient System to implement the goals established by the
Vision 2100 plan.

Baltimore’s Disaster Preparedness and Planning Project (DP3)
The City of Baltimore, Maryland developed an integrated adaptation and all hazard mitigation plan
through its Disaster Preparedness and Planning Project (DP3). The plan considers vulnerabilities to sealevel rise and included recommendations for enhancing resilience to future flooding and other impacts
like extreme heat across four sectors: infrastructure, buildings, natural systems, and public services.
Recommendations in the plan include using new building code regulations to enhance the resilience
of new development and redevelopment to sea-level rise and using green stormwater management
practices and urban tree canopy to manage stormwater and reduce urban heat islands.

DC’s Climate Ready Plan
In Climate Ready DC Plan, Washington DC identified evacuation routes for flood-prone areas. The
District Department of Transportation also examined vertical clearance for bridges on waterways in
their Climate Adaptation Plan. They found that the risk of reduced vertical clearance for bridges.

NYC’s Climate Resiliency Design Guidelines
New York City’s Climate Resiliency Design Guidelines state that the City will design using the best
available data for future conditions. This set of guidelines provide step by step instructions on how to
utilize historical climate data, supported and enhanced with new regional specific forward-looking data
in the design of capital improvements and the design of City facilites.

San Francisco Sea Level Rise Capital Planning Guidance
In 2015, San Francisco adopted guidance for incorporating sea level rise into capital planning processes
and design standards. The document presents a framework for considering sea level rise in the context
of new construction, capital improvements, and maintenance projects.

Broward County, FL Climate Change Task Force
Broward County convened a Climate Change Task Force with representatives of key stakeholders,
including the school board, hospitals, the power company, environmental organizations, academic
institutions, business interests, and the regional planning council. The Task Force developed a Climate
Action Plan for the county focusing on water, energy, building, and other climate change issues.
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North Carolina Flood Risk Information System
The North Carolina Flood Risk Information System is a digital GIS tool that incorporates the state’s
high-resolution LIDAR data, floodplain mapping, building footprints, parcel information, and first floor
elevations. The tool provides flood-depth damage information and helps local officials prioritize flood
mitigation projects based upon cost effectiveness. The state developed the system using funds from a
real estate recordation fee.

Kaua’i’s Coastal Setback Ordinance
The County of Kaua’i, HI established a coastal setback ordinance in 2014 that was based upon average
annual rate of erosion using a planning period of 70 to 100 years into the future, depending on the use
of the structure, with an additional buffer of 40 feet.

Fairfax County, VA Living Shoreline Policy
The Fairfax County Wetlands Board has adopted a living-shorelines first policy. Applicants must
consider a design that maintains or creates a living shoreline for shoreline stabilization. A permit for
armoring will not be issued unless the landowner can overcome a presumption that a living shoreline
will not achieve shoreline stabilization goals. A Wetlands Board permit is not required for living
shorelines that adhere to the state’s general permit for low-impact erosion areas.

Boston Climate Resiliency Report Checklist
Boston, MA inserted a resiliency policy into their zoning ordinance that requires all projects to consider
future climate conditions. This includes sea level rise. The Resiliency Checklist provides a framework
and specific resiliency targets that must be achieved.

1

"Sea Level Trends - NOAA Tides & Currents". 2019. Tidesandcurrents.Noaa.Gov. https://tidesandcurrents.noaa.
gov/sltrends/sltrends.html.

2

Eggleston, Jack, and Jason Pope. 2019. Land Subsidence And Relative Sea-Level Rise In The Southern
Chesapeake Bay Region. PDF. U.S. Department of the Interior U.S. Geological Survey. https://pubs.usgs.gov/
circ/1392/pdf/circ1392.pdf.

3

Parris, A., P. Bromirski, V. Burkett, D. Cayan, M. Culver, J. Hall, R. Horton, K. Knuuti, R. Moss, J. Obeysekera, A.
Sallenger, and J. Weiss (2012). Global Sea Level Rise Scenarios for the US National Climate Assessment. NOAA
Tech Memo OAR CPO-1. 37 pp.

4

Sweet, W.V., Kopp, R.E., Weaver, C.P., Obeysekera, J., Horton, R.M., Thieler, E.R., and C. Zervas. 2017. Global and
regional sea level rise scenarios for the United States. NOAA Technical Report NOS CO-OPS 083.

5

Sea Level Rise Resolution 2018-01. 2018. PDF. Hampton Roads Planning District Commission. https://www.
hrpdcva.gov/uploads/docs/HRPDC%20Resolution_Sea%20Level%20Rise%202018-01.pdf.

6

Boon, J. D., Mitchell, M., Loftis, J. D., & Malmquist, D. M. (2018) Anthropocene Sea Level Change: A History
of Recent Trends Observed in the U.S. East, Gulf, and West Coast Regions. Special Report in Applied Marine
Science and Ocean Engineering (SRAMSOE) No. 467. Virginia Institute of Marine Science, College of William and
Mary. https://doi.org/10.21220/V5T17T

7

Virginia Beach currently prepares a Regional Hazard Mitigation Plan with neighboring Hampton Roads
jurisdictions Norfolk, Portsmouth, Suffolk, and Isle of Wight County.

8

The Coordinator’s Manual is the guidebook for the CRS. It explains how the program operates, what is
credited, and how credits are calculated. Although it is primarily a reference for CRS activities and credits, it
can also help guide communities that want to design or improve their floodplain management programs.

9
10

VA Code § 15.2-2114. Regulation of stormwater
1) For structures existing before the adoption of the ordinance [need to know if this refers to recodification
or the original floodplain ordinance], "[a]ny modification, alteration, repair, reconstruction, or improvement of
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any kind to a structure and/or use located in any floodplain areas to an extent or amount of less than fifty (50)
percent of its market value shall conform to the VA USBC and meet the freeboard height in effect at the start of
construction for the original structure." App. K., § 5.1(B).
11

The floodplain ordinance currently defines "substantial damage" as 50 percent market value by reference to a
single event. App. K, § 1.3.

12

Although Virginia Beach currently limits or restricts fill in Zones V and VE of the SFHA, as well as in designated
portions in the Rural Area, it could consider expanding the limitations to other flood-vulnerable areas.

13

Current code allows owners of buildings substantially damaged or destroyed by anything other than flooding
to obtain a variance to build back to the freeboard level (or design flood elevation) in effect when the building
was originally constructed.

14

FIRMs identify the LiMWA delineating areas subject to moderate wave action (i.e., the Coastal A Zone) but the
city’s current floodplain ordinance does not specify the Coastal A-Zone as a separate floodplain district from
other, lower risk A classifications. FEMA recommends that cities apply V-zone standards in Coastal A-zones).
V-zone standards include: open foundations (pile or pier; elevation of lowest supporting structural member,
flood-resistant materials above first floor, specification of connections, such as bolts, below first floor.15
Wetlands or riparian buffers subject to perpetual easements that allow inundation are considered a separate
class of property under state law. Va Code § 58.1-3666.

16

Virginia law allows for eligible open space, forested, and agricultural land to be taxed based on the land's value
in use (use value) as opposed to the land's market value.

17

Comprehensive Economic Development Strategy (CEDS) Content Guidelines: Recommendations For Creating
An Impactful CEDS | U.S. Economic Development Administration". 2019. Eda.Gov. https://www.eda.gov/ceds/
content/economic-resilience.htm.

18

Hazard Mitigation Grant Program, Pre-Disaster Mitigation, Flood Mitigation Assistance, and Community
Development Block Grant Disaster Recovery funding

19

For example, the Virginia Cleanwater Revolving Fund administered by DEQ provides low-interest loans to
communities to fund acquisition of open space. (Va. Code § 62.1-229.3)

20

"Living Shoreline Facts". 2019. Oceanservice.Noaa.Gov. https://oceanservice.noaa.gov/facts/living-shoreline.
html.

21

"Living Shorelines". 2019. Vims.Edu. http://www.vims.edu/ccrm/outreach/living_shorelines/index.php.

22

Wetlands Zoning Ordinance: https://library.municode.com/va/virginia_beach/codes/code_of_
ordinances?nodeId=CO_APXAZOOR_ART14WEZOOR_S1402US; coastal Primary Sand Dune Zoning Ordinance:
https://library.municode.com/va/virginia_beach/codes/code_of_ordinances?nodeId=CO_APXAZOOR_
ART16COPRSADUZOOR

23

Living Shorelines Group 1 General Permit: http://mrc.virginia.gov/regulations/MRC_Scanned_Regs/Habitat/
FR1300_09-01-15.pdf; Living Shorelines Group 2 General Permit: http://mrc.virginia.gov/regulations/
MRC_Scanned_Regs/Habitat/FR1330_11-01-17.pdf; US Army Corps of Engineers Nationwide Permit 13 – Bank
Stabilization: https://www.nao.usace.army.mil/Portals/31/docs/regulatory/nationwidepermits/Nationwide_
Permit_13.pdf; US Army Corps of Engineers Nationwide Permit 54 – Living Shorelines: https://www.nao.usace.
army.mil/Portals/31/docs/regulatory/nationwidepermits/Nationwide%20Permit%2054.pdf

24

"LIS > Bill Tracking > SB282 > 2016 Session". 2016. Lis.Virginia.Gov. http://lis.virginia.gov/cgi-bin/legp604.
exe?161+sum+SB0282.

25

Va Code § 62.1-229.5. Localities may elect to participate in a state program that makes low-interest loans
available for living shorelines through the Virginia Clean Water Revolving Loan Fund. Va Code § 62.1-229.5.
Local governments may participate directly or may administer programs providing low-interest loans to
residents. Living Shorelines Loan Program Guidelines (April 2016), http://www.deq.virginia.gov/Portals/0/DEQ/
Water/ConstructionAssistanceProgram/Living%20Shorelines%20Loan%20Guidelines-FINAL.pdf. Localities must
adopt plans for administering loans provided directly to individuals based on state guidelines. See Local Plan
Guidelines (April 2016), http://www.deq.virginia.gov/Portals/0/DEQ/Water/ConstructionAssistanceProgram/
Local%20Plan%20Guideline. State Water Control Board has promulgated guidelines based on recommendations
from DEQ

26

"REGULATION: APPLYING FOR A GENERAL WETLANDS PERMIT TO ADDRESS CATASTROPHIC EROSIONAL
SITUATIONS". 1998. Mrc.Virginia.Gov. http://www.mrc.virginia.gov/regulations/fr345.shtm.
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