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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 high-

marsh 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-by-

cell 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.  
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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 



 

 

 

 Analysis of Marsh Response to Sea Level Rise  |  6  

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.   

USGS Hydrology digital line graph files 
(DLG), SSURGO County Soil data for 

Virginia Beach, and USGS 
Transportation DLG 

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

P15.pdf 

Southern  True Color, 1 meter, 2009 
National Agriculture Imagery 

Program (NAIP) 

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/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. 

  

https://www.fws.gov/wetlands/Data/SupMapInf/R05Y07P15.pdf
https://www.fws.gov/wetlands/Data/SupMapInf/R05Y07P15.pdf
https://www.fws.gov/wetlands/Data/SupMapInf/R05Y07P15.pdf
https://www.fws.gov/wetlands/Data/SupMapInf/R05Y12P10.pdf
https://www.fws.gov/wetlands/Data/SupMapInf/R05Y12P10.pdf
https://www.fws.gov/wetlands/Data/SupMapInf/R05Y12P10.pdf
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Table 2: NWI classes to SLAMM categories. 

SLAMM 
Code 

SLAMM Category NWI Description 

1 Developed Dry Land Upland and developed. SLAMM assumes developed land will be defended against 
SLR. 

2 Undeveloped Dry Land Upland and undeveloped. 

3 Non-tidal Swamp Palustrine forested and scrub shrub. 

4 Cypress Swamp Needle-leaved deciduous forest and scrub shrub. 

5 Inland Fresh Marsh Palustrine emergent and lacustrine and riverine non-persistent emergent. 

6 Tidal Fresh Marsh Riverine and palustrine freshwater tidal emergent. 

7 Transitional 
Marsh/Scrub Shrub 

Estuarine intertidal, scrub shrub and forested. 

8 Regularly Flooded 
Marsh (Salt Marsh) 

Estuarine and intertidal emergent. 

10 Estuarine Beach Estuarine intertidal unconsolidated shores. 

11 Tidal Flat Estuarine intertidal unconsolidated shore (mud or organic) and aquatic bed; marine 
intertidal aquatic bed. 

12 Ocean Beach Marine intertidal unconsolidated shore, mud or organic, low energy coastline. 

13 Ocean Flat Marine intertidal unconsolidated shore, mud or organic, low energy coastline. 

15 Inland Open Water Riverine, lacustrine, palustrine, unconsolidated bottom, and aquatic beds. 

16 Riverine Tidal Open 
Water 

Riverine tidal open water. 

17 Estuarine Open Water Estuarine subtidal. 

18 Tidal Creek Estuarine intertidal stream bed. 

19 Open Ocean Marine subtidal and marine intertidal aquatic bed and reef. 

20 Irregularly Flooded 
Marsh 

Irregularly flooded estuarine intertidal emergent marsh. 

22 Inland Shore Shoreline not pre-processed using tidal range elevations. 

23 Tidal Swamp 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 Salt Elevation 
 (m above MTL) 

Chesapeake Bay Bridge Tunnel 8638863 6/1/2013 – 4/30/2017 0.96 

Oregon Inlet Marina, NC 8639207 6/1/2013 – 5/31/2017 0.56 

Duck, NC 8651370 6/1/2013 – 5/31/2017 1.06 

Sewell’s Point, VA 8638610 6/1/2013 – 4/30/2017 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 site-

specific 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 elevation-

change 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 Accretion Rate 
(mm/yr) 

Source 

Irregularly Flooded 
Marsh  

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

Regularly Flooded 
Marsh  

3.7 

Tidal Fresh Marsh  5.5 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).  

Beach  0.5  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 Lynn- 
haven 

Small 
Coastal 

N&E 

Small 
Coastal 
West,  
Little 
Creek 

Elizabeth 
River 

Back Bay,  
North. 

Landing 
and North 

West 
Rivers 

Owls 
Creek -  
Rudee 
Inlet 

Small 
Coastal 
South 

NWI Photo Date 
(YYYY) 

2011 2000 2000 2000 2000 2009 2009 2009 

DEM Date (YYYY) 2013 2013 2013 2013 2013 2013 2013 2013 

Direction Offshore 
[N,S,E,W] 

East East East East East East East East 

Great Diurnal Tide 
Range (m) 

1.168 0.6 1 0.88 0.94 0.14 1.07 1.12 

Salt Elev. (m above 
MTL) 

1.06 0.76 0.96 0.96 0.93 0.57 0.56 1.06 

Marsh Erosion 
(horz. m /yr) 

0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

Swamp Erosion 
(horz. m/yr) 

0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

Tidal Flat Erosion 
(horz. m/yr) 

0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

Regularly Flooded 
Marsh Accretion 

(mm/yr) 

3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

Irregularly Flooded 
Marsh Accretion 

(mm/yr) 

3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 

Tidal-Fresh Marsh 
Accretion (mm/yr) 

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 Minimum Elevation Maximum Elevation 

Reg. Flooded Marsh MTL 120% of MHHW 

Estuarine Beach MLLW Salt Boundary 

Ocean Beach MLLW Salt Boundary 

Trans. Salt Marsh MHHW Salt Boundary 

Irreg. Flooded Marsh Average (MHHW, MTL) Salt Boundary 

Ocean Flat MLLW MTL 

Tidal Flat MLLW 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 cross-

sampling 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 0.4 

2015 0.5 

2020 0.7 

2025 0.8 

2030 1.0 

2035 1.1 

2040 1.3 

2045 1.5 

2050 1.7 

2055 2.0 

2060 2.2 

2065 2.5 

2070 2.7 

2075 3.0 

2080 3.3 

2085 3.6 

2090 3.9 

2095 4.2 

2100 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 Modification Justification 

Cypress Swamp Adjusted minimum 
elevation from the 

salt elevation to 0.5 
HTU. 

Cypress swamps can handle being semi-permanently flooded, so 
lowering the elevation boundary is appropriate (SLAMM 6.7 Technical 

Documentation) 

Regularly-Flooded 
Marsh (RFM) 

Adjusted minimum 
elevation from MTL 

to -0.3 HTU. 

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.  

Irregularly-Flooded 
Marsh (IFM) 

Adjusted minimum 
elevation from 0.5 
HTU to 0.25 HTU. 

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, NAVD88-

to-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 

 Non-tidal swamp 

 Cypress swamp 

 Inland fresh marsh 

 Tidal fresh marsh 

 Shrub/scrub 

 Salt marsh 

 Beach 

 Flat 

 Water 

 High marsh 

 Inland shore 

 Tidal swamp 

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.  

 

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.  

Simplified 

SLAMM 

Code

Description Base 2030 2045 2060 2075 Percent 

Change

 (Base to 2045)

Percent 

Change 

(Base to 2075)

1 Upland 106,550    105,305     104,039       102,277     99,609       -2.4% -6.5%

2 Non-tidal Swamp 15,974      14,953       14,283         13,416       12,289       -10.6% -23.1%

3 Cypress Swamp 56             53              32                19              10              -41.9% -82.8%

4 Inland Fresh Marsh 1,265        1,180         1,168           1,150         1,089         -7.6% -13.9%

5 Tidal Fresh Marsh 180           175            162              126            70              -10.3% -61.0%

6 Schrub/Scrub 5,338        6,694         7,499           7,767         7,734         40.5% 44.9%

7 Salt Marsh 7,843        8,313         6,801           6,440         4,111         -13.3% -47.6%

8 Beach 760           680            646              603            546            -15.1% -28.2%

9 Flat 2,714        909            2,939           3,487         5,359         8.3% 97.4%

10 Water 41,799      45,184       47,623         54,549       61,735       13.9% 47.7%

11 High Marsh 1,392        1,264         2,569           2,494         1,009         84.6% -27.5%

12 Inland Shore 875           871            864              845            817            -1.3% -6.6%

13 Tidal Swamp 11,187      10,354       7,308           2,761         1,557         -34.7% -86.1%
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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. 
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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.  
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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 sub-

sites. 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 sub-

sites.  

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 (2015-

2020) 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 

http://directives.sc.egov.usda.gov/17765.wba
http://directives.sc.egov.usda.gov/17765.wba
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs143_010838.pdf


 

 

 

 Analysis of Marsh Response to Sea Level Rise  |  37  

(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).  

 

http://www.habitat.noaa.gov/restoration/techniques/lsimplementation.html
http://www.habitat.noaa.gov/restoration/techniques/lsimplementation.html
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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 

SLAMM Description Simplified 
SLAMM 

Code 

Simplified 
SLAMM 

Description 

NLCD 
Code 

NLCD Description 

1 Developed Dry Land 
(upland) 

1 Upland 22 High Intensity Residential 

2 Undeveloped Dry 
Land (upland) 

1 Upland 21 Low Intensity Residential 

3 Non-tidal Swamp 2 Non-tidal 
Swamp 

90 Woody Wetlands 

4 Cypress Swamp 3 Cypress 
Swamp 

90 Woody Wetlands 

5 Inland Fresh Marsh 4 Inland Fresh 
Marsh 

95 Emergent Herbaceous 
Wetlands 

6 Tidal Fresh Marsh 5 Tidal Fresh 
Marsh 

95 Emergent Herbaceous 
Wetlands 

7 Shrub/Scrub 6 Shrub/Scrub 52 Shrub/Scrub 

8 Salt Marsh (regularly 
flooded) 

7 Low Salt 
Marsh  

95 Emergent Herbaceous 
Wetlands 

10 Estuarine Beach 8 Beach 31 Bare Rock/Sand/Clay 

11 Tidal Flat 9 Flat 31 Bare Rock/Sand/Clay 

12 Ocean Beach 10 Beach 31 Bare Rock/Sand/Clay 

13 Ocean Flat 10 Flat 31 Bare Rock/Sand/Clay 

15 Inland Open Water 10 Water 11 Open Water 

16 Riverine Tidal Open 
Water 

10 Water 11 Open Water 

17 Estuarine Open Water 10 Water 11 Open Water 

18 Tidal Creek 10 Water 11 Open Water 

19 Open Ocean 10 Water 11 Open Water 

20 Irregularly Flooded 
Marsh 

11 High Marsh 95 Emergent Herbaceous 
Wetlands 

22 Inland Shore  12 Inland 
Shore 

31 Bare Rock/Sand/Clay 

23 Tidal Swamp 13 Tidal 
Swamp 

90 Woody Wetlands 
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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 Base 2030 2045 2060 2075 Percent 

Change

(Base to 2045)

Percent 

Change

(Base to 2075)

Beach 5 4 4 4 4 -26% -11%

Cypress Swamp 46 44 23 10 1 -50% -99%

Flat 2,501 801 2,781 3,321 5,049 11% 102%

High Intensity Residential 0 0 0 0 0 0% 0%

High Marsh 593 521 1,906 1,964 702 222% 18%

Inland Fresh Marsh 1,086 1,001 989 972 912 -9% -16%

Inland Shore 719 715 708 690 661 -2% -8%

Non-tidal Swamp 12,128 11,329 10,780 10,045 9,134 -11% -25%

Salt Marsh 7,691 8,004 6,512 6,011 3,439 -15% -55%

Shrub/Scrub 4,938 6,250 6,949 7,175 7,098 41% 44%

Tidal Fresh Marsh 148 144 131 98 48 -11% -68%

Tidal Swamp 10,901 10,071 7,037 2,522 1,348 -35% -88%

Upland 55,189 54,047 52,912 51,330 48,995 -4% -11%

Water 33,870 36,885 39,085 45,674 52,423 15% 55%

Beach 0 0 0 0 0 0% 0%

Cypress Swamp 0 0 0 0 0 0% 0%

Flat 20 14 13 6 35 -34% 74%

High Marsh 149 143 131 104 51 -12% -66%

Inland Fresh Marsh 5 5 5 5 5 0% 0%

Inland Shore 36 36 36 36 35 0% -1%

Non-tidal Swamp 301 301 301 301 301 0% 0%

Salt Marsh 18 36 37 59 98 101% 437%

Shrub/Scrub 39 20 29 44 58 -27% 47%

Tidal Fresh Marsh 1 1 1 1 1 0% 0%

Tidal Swamp 22 22 21 20 18 -4% -19%

Upland 8,099 8,086 8,067 8,041 7,999 0% -1%

Water 572 599 621 646 662 9% 16%

Beach 292 218 190 156 114 -35% -61%

Cypress Swamp 2 1 1 1 1 -14% -45%

Flat 180 90 135 147 249 -25% 38%

High Marsh 637 589 521 416 249 -18% -61%

Inland Fresh Marsh 132 132 132 131 129 0% -2%

Inland Shore 105 105 105 105 105 0% -1%

Non-tidal Swamp 3,072 2,849 2,729 2,598 2,387 -11% -22%

Salt Marsh 70 194 181 306 513 159% 633%

Shrub/Scrub 335 411 506 528 529 51% 58%

Tidal Fresh Marsh 28 27 26 24 18 -6% -33%

Tidal Swamp 238 235 225 195 168 -5% -29%

Upland 30,172 30,090 29,987 29,848 29,605 -1% -2%

Water 5,908 6,229 6,431 6,716 7,101 9% 20%

Back Bay/N Landing River

Elizabeth River

Lynnhaven
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Table B1, continued:  

 

  

Marsh Type by Subsite Base 2030 2045 2060 2075 Percent 

Change

(Base to 2045)

Percent 

Change

(Base to 2075)

Beach 292 218 190 156 114 -35% -61%

Cypress Swamp 2 1 1 1 1 -14% -45%

Flat 180 90 135 147 249 -25% 38%

High Marsh 637 589 521 416 249 -18% -61%

Inland Fresh Marsh 132 132 132 131 129 0% -2%

Inland Shore 105 105 105 105 105 0% -1%

Non-tidal Swamp 3,072 2,849 2,729 2,598 2,387 -11% -22%

Salt Marsh 70 194 181 306 513 159% 633%

Shrub/Scrub 335 411 506 528 529 51% 58%

Tidal Fresh Marsh 28 27 26 24 18 -6% -33%

Tidal Swamp 238 235 225 195 168 -5% -29%

Upland 30,172 30,090 29,987 29,848 29,605 -1% -2%

Water 5,908 6,229 6,431 6,716 7,101 9% 20%

Beach 31 30 29 28 27 -7% -13%

Cypress Swamp 0 0 0 0 0 0% 0%

Flat 8 2 5 9 14 -31% 82%

High Marsh 0 0 0 0 0 0% 0%

Inland Fresh Marsh 12 12 12 12 12 0% 0%

Inland Shore 6 6 6 6 6 0% -1%

Non-tidal Swamp 314 314 314 314 314 0% 0%

Rudee Inlet/Ow's Creek 257 260 268 280 297 4% 16%

Salt Marsh 42 47 42 34 23 1% -45%

Shrub/Scrub 6 1 0 1 2 -92% -74%

Tidal Fresh Marsh 2 2 2 1 1 -1% -23%

Tidal Swamp 3 3 3 3 3 0% -1%

Upland 2,311 2,308 2,305 2,301 2,295 0% -1%

Water 209 219 225 235 248 8% 18%

Lynnhaven

Rudee Inlet/Owl's Creek
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Table B1, continued:  

 

  

Marsh Type by Subsite Base 2030 2045 2060 2075 Percent 

Change

(Base to 2045)

Percent 

Change

(Base to 2075)

Beach 186 184 182 180 179 -2% -4%

Cypress Swamp 0 0 0 0 0 0% 0%

Flat 0 0 0 0 0 33% 67%

High Marsh 0 0 0 0 0 0% 0%

Inland Fresh Marsh 5 5 5 5 5 0% 0%

Inland Shore 0 0 0 0 0 0% 0%

Non-tidal Swamp 30 30 30 30 29 0% 0%

Salt Marsh 0 0 0 0 0 0% 0%

Shrub/Scrub 0 0 0 0 0 38% 113%

Tidal Fresh Marsh 0 0 0 0 0 0% 0%

Tidal Swamp 0 0 0 0 0 0% 0%

Upland 1,865 1,865 1,865 1,865 1,865 0% 0%

Water 45 47 49 51 53 8% 16%

Beach 172 171 170 166 157 -2% -9%

Cypress Swamp 0 0 0 0 0 0% 0%

Flat 0 0 1 1 2 333% 592%

High Marsh 0 0 0 0 0 0% 0%

Inland Fresh Marsh 23 23 23 23 23 0% 0%

Inland Shore 0 0 0 0 0 0% 0%

Non-tidal Swamp 25 25 25 25 25 0% -1%

Salt Marsh 1 5 5 5 9 480% 978%

Shrub/Scrub 7 3 4 5 4 -44% -39%

Tidal Fresh Marsh 0 0 0 0 0 0% 0%

Tidal Swamp 1 1 1 1 1 0% 0%

Upland 1,077 1,076 1,074 1,070 1,065 0% -1%

Water 28 29 32 37 48 14% 73%

Small Coastal S

Small Coastal N & E
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Table B1, continued:  

Marsh Type by Subsite Base 2030 2045 2060 2075 Percent 

Change

(Base to 2045)

Percent 

Change

(Base to 2075)

Beach 63 61 60 58 56 -4% -10%

Cypress Swamp 8 8 8 8 8 0% 0%

Flat 5 2 3 2 9 -25% 94%

High Marsh 12 11 10 9 6 -12% -47%

Inland Fresh Marsh 3 3 3 3 3 0% -1%

Inland Shore 9 9 9 9 9 0% 0%

Non-tidal Swamp 104 104 103 103 98 0% -5%

Salt Marsh 21 24 24 24 28 12% 35%

Shrub/Scrub 11 9 10 13 43 -9% 289%

Tidal Fresh Marsh 2 2 2 2 2 0% 0%

Tidal Swamp 23 22 22 21 19 -2% -14%

Upland 7,821 7,817 7,813 7,807 7,770 0% -1%

Water 1,160 1,167 1,173 1,181 1,188 1% 2%

Small Coastal W/Little Creek
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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 

Change

(Base to 2045)

Percent 

Change

(Base to 2075)

11 Open Water
41,799      45,184       47,623         54,549       61,735       13.9% 47.7%

21 Low Intensity 

Residential 69,854      68,609       67,343         65,581       62,913       -3.6% -9.9%

22 High Intensity 

Residential 36,696      36,696       36,696         36,696       36,696       0.0% 0.0%

31 Bare Rock/Sand/Clay
4,349        2,460         4,449           4,935         6,722         2.3% 54.5%

52 Shrub/Scrub
5,338        6,694         7,499           7,767         7,734         40.5% 44.9%

90 Woody Wetlands
27,216      25,358       21,622         16,196       13,855       -20.6% -49.1%

95 Emergent Herbaceous 

Wetlands 10,681      10,933       10,702         10,210       6,279         0.2% -41.2%
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Table C2: Acres at each time horizon for the NLCD classification scheme. Results shown for study sub-sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

NLDC 

Code

Description Sub-Site Base 2030 2045 2060 2075 Percent 

Change

(Base to 2045)

Percent 

Change

(Base to 2075)

Back Bay/N Landing River 33,870.2   36,885.3   39,084.6   45,674.3   52,423.2   15.4% 54.8%

Lynnhaven 5,908.0     6,229.4     6,430.8     6,716.5     7,101.4     8.8% 20.2%

Rudee Inlet/Ow's Creek 209.5         219.2         225.4         234.6         247.6         7.6% 18.2%

Small Coastal N & E 45.3           47.3           48.8           50.6           52.5           7.8% 16.0%

Small Coastal S 27.8           29.4           31.8           37.0           48.0           14.3% 72.5%

Small Coastal W/Little Creek 1,160.0     1,167.3     1,172.8     1,180.9     1,188.5     1.1% 2.5%

Elizabeth River 571.7         598.5         621.2         645.8         661.5         8.7% 15.7%

Back Bay/N Landing River 43,277.1   42,135.2   40,999.9   39,417.8   37,082.6   -5.3% -14.3%

Lynnhaven 16,506.2   16,424.1   16,321.5   16,182.1   15,939.2   -1.1% -3.4%

Rudee Inlet/Ow's Creek 1,176.0     1,172.8     1,169.9     1,165.6     1,160.0     -0.5% -1.4%

Small Coastal N & E 882.9         882.8         882.6         882.4         882.3         0.0% -0.1%

Small Coastal S 847.1         845.7         844.2         840.1         835.2         -0.3% -1.4%

Small Coastal W/Little Creek 3,698.2     3,694.5     3,690.1     3,684.5     3,647.4     -0.2% -1.4%

Elizabeth River 3,462.3     3,449.6     3,430.7     3,404.3     3,362.8     -0.9% -2.9%

Back Bay/N Landing River 3,224.8     1,519.8     3,492.3     4,014.6     5,715.2     8.3% 77.2%

Lynnhaven 577.5         413.2         429.6         408.3         468.5         -25.6% -18.9%

Rudee Inlet/Ow's Creek 44.5           38.0           39.9           42.2           46.5           -10.2% 4.6%

Small Coastal N & E 185.6         183.7         182.2         180.5         178.7         -1.8% -3.8%

Small Coastal S 172.6         171.3         170.6         167.0         159.0         -1.2% -7.9%

Small Coastal W/Little Creek 76.4           72.8           72.7           69.3           74.3           -4.8% -2.9%

Elizabeth River 55.4           49.3           48.7           41.5           69.9           -12.1% 26.2%

Back Bay/N Landing River 4,938.2     6,249.7     6,948.7     7,174.9     7,098.1     40.7% 43.7%

Lynnhaven 334.5         411.5         506.3         528.0         529.1         51.4% 58.2%

Rudee Inlet/Ow's Creek 6.0             0.6             0.5             1.2             1.6             -91.7% -73.8%

Small Coastal N & E 0.2             0.0             0.2             0.2             0.4             37.5% 112.5%

Small Coastal S 6.7             3.2             3.7             5.4             4.1             -43.8% -38.8%

Small Coastal W/Little Creek 11.0           8.6             10.0           12.9           42.6           -8.7% 288.7%

Elizabeth River 39.3           20.1           28.8           43.7           57.8           -26.6% 47.2%

Back Bay/N Landing River 23,075.3   21,443.8   17,839.3   12,577.1   10,483.3   -22.7% -54.6%

Lynnhaven 3,309.5     3,083.9     2,954.5     2,792.4     2,555.1     -10.7% -22.8%

Rudee Inlet/Ow's Creek 317.3         317.3         317.3         317.2         316.7         0.0% -0.2%

Small Coastal N & E 29.5           29.5           29.5           29.5           29.5           0.0% -0.3%

Small Coastal S 26.2           26.2           26.1           26.1           26.0           -0.2% -0.6%

Small Coastal W/Little Creek 134.6         134.2         133.5         132.3         125.9         -0.8% -6.4%

Elizabeth River 323.2         322.9         322.2         321.0         318.7         -0.3% -1.4%

Back Bay/N Landing River 9,518.0     9,669.8     9,538.8     9,044.8     5,101.0     0.2% -46.4%

Lynnhaven 868.2         941.8         861.1         876.7         910.7         -0.8% 4.9%

Rudee Inlet/Ow's Creek 54.8           60.2           55.1           47.2           35.7           0.5% -35.0%

Small Coastal N & E 4.5             4.7             4.6             4.7             4.7             1.8% 3.7%

Small Coastal S 23.6           28.1           27.6           28.3           31.7           16.8% 34.2%

Small Coastal W/Little Creek 38.4           41.3           39.5           38.8           40.1           2.7% 4.3%

Elizabeth River 173.4         184.8         173.6         169.0         154.6         0.1% -10.9%

11 Open Water

21 Low Intensity 

Residential

95 Emergent 

Herbaceous 

Wetlands

31 Rock/Sand/Mu
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90 Woody 
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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. 

 

  

http://128.104.224.198/wetlands.aspx


 

 

 

 Analysis of Marsh Response to Sea Level Rise  |  52  

Table D1: CCAP to SLAMM re-classifications.  

Value Class Name SLAMM Code  

0 Unclassified NoData 

2 High Intensity Developed  1 

3 Medium Intensity Developed 1 

4 Low Intensity Developed 1 

5 Developed Open Space 1 

6 Cultivated Crops 1 

7 Pasture/Hay 1 

8 Grassland/Herbaceous 2 

9 Deciduous Forest 2 

10 Evergreen Forest 2 

11 Mixed Forest 2 

12 Scrub/Shrub 2 

13 Palustrine Forested Wetland 2 

14 Palustrine Scrub/Shrub Wetland 2 

15 Palustrine Emergent Wetland 2 

16 Estuarine Forested Wetland 2 

17 Estuarine Scrub/Shrub Wetland 2 

18 Estuarine Emergent Wetland 2 

19 Unconsolidated Shore 2 

20 Bare Land 2 

21 Water NoData 

22 Palustrine Aquatic Bed  2 
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