NUMERICAL MODELING OF COASTAL INUNDATION AND SEDIMENTATION BY STORM
SURGE, TIDES, AND WAVES AT NORFOLK, VIRGINIA, USA
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A nearshore hydrodynamic and sediment transport modsldeveloped to simulate syntbettorms with design

SLR scenarios surrounding the military installations in Norfolk, Virginia. Foreseeable risk and effect of storm surge
damage accompanied by waves, tides, and Sea Level Rise (SLR) were examined. The final results include the
evaluationof impacts for five SLR (0.0, 0.5, 1.0, 1.5, and 2.0 m) and three storm conditio®s, (BQOyr return

tropical storms, and a winter storm). Associated with the storm surge and >@&fRsiee inundation will occur at the

Naval Station Norfolk,approximaely 70-80% of the Naval Station Norfolk under them? SLR scenarioThe
calculated morphology changes indicate that the sediment movement mostly occurs in the navigation channels and
the maximum depth changes are more thamBdlong the channels. Thed volume changes show that the storms
induce a net volume loss within the channel area, an indication of channel flushing in trerstudy
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INTRODUCTION

Global ®a level rise, combined with frequent coastal storms, can cause increased damage to coastal
infrastructures, continuous coastal erosion, and rapid shoreline change (McLean et al. 2001).
Recognizingthe climate change and sea level rigweats to coastalresidents anctoastalmilitary
facilities, the US Strategic Environmental Research and Development Program (SERDP) funds a
research initiativeo develop technologies in quantitative risk assessmapdtto provide decision
makers with relevat guidance regarding existing and future coastal infrastructure development

Naval Station Norfolk, Virginia, is selected as a demonstration site for the risk assessmemt study
nearshore hydrodynamic and sediment transport model was developed tdessyntlaetic storms with
design SLR scenariaandto understand the effects of sea level rise and coastal storms on changes in
both installations and natursystems.

METHOD

The Coastal Modeling System (CMS) was selected and applied to the presenfTeeIdyMS,
developed by the Coastal Inlets Research Program (CIRP) at the Coastal and Hydraulics Laboratory
(http://cirp.usace.army.jilis an integrated suite of numerical models for simulativager surface
elevdion, current, waves, sediment transport, and morphology cifangeastal and inlet applications.

It has the capabilities of identifying water bottom and land surface erosion and accretion areas in
extreme stormsThe CMSconsists of a hydrodynsic mode] CMS-Flow, and aspectralwave model,
CMS-Wave. CMSFlow and CMSWave are coupled and operated through a Steering Module
developed within the Surfasgater Modeling System (SMSX{ndel 2008.

CMS-Flow is a threadimensional (3D) finitevolume model thasolves the mass conservation and
shallowwater momentum equations of water motion on aungiform Cartesian grid. Three sediment
transport formulations are available: a sediment mass balance, an equilibrium aeliciston
method, and noeequilibrium advectiondiffusion transport. The model can run in a fdimensional
(2D) mode based on the deptiegrated continuity equation. The wave radiation stress and fieidve
information calculated by CM®/ave are supplied to CMEBlow for the flow and sedimet transport
calculations. Currentsyater level and morphologghangs arefeedingto CMSWave to increase the
accuracy of the wave transformation predictions (Buttolph et al. 260§)ré J).
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Figure 1. The CMS operational flow chart.

CMS-Wave is atwo-dimensionalspectral wave transformation model that solves the stetady
waveaction balance and diffraction equation on a-naifiorm Cartesian gridLin et al. 2008).The
model can simulate important wave processes at coastal inlets includimgctidh, refraction,
reflection, wave breaking and dissipation mechanisms, wawe and wawveurrent interactions, and
wave generation and growtlt is a fullplane model with primary waves propagatifigm open
boundaries toward inside domaii the rdlection option is selecteftom one open boundar&MS-
Wave will perform a kackward marching for the boundargflection after the forwardingrarching
calculation is completed. The fundamental wave diffraction process is theoretically developed and
calcubted in the wavaction balance equation (Mase 200ddditional model features include the grid
nesting capability, variable rectangle cells, wave-upnon beach face, wave transmission through
structures, wave overtopping, and storm wave generdfigarg 1).

Figure 2 shows the modeling framework of the studiyderdifferentsea level rise scenaridise
first assessments are conducted at a regional scale, including geomorphologic, environmental, and
regional surge and wave simulatiofthe nearshore awes, current, surge, and sedimeaahnsport
model receives waves, surge, and wind conditions from the regional storm surge anuoslate
ADCIRC (Melby et al. 2005) and SWANitp://www.swan.tudelf).nLocal water levels (surge and
tides), waves, currents, sediment transpanid morphology changese extracted and transferred to
Gridded Surface/Subsurface Hydrologic AnalysBSSEGHA Model (Downer and Ogden, 20p4nd
gtructure analysis model (ISS3D and HAZUS-MH MR-4) (Slawson and Brokaw 1995
http://www.fema.gov/plan/prevent/hdyus
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Figure 2. Modeling framework for risk assessment of the Naval Station Norfolk under four sea level rise
scenarios. The red frame indicates the CMS effort.

Based o extensive literature review, the sea level rise scenarios are designed as 0 (existing
condition), 0.5, 1.0, 1.5, and 2 m over a 100 year period between 2000 and 2100. The selection of
storms includes two synttie hurricanes (tropical) with a 5¢ear and a 10§ear return period, and one
winter storm (extratropical) occurred in Obtry 1982. There are a total db §imulations conducted
and each simulation is tsap for a fourday durationcoveing a 12hour ranping of transitionfrom
normal to storm condition, and the passage sibam.

DATA

A collection of detail coastline informatioaccurate topographic da@ndland surface features
the Hampton Roads area are requitedet up amallscale high-relution storm surge and sediment
transport modefor the Naval Station Norfolk

Coastline informatioraround the Naval Station Norfolk and the Hampton Roads area, Virginia,
was extracted for this study frothe shoreline database tife National Geophysit Data Center
(NGDC) of NOAA (http://www.ngdc.noaa.gov/mga/shorelines/shojeliftes aerial photographs vee
downloaded from GooglearthPro 5.1(http://earth.google.com

LIDAR network provides the land detail topography in the Naval Station Norfolk. The data ata 1
m resolution allow the CMS to describe local land features, such as buildings, roads, airport, and other
infrastructures in the amse Topographic information of other land areas and bathymetry for the water
domain were provided by a 48 resolution coastal Digital Elevation Model (DEM) of Virginia Beach
(Taylor et al. 2008). Figurgd shows water depth and land surface topography sm)teelative to mean
sea level (MSL), from the two datets. The figure displays the dedyaft Hampton Roads navigation
channelrunning across north of the domaime Norfolk Harbor entrance channel, and a few small
channels to the military piers on tiMaval Station water front. The data ranges from the highest
elevation of more than 10 m on land (negative values) to more than 30 m in the navigation channel
(positive values)The red color in the lower left corner indicates the Craney Idlmedged Magrial
Management Area. The dikes built surrounding the area have a height of about 12 i &bove



http://www.ngdc.noaa.gov/mgg/shorelines/shorelines
http://earth.google.com/

Figure 3. Topographic map of the study area. The blue line outlines the Naval Station Norfolk.

The land coverage data reflect detail land features irNidneal Station Norfolk. Figure 4 shows
different land coverages of grass, forest, concrete, and dirt road. Based on these data, sediment grain
size, erodibility, and bottom friction we specified in the CMS (Tablg.1Because the Naval Station
Norfolk ard its surrounding area are largely covered by concrete surface and buildings, a large part of
land surface was specified as renodible. A median grain size of20mm was specified for the ocean
part of the study domain
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Figure 4. Land coverage (5x5 m) at the Naval Station Norfolk.

Table 1. Specifications of land erodibility and sediment grain
size in the CMS based on land coverage data.

Land Coverage Erodibility Grain Size (mm)
Grass None N/A
Forest Limited 0.3
Building None N/A
Paved Road None N/A
Dirt Road Limited 0.5
Parking Lot None N/A
Pier N/A N/A




Forcing b drive the model includes tide, surge, wind and waves. ThHenagmodel provides
syntheticstorms with 56year and 10§ear return periods and a winter storm (northeasteuyks
Copes and Russo, 201 Figures 5and 6 show wind and wave conditions associated with theya&0
return storm, respectively. The wind plots indicate that the tropical storm passing over the study area
has a peak speed of 33 m/sec (74 miles/hour). St@vwesvare propagating from the Chesapeake Bay
side with a wave period of 16 sec and a peak wave height greater than 4 m. Tidal data at Sewells Point,
VA, are available on the NOAA websitbttp://tidesandcurrg@s.noaa.gov Fourday water surface
elevationwas downloaded during a spring tidal period and incorporated into the surge efntise&®
level rise scenario for the CMS. The combination of the surge and the spring tide increased the
maximum water surfacelevation by more than half meters (Figdje
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Figure 5. Wind speed and direction of the 100-year return storm.
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Figure 6. Wave parameters of the 100-year return storm under the existing condition and four sea level rise

scenarios.
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Figure 7. Surge, 2 m sea level rise, and tide at NOAA GAGE 8638610 (SEWELLS POINT, VA).

Sustained sea level rise will inundate land and create new wetland areas along coastal regions. To
accurately calculataearshorénydrodynamics, storm surge models ought to repreakergffects of sea
level rise bya change invegetation typeswith correspondingadjustments in bottom frictional
roughnesgMcAlpin et al. 201). Consistent with the regional surge and wave model, the CMS employs
four sets of bot t ovalues)doufgunsealsvel rise ddenarios. Foge&asnple, in the
2m sea | evel ri se scen arnof0.07 ifspearitied for watgr covesed areaa | |
and increases to as large as 0.15 on concrete covered land areas.
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MODEL
Figure 9shows the CMS domain surrounditize Naval Station NorfolkThe areacovers the

mouths of the James River and the Elizabeth River, and the part of the lower Chesapeake Bay in the
Hampton Roads, and extends approximatelkr@Ofrom east to west and 24 km from north to south

The western open boundary is located in the mouths of the rivers and the northern and eastern open
boundary in the Chesapeake Baynonuniform rectangular g systemwith more than half million

grid cells was created to discretize the entire installation and the nearshore Tégiagrid system

permits much finer resolution (10 m) in areas of high interest such as the Naval Station Norfolk. The
mesh of the egional model, also shown in Figure 9, has been coupled with the CMS through data

mapping.
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Figure 9. The CMS domain. White dots are time series stations in the Hampton Roads navigation channel
(S1), near Naval Piers (S2), and on land (S3). Bed volume change is examined within the red polygon area.

CMS-Flow is drivenby offshore water surface elevation (typically from tide and storm surge),
wind, waves, andiver discharge. CMS8Vave is driven by wave spectra and wind, which @ften
obtained from offsha ocean buoys. In the dynamic coupling CM@&ve passes wave radiation stress
to CMSFlow and receives information of current, water surface elevation, and morphology change
from CMS-Flow.

The CMS simulationsvere set up and conducted using the resultgdbam the regional storm
analysis. The local wind speed and direction as input to @8 provided by thatorm analysis and
wave parameterBom SWAN (Figures 5 and 6)Surge information waeetrieved from the large scale
regionalmodel outputand tide @ta were obtained from the NOAA gage at Sewells Point, Mfe
combination of the two datasets provided thatew surface elevatioforcing along the CMS open
boundariegFigure 7). The bottom friction of the CMS was based on the bottom roughness indfarmati
provided by the regional model for different sea level rise scen&iwssediment transport, the grain
size distributims of bottom sediment and land erodibiliyere determined from the detail land
coverage features and wenput to the CMS.

RESULTS

Storm Surge

Figure10 shows the maximumwater surface elevations undie existing condition andhe 2m
sea level rise scenarios for the 3#ar return stornoverthe period of the fouday simulations. Land
areas bhesides rivers are quite flat eamtll elevation is generally 2 m above MSL in the installation area
with higher land at the east of Norfolk. Even for the existing condition, most of the installation area
could be undethe maximum surge level duringstéorm. The high land area east of taval Station
stays above the maximum surge level under tine £a level rise scenario. Another dry area is the
Craney Island where the 42 dikes built surrounding it are protecting the area from the most severe
storm and the highest sea level rise sdena
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Figure 10. The maximum water surface elevation due to the 100-year return tropical storm under the existing
condition and the 2.0-m sea level rise scenario.

Time seriesof water surface elevations amealyzed at Sites1$S2 andS3 (Figure 9)Jocated at
the main Hampton Road channel, a small chanaatl on land in the Naval Station Norfglk
respectively.Figurell illustratesthe @lculatd water surface elevationsthe three locationfor the
existing condtion and four sea level rise sceiarover thel00year return storm periodridal and
surge signals at Sites 1 anct@ncide with tidal forcing implemented at the model open batesl
Water piles up nearshore as tidal waves propagate from opentwdhe harbor area. Figure 8dows
that the surge level at Site 2 is generally higher than Site 1 and the difference can be as large as 0.5 m.
A different inundation picture is shown at Site 3. The regular tidal condition would not flood the
installation area for the existing condition, thé&m, and 1.6m sea level rise cases, but would for the
1.5m and the 2.0n sea level rise cases. The storm surge would raise the peak water level to 3.6 m
under the existing condition and to 5.4 m under then2 €ea level rise scenario. The passagthef
storm will generate high surge levels and inundate the Naval Station Norfolk under the existing
condition and four sea level rise scenarios.
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Figure 11. Water surface elevation of 100-year return tropical storm under the existing condition (0 m) and
the four sea level rise scenarios at Sites 1, 2, and 3.



