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ABSTRACT

This study is aimed at better understanding storm surges and aésgoci
flooding at Delaware Bay coastal regions, considering present day sea levels and
future sea level rise. To simulate realistic storm surges we employ a nested regional
hydrodynamic modeling approach. An established regional model (RM) for the
DelawareBay and its adjacent coastal shelf is first forced at its lateral boundaries with
realistic water levels and depth averaged currents. Imposing this remote forcing in the
RM is critical for accurately modeling the timing and magnitude of the storm surge.
Then we use water levels and currents from the RM to drive a high resolution local
model, with horizontal resolution down to 10 m, for a region close to Bowers,
Delaware, that is susceptible to coastal flooding. As a test case we apply this modeling
framewok for Hurricane Sandy (2012). To investigate the influence of sea level rise
on future storm surge events, we consider three different sea level rise scenarios
assuming preseqttay bathymetry and topography. To analyze the impact of a storm
surge like thegenerated by Hurricane Sandy, we added the sea level rise suggested in
each scenario to the mean sea level of our simulation. The wind forcing was the same
in all scenarios. These scenarios showed ¢liah a SLR of 0.5 could turn South
Bowers into a tidlly inundated area with the rest of the town being very susceptible to
storm surges, while in the worst case scenario, a part of the town would be
permanently undewaterand the rest of it would be inundated daily, forcing the whole

town tobe moved

XVi



Chapter 1

INTRODUCTION

Storm surges and coastal flooding pose severe coastal hahadesstanding
them is of great i mportance fFaturesaaleeel pr ot e c
is projected taise, but the impact of sea level rise on storm surges aastal
flooding are uncertainfo improve our understanding ofundationprocesses due to
storms we propose to A3imulate a realistic storm surge inside Delaware Bay,
analyze theoastal inundation process in a selected region and C) analyze how

posgble sea level rise scenarios would impthettregion.

1.1 Delaware Bay Description

Delaware Bay is an area of regional key importance both economically and
ecologically.lts waters allow access to Port of Philadelphia, Port of Wilmington, Port
of Camden ath Port of Chester, respectively the 19th, 21th, 27th and 28th busiest U.S.
ports by container volume in 2012, handling approximately 560.000 twieoty
equivalent unit§TEU) altogether (USACE 2014approximately 85% of all oll
shipped to the east coadtthe USA pass through Delaware Bay and the ports of
Delaware River rank #1 in perishables and #3 in steel imports in theltiSAlso

one of 14 strategic ports in the UGasttransporting military supplies and



equipment by vessels to support troogerseagPhiladelphia Port Brochuy@008
U.S. Department of Transportatiddaritime Administration2005.

Ecologically, the area i@n importanstopover and wintering habitat fargreat
number of migrating birds, with so many as 200.000 arrivirghmsingle day (Clark
et al., 1993Baker et al., 2004 It is alsothehome of the greatest horseshoe crab
spawning event in the world when tens of thousands of horseshoe crabs lay their eggs
on its beachesThis event attracts many different bird specighich come to the
region to feed on the eg@Berkson and Shuster, Ir999.

Delaware Bay is the drowned river valley of the Delaware River, a coastal
plain which stretches 210 km till its mouth and has a water surface area of 2070 km
Outside of Delware Bay, the continental shelf has a width around 130 Kmaslta
total mean freshwater discharge estimated to be about $8€ayfrom which 58%
comes from Delaware Rivéself, and 14% comes from Schuylkill River (Glibert et
al. 2010).As any other castal area, the Bay is subject to changes in its coastline due
to natural processes like erosion and accretion, or due to human actirhiiépg,

1986. Sea Level Rise also play a whole in this and might cause the drowning of
marsh banks§chwimmer &Pizzutq 2000);

Oceanographically, the bay is described as weakly stratified and well mixed
with greater density variability on the lateral axis than on the ver8pahgfreshes
caused by the ice melting during spring casult in moderatstratification which
persists for B weeks betweelate February and Aprisometimes also affecting the
summer month§Glibert et al. 2010Garvine, 1991 Along the nain axis of the bay,
the salinity decreases almost linearly from Delaware River towards the (@a&rvine

et al., 1992 However the salinitydistribution isnot homogeneous laterally: Wong



and Mudnchow (1995) show the existence of two branches of less saline water in the
shallow regions on both side of the bay being separated by a saltier water in
middle of the bay.

The currents inside the Bay are mainly forced by the tddgsboth the winds
and the discharge of fresh water playing a smaller role in the prd¢essater
leaving the bay turnanti-cyclonicallyand flows southforming the Dé&aware Coastal
Current(Munchow and Garvine, 1993)

Garvine efal. (1992)describedow increased tidal currents on the inner shelf
generate enhanced tidal amplitudes inside the bay. The tides can generate currents of
70-80cm/s in and out to the Bay. Aaabng toNational Oceanic and Atmospheric
Administration NOAA) Tides and Current®016) the main tidal components

derived from Lewes station are:
1 M2 (Principal Lunar Semidiurnal), withmplitude of 0.62n;
1 N2 (Larger Lunar Elliptic Semidiurnal) witkimplitude of 0.13m;

1 S2 (Principal Solar Semidiurnal) and K1 (Lunar Diurnal) vaith
amplitudeof 0.10m each.

Thedirection of thepredominant wind over the Bay oscillagasonally
comingfrom Southduring ssammer,Northwest during autummorth-Northwest
during winter, andsouthwest during spring\veragewind speedsre around 4.#/s,
with higher values during wintéaround 5.5m/s) andsmaller onesluring summer
(around 3./M/s).Inside the bayhe dominansoutherly winds observed offshore
rotatecounterclockwisealigning with the axis of the water body (Hughes and Veron,

2015).



1.2 Bowers-DE

Inside Delaware Bay, the focus of this work willineghe townof Bowers
sometimes also called Bowers Bealctated in Kent County, Delaware. According to
the Census of Population and Housing (available from
http://lwww.census.gov/prod/www/decennial.httfi¢ population in 2010 was 885
people and it covers an area of 0.3 square miles. It is encircled by SaintRiveng
the north Murderkill Riverin the southand Delaware Bay in the eaBtguresl-1
shows the location of Delaware Bay and Bowers within it, while Fiixrés a
satellite image showing the outline of Bawend South Bowers and also the two

rivers around it. Both images obtained from Godg@L5.

P ntiadon 22 1 ] = w
v @w {55
IRaypbiy Lebanon Reading Princeton
Harrisburg .
5 Carlisle @ Hershey Tregton
King of ' see g
= @ \2Z2) = Prussia . &P @ 1954
181 ., Lancaster L76] B> Brick
_. Chambersburg 4 Youk Phlla%elpma Toms River
Cherry Hill
Har A 3]
@ — _ Wilmington
o Newark  ©
s @
w Bel Air Elkton
Martinsburg S Vineland
(eCenc! &5 Towson
% s @ o Atlantic City
w Baltlé]qo'e Ocean City
Winchester e @ (695 pove
@ Rockville
7 R Wildwiood
- Washington
= @ = el - Cape May
@ Alexandria. .
) 301) Easton -
Rehoboth
Beach
W
Culpep: ~
alisbury .
Fredericksburg Ocean City
P
tesville
L o Chincot
o4 Island
@D
Short Pump 25 IETD) Go gle
Dirhmand

Figurel-1 7 Map of the state of Delaware with the rpthpoint the position of
Bowers.



Bowers and South Bowers Outline

Figurel-2 i Satellite image obtained from Google Earth, showing the outline of the
towns of Bowers (the bigger one in the north) and South Bowers (the
smaller one in the south)

1.3 Regional Storms
With its higheconomicand environmentamportance, it is only natural to
worry about the impact coastal storms can have over Delaware Bay and its inhabitants.
The two main types of coastal storms in
Both can hit the East Coast of the United States stithihg winds, wavesnd
precipitation, generating as result floods, surges, beach erosion, loss of vegetation and
severe damage to property along the cGasang et al., 20Q0Nu et al., 2002
Hurricaneausually generate stronger winds, precipitatiand surges, but
affect a relativly small extension of coastline (around hundreds of kilometers) and

have a smaller temporal span (affecting the coast during periods of tens of hours).
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They usually occur between the month&afustandOctober(but some hve been
registered as early as May and as late as Decemuiigre generated lower
latitudes

On t he ot her anedangd atmobpbericverassuresystess,
which generate smaller wind speeds (compared to Hurrichnesjtense
precipitaion (in the form of snow or rainfall)Theirlonger duratior(several dag),
wider affected region (around thousands of kilometamns]) greater persistenatso

allow them to generateig waves and considerable storm sui@es floodingevents

They usudl occur between October and M@jthough they may happen any time of

the yearand are formed along the northeastern coast of the United States, where the

warm waterf the Gulf Stream meet with cold air masses coming from Canada
(Davis and Dolan, 1993ational Hurricane Cente201§.

Between the years 2000 and 2015{8ricaneshavebeen trackethy around
Delaware coagiNational Oceanic and Atmospheric Administrati@016, as can be
sea in Figurel-3 below. One was a Hurricane Level 1, one Tropical Stonoeh fave

Extraropical Cyclones(one of them being Hurricane Sandy)
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Figurel-3 - Tropical Stormsegistered by NOAA between the year 2000 and 2015.
Adapted fronHistorical Hurricane Track&016).

One of the more daerous effectsf a coastal stornthe stormsurgeis an
anomalous variation in the water level beydmnel predicted astronomical tidegused,
mainly, by the wind. Other factors which affect the agtence of storm surges are
atmospheric pressurggeometry and deptbf the basin, continental shelf widimd
radiation stress (momentum transfer from waves breaking). On the other hand, the
presence of wetlands, vegetation on dry land inundatt (naeasingoottom
friction) and the geometry of the basin migktenuatehe intensity of a storm surge
(Ebbersole, 2014; Resio and Westerink, 20B&low ispresentec simple, linear and
steadystation equatiofrom Reso and Westerink2008)to relate tle influence of the

shelf width and water depth on wind driven surges:



T .
" @ Equationl

.y
Wheregis the surge heigh@ is the wind stresg is the gravitational
accelerationh is the depth of the wateolurm, andW s the shelf width.
As for the wind stress:

O Equation2

Where@i s t he ¢ o ef {isithe airdensity andfJioisitheavgnd
speed.

As an example, Hurricane Katrigi2005)killed 1833 people, most of them as
a direct or indirect result of its storm surge which reached up i®87/56m (Lott and
Ross 2006, andational Hurricane Center, 201@long the East Coast, the hurricane
that caused most damage whsricaneSandy. 1 was less deadly than Katrina
(killing 200 peopleon the U.S. mainland) and causiesver damage@JS$148 billion
for Katrina and US$97 billion for Sandyjigure1-4 belowpresents the predicted and
the measured water levels dwgiHurricane Sandgy the NOAA Tides and Currents

(2016) atLewed s t (#8557380).



NOAANOSICO-OPS
Verified Hourly Heights at 8557380, Lewes DE
From 2012/10/25 00:00 GMT to 2012/11/02 23:59 GMT
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Figurel-4 - Water level measurements during Hurricane Sandy at NOAA Tides and
Currentsd Lewes St adtheopradictofbdageddn! u e
the tidal harmonics while the green line presents the measured water
levels. Adapted from NOAA Tides and Currents website.

1.4 Modeling Delaware Bay

Numerical modeling presents itself as an important tool to help understand and
prepae for stormsSuccessfumodeling efforts have been carriedtin the region in
the pastWhitney (2003) and later Whitney and Garvine (2006) cteatealistic
simulation of the buoyant outflow from Delaware Bay ugimghydrodynamic model
AECOMS3d; the model was forced using tidal data at the boundaries, wind forcing
over the whole grid and river discharge from Delaware R@er.etal (2005)
implemented SWAN over Delaware Bay to simulate the waves at a station in the
middle of the baytill using thesame grid and bathymetry. Chen (2010) produced a
similar study but usethe couplingtoolkit MCT to do the couplinpetween the waves
models SWAN and the hydrodynamic model RQM&stellano (201) worked on

running the same gri@sWhitney (2003)usingthe hydrodynamic modéiROMS0



[referenceor refer to methods sectidgihmore detail thergebut for longer periods (from
January 2006 until December 2008pplying a more realistic river dischardarisa
& Chant (2013) analyzed the relationship betweemiinel conditions along the shelf
and the outflow from Delaware Balgecently Jenkins (2015) analyzed the influence
of remotely generated waves against Igcgenerated waves inside the bay, while
considering the impact of the curreptswaves.

TheDBOFSand ESPRESS@re two operational models covering Delaware
Bay. DBOFS (Delaware Bay Operational Forecast System) is a ROMS based nowcast
and forecast system implemented to provide steonh predictions of current, sea
surface heightiemperaturgand saliity for the Delaware Bay waters (Schmalz,
2011). Itis operatedy the National Center for Environmental Predicti;dCEP)
from National Oceanographic and Atmospheric Administra(ff@®AA) since
September 201ESPRESSO (Experimental System for Predic8hglf and Slope
Optics) is a ROMS based nowcast and forecast system focusing on the shelf waters of
the Middle Atlantic Bight (Wilkin 2012). ltwas developety the Rutgers Unersity
Oceanic Modeling Grou@RU-OMG). This system assimilates daily CoaSdakan
Dynamics Applications RADAR (CODAR) velocities and sea surface height and
water temperature from multiple satellite platforms, while also making usesitti
temperature and salinity data from Autonomous Underwater Glider Vehicles (AUGV)
and shipf opportunity. The horizontal resolution is 5 km. Its domain represents

Delaware Bay using three cells at the mouth of the bay and six cells at its widest part.

1.5 Sea Level Rise
As a first step to investigate the impact of sea level rise on coastal immdati

processes in the Bowers region, we will consider several sea level rise scenarios
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devised by the Delaware Department of Natural Resources and Environmental Control
(DNREC). DNREC created a technical workgroup dedicatedatuaing the
scientific knowedge and provide realistic sea level rise estimates for the Delaware
coast. According to their reports (DNREC Sea Level Rise Technical Workgroup, 2009
and Delaware Sea Level Rise Advisory Committee, 2G&8),scenariosvere
consideredf how much sea (el rise is expected to take place until the year 2100.

The first oneis basedon measurements at tide stations conducteti®pA
Tides and Currents (201@nd simply assumes that the current rate of sea level rise
along the last centunyill be constantiroughout thenextc ent ury ( ASt abl e s
Figure 1-5 presents the statically analyzed data from the station at Lewes (#8557380)
starting during the late 1910s and showing an increase of 3.4024/ mm per year.
Integratingthe data from all the stations available either inside Delaware Bay or in its
proximities, DNREC arrived at a value of 3.35 mm per year for the historic sea level

rise.

11



8557380 Lewes, Delaware 3.40 +/- 0.24 mm/yr

~ Linear Mean Sea Level Trend
sl [— Upper 95% Confidence Interval |
— Lower 95% Confidence Interval

Monthly mean sea level with the
0.30 |- average seasonal cycle removed

Meters

-0.60
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The mean sea level trend is 3.40 millimeters/year with a 95% confidence
interval of +/- 0.24 mm/yr based on monthly mean sea level data from
1919 to 2015 which is equivalent to a change of 1.11 feet in 100 years.

Figurel-5 7 Mean Sea Level Trend caletéd from tidal measurements taken by
NOAA i Tides and Currents at their Lewes station (#8557380). This

figure was adapted from
<http://tidesandcurrents.noaa.gsltrends/sltrends_ station.shtml?stnid=8
557380

The next three proposed scenarios assume that the sea level will rise by 0.5, 1.0
and 1.5 meters by the year 20L{0I0nt eTrhneeyd iaartee
and AHIi gho r el at e &iguteb6 bellovepresehte thieaevolutionof r at e s
all four scenarios along the 21st century.

For this work, we propose to use the
AHI gho,; the fAStabl ed scenaryiwbenponsideriogs e s a
that the modeling setup only computes cells with more than 10 cm of water in them; in
this case, the stable scenario would produce results too close to the present day. For
the other three scenarios, we will add their sea level rideetpresent day mean water
level and later compare to a present day simulation. These scenarios will be run for a

Sandylike storm surge inundation event to analyze how it would affect Delaware Bay
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in the future.To model more realistically the projectecadiges in the futureshoreline
and bathymetry changes would also neetiédaonsideredThis, however, is beyond

the scope of this thesis.

DNREC Sea Level Rise Scenarios

1.25 /
1 e

0.75 / /
05 / /

2000 2025 2050 2075 2100

Sea Level Rise Above 2010 (m)

Year

e==High ===]ntermediate =====]ow =====Stable

Figurel-6 i Sea level rise scenarios considered by the Delaware Tathnic
Workgroup (adapted from DNREC Sea Level Rise Technical
Wor kgroup, 2009) . The fAStabled scena
rise rates will remain constant until 2100. The other three scenarios,
AHioghhh nt er medi at ed and A Llorigedby 85 s ume t
1.0 and 0.5 meters, respectively, until the year 2100.
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1.6 Research Objectives

Delaware Bayand its coast areulnerable toinundationprocessesaused by
storm surgesConsideringthe projectedsea level risethis vulnerability islikely to
increase in the futurdy employinga hydrodynamic modelhe proposed workwill
improve the understanding fdboding processes in Delaware Bay and will provide an
important first step tonakeinformed coastal managemeidcisiors.

The research objegts are:

A. Simulate stormsurgesinside Delaware Bay
Realistically model storm surgeinside Delaware Bay through the
implementation of realistic lateral boundary forcing obtained from a larger scale
model. The results willbe validatedagainst water levalata measured inside the bay.

We hypothesize that remote forcing is essential for accurately predicting storm surges.

B. Analyze susceptibility to surge inside the bay
As a first step to model and better understand coastal inundation processes in
Delaware Bg, we develop a highesolution hydrodynamic model for a selected
region that is susceptible to flooding. We hypothesize that detailed knowledge of the
bathymetry and boundary forcing used to drive the nggolution model are critical

for accurately predting inundation dynamics.

C. Simulate stormsurges considering sea level rise scenarios
To improve the understanding of how sea level rise affects inundation
processes in Delaware Bay and assodiatastal vulnerability, we will simulate the
high-resolution region from Objective Bmposing different future sea level rise
scenariosWe hypothesize inundation processes are likely much more severe in the

future compared to the present sea level.
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Chapter 2

METHODS AND MATERIALS

2.1 Model System

For this study, weise theCoupledOceanrAtmosphere/NVave Sediment
Transport Modeling System (COAWST, Warner et al. 200Bjchis a coupled
system consisting oan ocean model (Regional Ocean Modeling Sy$t&@OMS,
Mooreet al2004);a wave model (Simulating Waves NearsHo@WAN, Booij et al.,
1999);an atmospheric mod@Weather Research and Forecasti’gfRF, Skamarock
et al., 2005)and a sediment transport model (Community Sediment Transport Model,
Sherwood, 2002)The modelsare coupledhrough the Model Coupling Toolkit
(MCT, Warner etl, 200§. This system allows all models to exchange prognostic
fields of key variables, increasing the skill of the models and allowing for more
integrated resultS he setup initially used is based on the deeeloped bylenkins

(2015) aml will be discussed next.

2.1.1 Model Setup

Themodel setup used in this work will be based on the one developed by
Jenkins (2015), whicls basedn the use of m@istic data to force the modslich as
wind (from model analysis), tide (from amplitude and phaisene tidal harmonics),
river output (estimated from measurements) and remote waves (from global model

results).Such setup produced satisfactory sea surface height (SSH) with no noticeable
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phase error between modeled and observed water levels. Asmyrtiparison
between the amplitude of tinetidal components analyzed (M2, S2, M4, M6, K2,
K1, N2, O1 and Q1) shoveasonablagreement, with a mean difference of about 2
cm between the model and obsertidd! heightdata. However, thismodeldoes not
account for storm surgéisat aregenerated by remote forcing. This configuration will

be used as a base for the present work andeiliresenteth more depth bellow.

2.1.2 Initialization
The initialization fileswerecreatedrom the results generated byhBas
(2015), providing the initial state for the ocean for the following variables: Free

Surface Elevation, Momentum, Vertically Integrated Momenaumnah Salinity.

2.1.3 Forcing
Thepreviousmodelhasbeenforced byspatially varyingwind stresstidal
forcing at the lateral boundaries aagointsource ofiver dischargéJenkins 2015)

Some details as follows

1 Wind Stres§ Space varying wind stress calculated according to
Large & Pond 198based onwind data fromNorth American
Mesascale(NAM) reanalysisrfomads.ncdc.noaa.gov)

1 Tidei Amplitude and phase of nine tidal constituents (M2, S2, K2,
N2, K1, O1, Q1, M4, M6jlerived fromADCIRC tidal database
(Luettich et al. 1992) as describeddastelland2011);

1 River dischargé applied at the head of the DefareRiverin the
grid with information obtained from USGS gauge in Delaware
River at Trenton, New Jersey
(http://waterdata.usgs.gov/usa/nwis/uv?01463500).
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2.1.4 Wetting and Drying

The wetting and drying process is very common at the interface between ocean
andland. Nearshore water level changes due to waves, daily tides, or storm surges,
result in wetting of initially dry land locatiorend indrying of inundated regions
when water retrieves. The capability to reproduce this phenomenon is essential in a
modelexpecting to simulate flooding processes.

The model ROMS includes wetting and drying capabilities (Waeteal.,
2013). The wetting and drying method works based on a user defined minimum depth
value calleDcrit. Every time step, the model will computes total water depth at the
cell center, whichs calculatedas being the sum between the local bathymetry and the
free surface displacement. If the total water depth is lower Bwnthe cell is
considered fidryo and n othefcall.inxhis stddy, thdddier i s
was seto 0.10m since that is the value recommended by the developers of the model

in a test case similar to our scenario

2.1.5 Model Domain and Grid

2.1.5.1 Regional Model

The gridof theRegional Model for Delaware Bay and Adjat€ontinental
Shelf(RM) comprehends Delaware Bay and the adjacent oceanic réighas
150x 300grid cellswith the points over land not being considered in the computation.
It extends from land until the 100 m isobaths and has 240 km from East toéis
340 km from North to South, beginniog the coast around 39.5° N and ending in

front of the Chesapeake Bay (which is not considered in this domain), around 37.0° N.
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The highest horizontal resolution is around 0.8 km in the entrance of the Baythehi
lowest resolution is about 8 km in the oceanic corners.

Thegrid and its bathymetryere obtainedrom Whitney(2003) The west
boundaryis closedcontinent) while the nortlsouth and boundaries are open.
Bellow, Figure2-1 presents all the grid points considered as water (i.e. all the points
where the model makes computatiowgth thecolors representinthemo d e | 6 s

bathymetry.

DelBay Bathymetry

40.0°N — 105

100

39.0°N —

38.0°N —

37.0°N —

77.0°W 76.0°W 75.0°W 74.0°W 73.0°W

Figure2-1 - Grid cells over bathymetry from theow Resolutiorgrid.
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2.1.5.2 High ResolutionBowers Model

As thefirst step to model and better understand coastal inundation processes in
Delaware Bay, we develeda High-ResolutionHydrodynamidviodel forthe Region
of Bowersi DE (HR-Bowers) which issusceptib# tostorm surgdlooding (as will be
shown later)This newgrid hasresolution increased enough as to be able to represent
the rivers and lowlands in the ar@de Bowers regiowas chosems part of an effort
from Delaware Department of Natural Resources and Environmental Control
(DNREC) to investigaten-depth different Delaware coastal regions.

To provide bathymetric and topographic information for this new grid, we will
use the Hurricane Sandy Digital E&ion Model (DEM) from National Centers for
Environmental Information (NCHI NOAA, available at
http://www.ngdc.noaa.gov/mgg/inundation/sandy/sandy_geoc.html) which has data
with resolution varying from 3 arseconds (in the ocean far from the coadt}f
arcsecond (over the coaslhis DEM was created as part of a planned framework,
developed under the Disaster Relief Appropriations Act of 2013 (aka "Sandy
Supplemental™) to support improved hurricane forecasting and warning efforts
(Eakins, 2015)According to personal communication with a Scientist from the NCEI
(Kelly Carignam, on October of 2016), it was created through the integration ef high
resolution data from the following sources:

1 Two NOAA LIDAR datasets: 2012 USGS Lidar P&sndy
(DE,MD,NC,NY,VA); and 2014 USGS CMGP Lidar Post Sandy (DE
& MD) (available at
https://coast.noaa.gov/dataregistry/search/collection/info/coastallidar):
1 USGS National Map of Elevation (available at

http://nationalmap.gov/elevation.html)
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1 NOS Hydrographic Survey Da{available at
http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html).

These datasets were referenced horizontalllggdNorth American Datum of
1983 (NADS83) and vertically to the North American Vertical Datum of 1988 (NAVD
88) being integrated together aeftvard. The final produas presentech tiles with
0.25° x 0.25°.

It is important to notice thahe topography / bathymetry used hexpresent a
specific moment in time and not necessarily the present morphology in the region.
River channels cafrequently changelue to erosion and deposition processes. To be
able to simulat¢he inundation accurately coastal regions, it is essential to have
realistic bathymetrypoth in the Bay anth the rivers, through which the water will
first flow inland duringa storm surgdJncertainties in the bathymetaydtopography
of the areaan lead to errors and cause the results to be unrealistic.

To ensure that we are using the mostaidate dataset available for the
region field survey data from the rivers araliBowers Beach wilbe usedThis
datasetvas providedy the Center for Applied Coastal Research (CACR) at the
University of DelawareJim Kirby, personal communicatioduly,2016. The usage
of this information is seen by @as the first step towardsd objective of producing a
grid with greater resolution (comparedR® grid) and which better represents our

area of interest.
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The tiles used to generate the new grid are:
1 nceil9 n39x00 wO075x50 2014v1
1 nceil9 n39x00 w075x25 2014v1
1 nceil9 n39x25 w075x50 2014v1
1 nceil9 n39x25 w075x25 2014v1
Figure2-2 shows all the tiles available to be used from the NSBAA
website, highlighting the four tiles used to generateBt®vers grid, while Figur@-3

shows a plot of the data in the selected tiles.
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Figure2-21 Region covered by the Hurricane Sandy Digital Elevation Model. The red
square delimits the four tiles used to create theBoRers grid Figure
adapted from the NCEI Hurricane Sandy DEM webpage:
http://www.ngdc.noaa.gov/mgg/inundation/sandy/sandy geoc.html
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Figure2-31 Plot of the four tiles chosen to be used to create the newRggion
covered by the Hurricane Sandy Digital Elevation Model.

Figure2-4 shows the integrated data from the four tiles plotted with a fast
inundation anigsis: in orange is shaded the region betweemDahd 0.8n, which
represents the area inundated during a regular tide cycle; in dark red is shaded the

region between 0.8 and 2.0m, which represents the area inundated during a storm

surge like the ongenerated bydurricane Sandy.
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Figure2-4 1 Plot of the integrated data from tfeur tiles chosen from the Hurricane
Sandy DEM. The orange shade represents the region betweanadd
0.8m (height a regular gh tide) while the dark red shade delimits the
region between 0.1 and 2.0m (high tide mark during Hurricane
Sandy).

This newHR-Bowers gridwill be forced at the lateral boundaries usiihg
outputfrom theRM. Therefore, we decided to definethenewdré s bor der s al i
with theRM grid points. Figur@-5 shows the process of defining these points. The
upperleft image presents the centertioé RMcells and, in blue, the celihoserto
delimit the new grid. The upp&ight image presents only the selected points over the
Hurricane Sandy DEM data. The lowleft image shows a zoom over tR¥ selected
grid cells while the loweteft image shows a zoom of the selected panesthe
Hurricane Sandy DEM dat@he chosen regiocontains 25 40grid cells To

generate the new grid, we have adapted a version of the script
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"create_sandy_application.

of the package distributed with COAWST

(http://woodshole.er.usgs.gov/operasimodeling/COAWST/). This script creates a

regularly spaced Mercator grid.
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Figure2-571 Plot of the points fronRM grid used to delimit thelR-Bowers The
upperleft image presents tHeM grid cells and, in blugthe cells chosen
for the new grid. The upperght image presents only the selected cells
over the Hurricane Sandy DEM data. The lowedt image shows a zoom
over theRM cells selected while the low4eft image shows a zoom of
the selected pointsverthe Hurricane Sandy DEM data

After defining which points woultbe usedwe increased the original

resolution 20 times by adding 19 points regularly spaced between every two points.
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This increase allows us to simulate the storm surge in a much smallemnsakileg
the model capable of representing the channel from the rivers in the region.Z-gure
shows the bathymetigf HR-Bowersgrid v2. This gridhas curvilinear coordinates

and is formed by 500 x 800 grid cells, with a resoluof about 8850 meters.

HR—Bowers grid v2

(m)

39.15°N

39.05°N —

38.95°N

ST T T T T T — T T T
75.60°W 75.50°W 75.40°W 75.30°W 75.20°W

Figure2-61 Plot of theHR-Bowers Depths in meters.

Figure2-7 presents a comparison between the bathymetries from the RM and
the HR-Bowers.Increasing senuch the resolution could lead to marked differences in
the depth at any point, especially when considering that we used a new product for the
bathymetry in thedR-Bowers.If that was the case, it couldnder the use of the

depthaveragedurrents from tB RM.However, the depths in both grids agree very
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well, with the three maighannelsn the area being represented similarly in both

grids.
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Figure2-71 Water bathymetry of the HBowers over the RM grid. Valsan meters.
Light blue contours are depths from the RM grid while black contours are
from HR-Bowers.

After running a few sensitivity tests, it became cleat tihe new increased
resolution wastill not enough to capture the rivers around BowBosmprove that,
we used the GridBuilder toolkit (availablehdtp://austides.com/downloadi$d

increasghe amount o€ells in the center of the grid at the expense of the cells closer
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to the borderdgrigure2-8 shows tle final configuration of the grid, with the denser
amount of cells over Bowers. In this Figure, ki image is showing every T(oint
of the grid.The biggest cells now hawehorizontal resolution &00 m x 110 m while

the smallest cells hawehorizontal resolittn of 12 m x 6.5 m
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Figure2-81 Grid cells in the HRBowers grid v3Left image shows the bathymetry of
the gridwhile the right image shows the extension of the grid, plotting
every 10 point.

Figure2-9 presents a comparison between the resolution in th8diiers v2
(left panel) and HRBowers v3 (right panel) near the mouth of MurderRilter. This
showsthat in a place where the grid v2 Hadells, grid v3 camave as many &cells
instead, allowing to resolve the river dynamics. From now on, every time we refer to
the model HRBowers it will be theGrid v3. The increase in the resolution allowed for

a better representation of the bathymetry in the area.
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Figure2-91 Comparison between the HBowers grid v2 (left images) and v3 (right
images) over Bowers region (top images) and MurderRilver mouth
(lower images)Depthsare showrin meters and the positive orieation
is the water bathymetry.

The HRBowers setupliffersfrom the RMsinceit is not forced by tidal
harmonics or by river input. The only forcings are watieessedased on the same
NAM product used in the RMiscussed abowaend the barotropic curresénd water
levelsobtained fronthe coarser RMor by the observations at USGS stations

Murderkill at Bowers as discussed below
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2.2 Observations

Water levelobservations from NOAA Tides and Currents (2016) and
USGS- Water Data for the Natiof2016 statons inside Delaware Bagre usedn
this work(Figure 210). Also, some of the NOAA stations have wind measurements
which we investigate belowlable2-1 presents the name of every station used in this
study andhlso contaings position,who the owner is, the code, state where the station

is positionedand ifthatstation also has meteorological measurements.

Table2-1i Water levelstations information.

Name State | Code Owner | Wind | Longitude Latitude
Atlantic City NJ 8534720 | NOAA | No 74° 25.1'W 39°21.3'N
Cape May NJ 8536110 | NOAA | Yes 74°57.6'W | 38°58.1'N
Lewes DE 8557380 | NOAA | Yes 75°7.1'W 38°47'N
Brandywine DE 8555889 | NOAA | Yes 75°6.8' W 38°59.1'N
Shoal Light

Ship JohrShoal | NJ 8537121 | NOAA | Yes 75°22.5'W | 39°18.3'N
Murderkill River | DE 01484085 | USGS | No 75°23856 W | 39°03498 N
at Bowers

All stations have data available for the year of 2012, with owpery 6
minutes or every houwith theexception oNOAA i Brandywine Shoal Light, which
was destroyedn the 29 of October of 2012 duringlurricaneSandy; the station went
back online on the 1Mof November of 2014. The precision in the longitude and

latitude are the ones provided by the owsfegach stationThe datum used is the
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Mean Sea Level, which is the arithmetic meathe hourly heights observed,
referenced to the North American Vertical Datum of 1988.

In this work, we wii refer to the stations at Atlantic City, Capkay, and
Lewes as Outer Stations ihthe ones at Brandywine Shoal Light, Bowers and Ship

John Shoal will be called Inner Statiosse Figure-20.

Water Level Stations §
ugxﬂ'annc City,

1 "4 Atlantic Gity"
¢ship JohntShoal
N

(Murderkill'at:Bowers
Brandywine Shoal Light

‘@ap’e Mays "4

£y

Delaware” 5

‘I;e‘wes

G(')ogle'ea,rth ;

A
N

100 km

Figure2-107 Position of all theNOAA and USGSstations used in this study.
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2.3 Large-ScaleModels

To more realistically model storm g&s in Delawar8ay we imposeremote
forcingfrom a large scale model, i.e. currents and water levels due to larger scale
dynamics not captured by our limited sR® domain ceeFigure2-1). We will
consider twd_arge Scale Mbdels(LMs): the globaHY COM-Consortium andhe
regionalAtlantic ReaiTime Ocean Forecast System (ARTQH®th described by
Chassignet et a{2009. Thedatasets were generated using the Hybrid Coordinate
Ocean ModellYCOM,; Bleck 2003. These model wilbe referrecas LM-HYCOM
and LM-ARTOFS respectively

Among the manyM-HYCOM datasetgavailable at hycom.orgjyve have
chosa the Global 1/12° ReanalysisExperiment 19.1 (GLBu0.08/expt_19.1) which
is made availableroa uniform grid (called GLBu0.08) withresolution of 0.08°
(which corresponds to approximately 7 km at the entrance of DelawareNBagg!
output is available every 3 hours and inclu8esa Surface Elevation, Water
Temperature, Water Salinity and 3DIv@ty Fields.

The ARTOFS(available atttp://polar.ncep.noaa.gov/of$s run on a
curvilinear coordinaté grid witharesolution of 0.055° (whichorresponds$o
approximately 5 knmesolutionat theentranceof DelawareBay). It provideshourly
fields of Sea Surface Elevation, Water Temperature, Water Salditpnd Vertically
Integratedvelocity Fields Mixed Layer Depth, among others.

To obtain the lowfrequency signafrom those variablesve will apply twice a
moving average filter witlengthof 24 hours (24 points in RTOFS and 8 points in
HYCOM-Consortium), first forward and them backward in the time domain. This

approach produces a smooth time series, with only thdreyuency oscillations.
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After filtering, both datasets were interpolatedheRM grid showed in section 3.1
and formatted to be redy ROMS.
With these data fieldSpur different scenariosvere consideredo force the

RM:
NoBryi noimposed external forcing informatiat the boundary;
WL i forcing the boundary with Surfaégdevationonly;

BAR - forcing the boundary with DeptAveraged Velocityonly;

= =2 =4 =

BAR-WL - forcing the boundary with both the Surface Elevation
and DepthAveraged Velocityonly.

Figures2-11 and2-12 below pesent the outline of tHeM grid over the water
cells fromthe LM-HYCOM grid andthe ARTOFSgrid, respectivelyAlso, figures
2-13and2-14 show a comparison of the ceits at the southeast corner of Ris!
grid against, agai,M-HYCOM cells and the ARTOFS cells, respectiveliaoth
modelgrids havesimilar cell sizesat thedomainborders othe RMgrid, which

facilitates using the LM output as RMoundary conditions
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Figure2-11 - Grid cells of theLM-HYCOM model in our area of interest using an
arbitrary colofrbar to facilitate the visualization of the cellsach cross
mark the center of a celTheRM grid limits are outinedin red.
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Figure2-12 - Grid cells of the ARTOFS model in our area of interest using an
arbitrary color-bar to facilitate the visualization of the cellsach cross
mark the center of a celTheRM grid limits are outlinedn red.
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Figure2-13 - Plot of the southeast corner @M grid over HYCOM Consortium grid.
The color represeatiepth (in meters).
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Figure2-14 - Plot of the southeast corner 8M grid overA-RTOFSgrid. The color
represents depth (in meters).

36



Chapter 3

RESULTS

In this chapter, we will first evaluate modeled water levels during Hurricane
Sandy (section 3.1) and then examine associated, modeled inundation progasses
the Bowers region (section 3.2). Finally, we will explore changes in water levels and

flooding for different sedevel rise scenarios (section 3.3).

3.1 Water Levels during Sandy

We will first evaluate three existing models, Regional Model (RM, based on
Jenkins, 2015), LMARTOFSand LM-HYCOM, based on tide gauge observations
during Hurricane Sandy, then discuss the improvement of modeled water levels using
the RM setup forced with water level and deptleraged current at the lateral
boundaries. Finallywe will assess modeled water levels for the-BiBwers model

setup.

3.1.1 Evaluating Existing Models

The timing and magnitude of maximum sea levels caused by the storm surge
due to Hurricane Sandy were different for eadh gaugestation. Figure8-1 presens
the measurements at each of them during the surge event. The station at Brandywine
Shoal Light was destroyed during Hurricane Sandy, having data available only until
the 29" of October All measurements presenthdreare basedn the Mean Sea

Level datum.
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With the objective of analyzing the storm surge movement inside Delaware
Bay, we will look at the subtidal oscillation present in the water level measurements of
these stationsalculated here by the applicatiof a 24kmoving averagélter. The
NOAA stations at Lewes and Cape May hit peak surge at 10:00h and 14:00h of Oct/29
respectively. The station in Atlantic City registered its peak surge at 15:00h the same
day. These three stations registered surgesdeeid.20m and 1.32m. The NOAA
station farther up in the Bay, Ship John Shoal, measured the peak of the surge early
next day, with a value of 0.96m. Finally, the USGS station at Bowers was the first one

to hit the peak, at 7:00h on Oct/29 with observedeses of 0.90m.
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Figure3-11 Seasurfaceheight (top panels) angibtidalwater level(bottom panels)
atavailable water level stations inside Delaware Bay (Inner Stations,
right panels) and cloge the mouth bthe Bay (Outer Stations, left
panels).

Using these observations abasis we evaluate how theM captures water

levels during Hurricane Sandy. We also investigate the performance of tlergeo
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scalemodels, LMHYCOM and LM-ARTOFS.In Figures3-2, 3-3, and3-4 below, the
upper panepresentshe observed and modeled sea surface height; the lower panel
shows the subtidalscillaion; and the middle panel contains the tidal signal, obtained
simply by subtracting the subtidascillationfrom theseasurface heightzach figure
compiles all those datasets (NOAA observations, RM;HHKICOM, and LM

ARTOEFS) for each of the outer stat® LM-HYCOM does not simulatedes,and for
thatreasonwe do not present them in the tidal signal panel.

The RM setupmodels thetides well, due to the realistic tidal constituents
imposed at the lateral boundaries. However, this setup generateg atmsarge,
which suggest thatlarge-scaleremote forcing is critical. On the other hand, both large
scale models capture well the increase in the mean water level (low frequency),
although not being able to reproduce the tides:-HMICOM has no tides ints
formulations and LMARTOFS, although including tides in its formulation, does not
generates realistic tidal oscillations. Also, tMRTOFS mean sea level consistently
overpredictsthe observations, while LNHYCOM generates closer values albeit

slightly underpredicting the observations
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Figure3-2 - Seasurfaceheight (top paneljtidal oscillation (middle panel) and
subtidalwater oscillation(bottom panelfuring Hurricane Sandst
NOAA StationAtlantic City. Each paneshowsthe observations (black)
and model resultgdm the RM (red), LMHYCOM (green) and LM
ARTOFS (blue).
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Figure3-4 - Plot of the Sea Surface Height (top panel), Tidal Oscillation (middle
panel) and Subtidal Signal (bottom parelying Hurricane Sandgt the
position of theNOAA stationin Cape MayEach panel contains the
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3.1.2 Improving Water Level in Regional Model

Althoughthe Regional Model (RM, based on JenkR(315) results

represented rather well the tiddevation, this setup was not capable presenting

subtidal sea surface elevatjore., storm surgest is nota surprisesincestorm surges

aregeneratedyy largescalep h e n o me n a ,

k e

Nor beasters

develop through a region much bigger than the domain utilizedepresen

appropriately the sea level oscillatiganerated by these kinds of eveinde our

domain, we propose a two steps appro#ehapplication of the tidal forcing
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described in SectioR.1.3to generate the higliequencytidesandthe use othe low
frequency signa¢xtractedrom LM -ARTOFSor from LM-HYCOM to force the
lateral boundaries

Before applying the results from the Large Scale models to specify the
boundary conditions in our Regional Model, we examine how those models represent
Hurricane Sangland what kind of signal they could pass on to the RM. With this
objective, we choose one point in each boundary of the RM grigrasdnthe water
leveland a stick plot of thdepthaveragedurrent of both models. FiguB5 below
shows the position of each boundary station (called North, South, anid East
reference tahe position of the respective boundary in regards to the grid) over the
gri dos bFRgurésy6enE7 andB-8 present each point results. In these plots,
the Y axisis measureth days from Jan/01/2012, and each plot covers the span
between Oct/25/2012 and Nov/@RA2, with Sandy making landfall on Oct/29/2012
(day 302) Both the water levels and the currents show very similar pattern along the
north and the south boundaries, with a little m@eationsatthe east boundayy
where LMHYCOM generateselatively snall surgewater levels but relatively strong
currents. LMARTOFShas the opposite response, with highienge water levelsut

weaker currents.
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Figure3-51 Plot of the positions of the stations (South, East,Nwnth) used to
analyze the LMHYCOM and LM-ARTOFSresults ortop of the
bathymetry from RM grid in meters.
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Figure3-61 Plot of the water level and barotropic current fro8HYCOM (upper
panels) and.S-ARTOFS (bwer panels) at the Position North (north

boundary of the RM grid)Vaterlevel is in meters and barotropic current
in m/s with the green line representing the current speed
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HYCOM Water Level — South
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panels) and.S-ARTOFS (lower panels) at the Position South (south
boundary of the RM grid)Vaterlevel in meters and barotropic current
in m/s with the green line representing the current speed
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HYCOM Water Level — East
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Figure3-8 - Plot of the water level and barotropic current fro8HYCOM (upper
panels) and.S-ARTOFS (lower panels) at the Position East (east
boundary of the RM grid)Vaterlevel in meters and barotropic current
in m/s with the green line representing the current speed

To understand the sensitivity to imposing boundary conditions from LMs, we

design different RM test cases with and without water levels (WLs) and barotropic

currents (BAR) from théargescalemodels:

1 RM-NoBRY i no use of boundary forcing (setup like Jenkins, 2015);

T RM-WL i forced with Water Level at the boundaries;

1 RM-BAR' forced with Barotropic Current at the boundaries;
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1 RM-WLBAR i1 forced with Water Level and Barotropic Current at the
boundaries.

Figures3-9, 3-10, 3-11, 3-12, 3-13, and3-14 below present the results
gererated by each one of the four scenarios during Hurricane Sandy and a comparison
with the observations from the NOAA Tides and Currents (2016) stations in Atlantic
City, Lewes and Cape May (outer statioi$)e results presented here are forRi,
previausly presented in Sectidh1.5; the NOBRY scenario is exactly like the
previousJenkins (2015%etup, whilen the other three scenaria® have added the
boundary forcing described to each cdseeachfigure, the top four imageare the
results generatl by the RM being forced by the -MYCOM while the bottom four
images are the results generated using theABM OFS as forcing.

In the LM-HYCOM scenariosit is clear that the WLBAR is the best setup
both for representing the hurricane storm surge ancethdar tidal cycles observed in
the daysdeforethe hurricane arrival. As for the scenarios forced usingARTOFS
results, we note an inconsistent response. The scenarios WL and WLBAR can recreate
well a regular tidatycle but the WL scenario underesates the hurricane surge
while the WLBAR scenario overestimates the surge. As for the BAR, it represents
well the hurricanesurgebut does not captunesalisticallythe regular tidal cycle
showingan increase in the mean water level in the days béferkurricane, which is
observed neither for the datar the other sensitivity scenarios. Therefore, we chose to
force the lateral boundaries of our RM with the results filoenLM-HYCOM. We
will call this setupRM-H.
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Figure3-91 Plot of the water levels registered during Hurricane Sandy in Atlantic
City versus the four scenarios using tH¥ COM as forcing: top left
panel shows the RMI-NOBRY, top right panel shows RIM-WL,
bottom left panel shows RM-BAR and ottom right panel shows
RM-H.
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Figure3-101 Plot of the water levels registered during Hurricane Sandy in Atlantic
City versus the four scenarios usibyl-ARTOFS as forcing: top left
panel shows the RM\-NOBRY, tgp right panel shows RM-WL,
bottom left panel shows RM-BAR and bottom right panel shows
RM-A-WLBAR.
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versus the four scenarios usidgl-ARTOFS as forcing: top left panel
shows the RMA-NOBRY, top right panel shows RM-WL, bottom left
panel shows RMA-BAR and bottom right panel shows RMWLBAR.

Figure3-12 - Plot of the water levels regisezl during Hurricane Sandy in Lewes
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Figure3-1371 Plot of the water levels registered during Hurricane Sandy in Cape May

versus the four scenarios usiog -HYCOM as forcing: top left panel

shows the RMH-NOBRY, top right panel shows RM-WL, bottom left
panel shows RMH-BAR and bottom right panel shows RMtWLBAR.
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Figure3-141 Plot of the water level registered during Hurricane Sandy in Cape May

versus the four scenarios usidgl-ARTOFS as forcing: top left panel

shows the RMA-NOBRY, top right panel shows RM-WL, bottom left
panel shows RMA-BAR and bottom right panel shows RMWLBAR.
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After choosing the RMH-WLBAR setup as the one to be ugedhich will be
called, from now on, simply RNH), we compare how those results fagaiast
observations closer to the Bowers region (stations Murderkill at Bowers and Ship John
Shoal, asee in Figure 212). Figures3-15and3-16 contain the comparison between
the results generated byRH against the observations in the Inner Statibmghis
case, the modgerformsreasonablyin reproducing the regular tidal cycles before
Sandyods sur g e-preditts the effects of the surgep asmecially during the
second tidal cycle of th29" of October, when the model generates a peak around 2.2
m in both stations, while the observations stay around 1#heShip John Shoal
station has its peak water height during the first tidal cycle of the next dapf30
October), registering @alue very close to the simulated (both around 2.0 m). In the
following low tide and high tide, the model results are considerably lower than the
observed water heights, but, after this point, the msidallatesvell obsernedwater
levels For the Murerkill at Bowers stationthe model consistentlyenerates higher
water levels them the measurements, even at moments when the other stations have

registered water levels consistent with the observations.
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Figure3-1571 Plot of the water level registered at the Ship John Shoal station versus
the RMH results during Hurricane Sandy.
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Figure3-16 - Plot of the water level registered at the MurderkiBatvers station
versushe RMH results during Hurricane Sandy.
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The differences between the observations and modeled headgts inside
Delaware Bayould be due to a probleim the measurement themselviss
important to keep in mingdossiblenstrument failures duringreme events, either
by a faulty sensor not properly registering the conditions or by the destruction of an
instrument, as happened to the Brandywine Shoal Light tide gauge. However,
according tothe USGS hydrologistWendy McPhersofpersonal communicati
September 19, 2016), the measuremtksnat the Bowers at Murderkill station are
probably correct singeluring this eventsince the observedaterlevels are consistent
with an independent measurement frost@am surge sensafsoinstalled aBowers
Below we discuss that strong winds over the bay may contribute to the spatiotemporal
variations of observed water levels inside the bay.

This moves our eyes to the model being the problem, what could be caused by
a less than ideal forcing being appli®nelikely explanations that the wind product
is not accurate enoug reproducingstrong windsnside Delaware Baguring the
Hurricane Figure3-17 presents a comparison between the observations at fouANOA
stations with available meteorological measurements versus the NAM product winds
for the same position. The NAkpresents wetheobserved windlirection; even
when considering the smaller temporal resolution, it is still ablegmducehe
rotationand timingof the wind from North to Southt each statiariThe wind speeds
are in good agreement before and after the Hurricane. However, the peak wind speeds
during the Hurricane Sandy are ungeedicted by almost 10m/s (observations around
25m/s andwind forcing around 1®/s). This higher speed value could lead to a wind
stress almost three times higher, accordingdgoation 2 and changes local surge

dynamics as Equation 1 sugggstseSection 1.3 These higlwinds from North
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couldcontribute tahelower storm surgand spatiotemporal water level variability in
the bay not captured by wind forcing used in RIMA more tltorough comparison of
the winds and water levels, measured and modeled, imshofppendixi B.
Additional analy®s were also@nducted fotwo otherstorm surge eventshich

happened during the year of 2012, one in February and the other in December
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Figure3-1717 Comparison between the NAM wind product and wind observations for
thestations at Cape May, Lewes, Brandywine Shoal Light, and Ship John
Shoal. The sticks represent the direction towards where the wind is going
while the green linshows the wind speed in m/s.
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3.1.3 Water Level in High-Resolution Model

This section presents thesults generated using tH&-Bowersgrid,
previously presented iBection 2.1.6lt is a more resolved grid focusing on the region
of Bowers and its two rivers, Saint Jones and Murderkill (Fige2g $ection3.1.3.1
will show the results generated by the new grid when forced by thélRa&sults on
its lateral boundariesSection3.1.3.2will show the results generated by the new grid
when being forced by water level measurements taken at theeMilirdt Bowers

station to closely model the observed surge at Bowers.

3.1.3.1 RM-H Forcing

To analyze the water levels generated for the region around Bowers, we
compare the results fromR-BowersandRM-H against the observations in the
station at Murderkill aBowers.Figure3-18 presents that comparison showing water
level, tidaloscillation and the subtidal signal.

The comparison shows good agreement in the days before and after the
hurricane put differences are observddring he days 29 and 3@" of October, when
the hurricane was affecting the region. During this period, the subtidal signal is
considerably lower (about Om), and even the tidal amplitude is affected, being
smaller in the observations than in the model. Thrssistency with the RNH results
suggests that thetorm surgeesponse is likely not sensitive to the higher spatial

resolution in the HRBowers grid.
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3.1.3.2 Observational Forcing

As presentegreviously (in Figure3-16), the measured water levels at the
USGS station in Murderkill at Bowers are considerably lower than the ones observed
in every other station inside Delaware Bay. As saedhe previous Section, the water
heights generated ByR-Bowersforced withRM-H are also considerably higher than
the observations, and consistents with the water levels generated by tReRNat
reason, we propose an experimental scenario where tigoMrs model wilbe set
like the previouscenariodut using the water level measurements from the station
Murderkill at Bowers atateralboundary condition for the sea surface heighis
way wewill be able to reproduce the observations more closely. For a matter of
consistency, we also apply the barotropic current fiRivirH at the lateral boundaries,
although sensitivity runs without imposing barotropic currents indicate that modeled
water levés do not strongly depenah these current boundary conditioRgyure3-19
presents the comparison between the water levels generated by-BaaeRs model
versus the observations, as well as the tidal oscillation and theaddigidal. In this
new setup, the model results and the observations agree well at the Murderkill at
Bowers station. The only noticeable difference is in the tides, with the model's results
having aslightly smaller amplitude, whichnaybe attributedo aloss of energy due to

bottom shear stress.
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Figure3-1971 Sea Surface Height (top panel), Tidal Oscillation (middle panel) and
Subtidal Signal (bottom panel) at the position of the station Murderkill at
Bowers fran the USGS. Each panel contains the observations (green)
and results of the modeRM-H (black) and HRBowers (red)eing
forced by the Murderkill at Bowers water heights
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