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Abstract

Driven by high-resolution NAM (North America Mesoscale) and ECMWF (European Centre for
Medium-Range Weather Forecasts) atmospheric fields, a 3-D unstructured grid SCHISM (Semi-
implicit Cross-scale Hydroscience Integrated System Model) was applied to simulate total water
level in the Mid-Atlantic Bight during Hurricane Sandy in 2012. The simulated storm surge, tide,
significant wave height, and wave peak period results compared favorably with NOAA
observations along US East Coast, Long Island Sound, and New York Harbor. The maximum
total water level at The Battery in the New York Harbor was accurately simulated with an
absolute error of less than 0.08 m (out of 2.9 m peak surge) and a timing difference less than 10
minutes, which includes the effects on the order of 0.1- 0.3 m (5-10%) from the coastal setup
induced by the surface waves. The scenario comparisons of (1) “NAM” versus “ECMWF”, (2)
“2-D” versus “3-D”, and (3) “with” versus “without” wind wave model were examined. The 3-D
barotropic model forced by ECMWF including the effects of wind waves performs the best,
attributed to wave-induced radiation stress and reduction of bottom stress when the 3-D version
is used. Simultaneously, the ELCIRC-Sub model, using a 5-m topography/bathymetry sub-grid
and a regular 200-m resolution finite volume computational model grid, was developed to
simulate the street-level inundation in New York City. The momentum and mass fluxes
calculated by the coarser base grid model were effectively coupled with the sub-grid so that
running a full-blown high-resolution base model is not required. The ELCIRC-Sub model uses
MPI (Message Passing Interface) parallel computing to enlarge the coverage of the land surface
and an efficient non-linear solver to improve the accuracy of the wetting-and-drying processes.
The temporal comparisons of modeled water level with NOAA'’s tidal stations and USGS’ rapid-
deployed gauges showed overall performance with an average error of 0.1 m. Particularly,
ELCIRC-Sub captured the profile of the highest peak surge (3.9 m), which rose 2 m within 3
hours at Kings Point, NY. The spatial comparisons of the modeled peak water level at 80
surveyed locations showed an average error less than 0.13 m. The modeled maximum inundation
extent also matched well with an 80% hit rate against FEMA’s Hurricane Sandy maximum
flooding extent.
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1. Introduction

The U.S. East Coast and Gulf Coast are constantly under the threat of tropical and extra-
tropical cyclones. As a result, the storm surge and coastal inundation are substantial threats to
residential properties, community infrastructure, and human life in these regions each year. For
example, Hurricane Sandy (2012) made landfall along the New Jersey Coast and resulted in an
enormous impact on life and property damage in the New Jersey and New York Metropolitan
areas, with estimated costs exceeding $50 billion (NOAA, 2013). Given the projected sea-level
rise and increase in storm intensity, frequency, and the severity, the damage caused by flooding
is expected to be exacerbated in the future, even under a moderate storm (Church and White,
2006). Numerical modeling, aided by powerful computers, provides an efficient way to simulate
the processes involved and has become an indispensable tool for forecasting, early warning, and
risk assessment.

Traditional storm surge modeling used a 2-D vertically averaged framework with some
successes particularly for predicting the peak surge height (Reid and Bodine, 1968; Flather and
Proctor, 1983; Luettich and Westerink, 1991; NOAA SLOSH, 1992; Westerink et al., 1994; US
Army Corps of Engineers, 2013; Forbes et al., 2014). However, the processes related to
boundary layer dynamics such as the Ekman dynamics, air-sea interaction, wave-induced bottom
stress, and the baroclinic processes in the vertical dimension are mostly ignored. In order to
address storm surge dynamics in the full extent and further improve the forecast capability, the
use of a 3-D framework is inevitable (see Weisberg and Zheng, 2008; Weaver and Luettich,
2010; Sheng et al., 2010; Orton et al., 2012; Marsooli et al., 2017; Zheng et al., 2013).

The unstructured grid finite element model SCHISM and its previous version SELFE (Semi-
implicit, Eulerian Lagrangian Finite Element) have been used to simulate the 2003 Hurricane
Isabel (Cho et al., 2009) and the 2008 Hurricane Ike (Teng, 2012). Given the complexity of the
coastline and the size of hurricanes ranging from 150 — 750 km, it is highly desirable to apply an
unstructured grid model with a large domain (far exceeding the hurricane size) which is accurate,
efficient, and that can be coupled operationally with large-scale atmospheric forecast models.
This study will make use of the 3-D barotropic version of the SCHISM model covering the
Western Atlantic Ocean, U.S. East Coast, Caribbean Seas, and Gulf Coast from 98°W to 60°W
and from 8°N to 46°N with the parallel computing power for a large-scale storm tide simulation.

The atmospheric models chosen to drive SCHISM are ECMWF with 16-km resolution
atmospheric forecast products (Magnusson et al., 2014) and NOAA'’s high frequency forecast
from NAM with 5-km spatial resolution (Roger et al., 2005). NAM and ECMWF are two state-
of-the-art wind forecast products which are robust, reliable, have sufficient spatial and temporal
coverage, and have performed among the best in North America (Garzon et al., 2018). The wind
and pressure fields are interpolated onto SCHISM’s unstructured grid and coupled seamlessly in
time and space for storm surge simulations.

Wind waves are found to play an important role in storm surge modeling through wave-
current interactions including wave enhanced wind stress, wave modified bottom shear stress,
and wave induced radiation stress. Studies have found that wave-induced radiation force is
proportional to the gradients of the wave radiation stress, and the wave-induced setup adds to the
storm surge height (Longuet-Higgins and Stewart,1964; Phillips, 1977; Svendsen, 2006). The
contributions of wind waves to the modeled surge heights during hurricanes were found to be
about 5-20% (Luettich and Westerink, 1999; Huang et al., 2010; Sheng et al., 2010; Zheng et al.,
2013). The SCHISM model is fully coupled with the wind wave model WWMIII to incorporate
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the effects induced by wave-current interaction (Roland et al., 2012). It will be shown later that
accounting for the effects of the wind waves in storm surge simulations leads to the reduction of
the average errors of the total storm surge elevation.

Simulating inundation in an urban city, characterized by the complex terrestrial landscape
ranging from buildings, streets, sidewalks, open space, parks, bridges, and under-passes etc., is a
daunting task. A rational approach for street-level inundation modeling was extremely difficult,
if not impossible, until LIDAR (LIght Detection And Ranging) technology was released and the
high resolution raster DEMs were derived from it for numerical modeling of storm surge and
inundation (Blumberg et al., 2015). Casulli (2009) and Casulli and Stelling (2011) recognized the
power of LIDAR data and used LIDAR data to form a sub-grid which is separated from the
regular computational grids. Their semi-implicit scheme in conjunction with the sub-grid
intrinsically account for sub-grid bathymetric and topographic details without substantially
increasing the computational cost. The prototype was first implemented in a PC UnTRIM model
code (Casulli, 1999; Casulli and Zanolli, 2005; Casulli and Stelling, 2011) and applied by Wang
et al. (2014) and Loftis (2014) for predicting Hurricane Sandy (2012)-induced flooding in New
York City. It was also applied in the Great Fall of the upper Potomac River for simulating the
1936 historical flood in Washington, DC (Wang et al., 2015). However, some issues in using
UnTRIM were recognized: (1) the model is inherently propriety software; (2) the tangential
velocities constructed by the normal velocities for the Coriolis term on the C-grid have the
spurious geostrophic mode; (3) the model domain and the number of sub-grids allowed in PC
were severely limited in PC architectures.

To meet the need for an open source code for cross-scale storm surge and inundation
modeling, a finite volume ELCIRC-Sub inundation (Eulerian Lagrangian CIRCulation - Subgrid)
model was developed and applied in the Greater New York City, a sub-domain of the larger
SCHISM larger domain during Hurricane Sandy, 2012. ELCIRC-Sub has a nonlinear solver
based on the architecture of UnTRIM but allows the MPI parallel computing algorithm to
accommodate a much larger number of sub-grids and coverage of the watershed area. It includes
a new method to reconstruct the tangential velocity on a C-grid at the side center to improve the
conservation of mass, energy, and potential velocity for the geostrophic mode under the
influence of Coriolis force (Thuburn et al., 2009). This open source code was integrated as part
of the MPAS-Ocean model (https://mpas dev.github.i0o/). As a result, ELCIRC-Sub can run as a
stand-alone inundation model with observational boundary conditions or coupled with a large-
scale model such as SCHISM to provide proper choice of the boundary conditions. Section 2
describes Hurricane Sandy (2012) and the data used in model validations during this event.
Section 3 introduces the large-scale storm tide model SCHISM, the wind wave model WWMIII,
and the street-level inundation model ELCIRC-Sub. Section 4 shows the modeling results of the
total water level by coupled SCHISM and WWMIII, and the inland inundation simulated by
ELCIRC-Sub in New York City during Hurricane Sandy. Section 5 provides discussion and
concludes the paper.

This study presents the validations of both the large-scale storm tide model and the street-
level inundation model to demonstrate their own capabilities. Also, it shows their potential to be
seamlessly coupled in a way that the large-scale storm tide model can provide accurate open
boundary conditions to drive the high-resolution local-scale inundation model.
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2. Hurricane Sandy (2012) and Observation Data

2.1. Hurricane Sandy (2012)

On October 22, 2012, Hurricane Sandy started to form in the Caribbean Sea, and intensified
as it moved northward to the U.S. East Coast. Sandy was a Category 3 storm at its peak intensity
when it made landfall in Cuba on October 25th. Then it sharply turned to U.S. Northeast Coast
on October 29th. ECMWEF was the earliest of various forecast models (Figure 1) to predict this
abrupt veering of storm track direction 5 days in advance (NOAA, 2013). Sandy made landfall
just north of Atlantic City near Brigantine, NJ, as a post-tropical cyclone with hurricane-force
winds on October 30, 2012, at around 00:30 UTC.

Figure 1: Atmospheric model forecast tracks at (a) 0000 UTC 2012/10/23, (b) 0000 UTC 2012/10/24, (c)
0000 UTC 2012/10/25, and (d) 0000 UTC 2012/10/26. Solid color lines are for forecasts through 72

hours, while dashed lines are from 72-120 hours, and dotted lines represent the 120-168 hour forecasts ((a)
and (b) only). The actual track is in white, the European Centre for Medium Range Weather Forecasts
(ECMWEF) is in coral, the Global Forecast System (GFS) is in cyan, the GFS ensemb]e is in yellow, and
the Track Variable Consensus Aids (TVCA) model consensus is in red (Source: NOAA Hurricane Sandy
report, 2013).
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The storm surge created some of the most devastating impacts, including flooding in New
York City’s subway tunnels, LaGuardia and Kennedy airports, damage to the New Jersey transit
system, and the coastal seashore (NOAA, 2013). The NOAA tide gauges records show peak
water levels at The Battery, NY, Bergen Point, NY, Sandy Hook, NJ, and Bridgeport, CT, at
2.74,2.90, 2.44, and 1.77 m, above mean higher high water, respectively (NOAA, 2013). At
Kings Point, near the head of the Long Island Sound, the highest storm tide of 3.17 m (above
MSL) was observed where the peak surge occurred concurrently with a tidal trough (Figure 2).
The observed storm tide could have been at least 2 m higher if the storm surge occurred during
the high tide phase. Since the hurricane moved along the offshore of the U.S. East Coast from
South Florida to New Jersey, the coastline was impacted by remote winds even before landfall.
Thus stations such as Duck, NC, Chesapeake Bay Bridge Tunnel (CBBT), VA, and Cape May,
NIJ all experienced the forerunner of Hurricane Sandy and the water level was set up around
October 25, 5 days before landfall. In order to hindcast this fore-runner of Sandy, a simulation
period of 21 days (2012/10/10 — 2012/10/31) was specified instead of the typical 3 or 4 days.

Kings Point, NY
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4.0 —Predicted

—Observed
—Observed - Predicted

3.0

20
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0.0

Water Level (m), rel. MSL

-1.0

-2.0
10/27 00:00 10/28 00:00 10/29 00:00 10/30 00:00 10/31 00:00 11/1 00:00 11/2 00:00
Date and Time (UTC)

Figure 2: Observed water level (rel. to MSL) at Kings Point, NY during Hurricane Sandy (NOAA:
https://tidesandcurrents.noaa.gov).

2.2. NOAA Observation

NOAA's observations used to evaluate model performance were from:
a) 9 NOAA tide gauges along the U.S. East Coast and in Long Island Sound;
b) 2 NDBC observation buoy stations in New York / New Jersey Bight.

The 9 NOAA tidal gauges were used for comparing with modeled storm tide elevation
relative to Mean Sea Level (MSL). The 2 NDBC buoys (NOAA NDBC, 2012) were utilized for
comparisons with modeled significant wave height and peak wave period. The locations of these
stations are shown in Figure 3 (a).
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Figure 3: (a): Locations of 9 NOAA tidal gauges in Mid-Atlantic Bight (labeled as ‘““station name, state”) and 2 NDBC observation buoys (44065
and 44025) used in water elevation and wind wave comparisons, respectively; (b): Locations of 6 USGS water level gauges (red diamonds) and 80
non-wave affected USGS-recorded high water marks (blue dots) within the ELCIRC-Sub domain (grey shaded area) utilized for spatial
verification of model results in Greater New York City.
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2.3. USGS Observation

USGS deployed a monitoring network of rapid-deployment pressure gauge to measure water-
levels over the land around New York City during Hurricane Sandy (McCallum et al., 2013).
The measurements covered the period between October 28, 2012 and November 1, 2012 (USGS,
2013). Six of these rapid deployment gauges were used for evaluation of the model’s accuracy
for predicting storm tide (Figure 3 (b)). Detailed information of each water level gauges can be
found at USGS website (https://stn.wim.usgs.gov/FEV/#Sandy). Also, USGS surveyed 950 high
water mark locations in the ranging from Virginia to Massachusetts (USGS, 2017). Among them,
a total of 80 USGS non-wave affected high water mark measurements were around New York
City (Figure 3 (b)). The measurements were surveyed relative to NAVD88 and converted to
Mean Sea Level. They were considered as the maximum extent for inundation during the event
and later used for model-data comparison. Most of the measurements were collected in New
York City and New Jersey adjacent to the Hudson River where the impacts of the storm were the
heaviest. Since the inundation extent output from ELCIRC-Sub model is temporally varied, the
maximum water elevation over the entire event in each sub-grid were selected to compare with
high water mark.

2.4. FEMA Inundation Map

FEMA also generated a maximum inundation extent map based on interpolation of USGS’s
water elevation measurements from the monitoring network, including high water marks and
water level gauges, as described above, and were intersected with the best available elevation
data. The water level measurements combined with the DEM were utilized to create a water
elevation, layer thickness and a 0-m contour line for the maximum extent of inundation (Figure
4). The FEMA products include an inundation grid at 1 m resolution in New York City and 3 m
resolution in New Jersey, along with a clipped surge boundary (FEMA MOTF, 2013).
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Figure 4: FEMA’s inundation map of maximum extent for New York City (NYC) and New Jersey (blue
shaded polygons) generated via interpolation of high water marks and the best available elevation dataset
(FEMA MOTF, 2013). Note that the area inside the dashed, orange polygon is later used for comparing
sub-grid model results and data in NYC.
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3. Model Description and Setup
3.1. Large-Scale 3-D Barotropic SCHISM Storm Tide Model

The SCHISM model is a 3-D baroclinic finite element model for solving the primitive
shallow-water equation on unstructured horizontal and vertical grids (Zhang et al., 2016).
SCHISM derives from the original SELFE v3.1dc model (Zhang and Baptista 2008) and, with
new enhancements and upgrades, and now is distributed with an open-source Apache v2 license.
At the core of the SCHISM, the governing equations used in this paper are the 3-D barotropic
Reynolds averaged Navier-Stoke equations subject to the hydrostatic assumption and written in
Cartesian coordinates:

Du a ou =
Z=Z(vZ)-gm+F Q)
and the continuity equation:
V-i+22=0 )

where D denote the material derivative, u is the horizontal velocity, # is the surface elevation,
a .. . ) ) o ) )
V= (5’ 5) is the horizontal gradient operator, g is the gravitational acceleration, w is the

vertical velocity, and the explicit term in equation (1) is given by:

17"=v-(uvﬁ)—fﬁxﬁ—inpA+agV<p+RT 3)
0

where k is a unit vector for the z-axis (pointing vertically upward), f is the Coriolis factor, « is
the effective earth-elasticity factor, ¢ is the earth tidal potential, v and p are the vertical and
horizontal eddy viscosities respectively that may be solved from turbulence closure scheme. p is
a reference water density, and p, is the atmospheric pressure.

The radiation stress term FS is parameterized with several formulations (e.g., Ardhuin et al.,
2010; Mellor, 2011a, 2011b). In this paper, we adopted the simple radiation stress formulation
originally proposed by Longuet Higgins and Stewart (1964). In addition, the total surface stress,
estimated based on the actual sea state using the theory of Janssen (1991), is given in Appendix
A and the bottom stress including wave-induced stress based on the theories of Grant and
Madsen (1979) and Mathisen and Madsen (1996), is given in Appendix B. For inter-comparison
between 2-D and 3-D, both 2-D and 3-D models use the same spatially varying Manning's n
value to be converted to the bottom friction coefficient, following the same conversion method
used in Zheng’s study (2013).

The horizontal grid mesh uses finite-element discretization comprised of mixed quadrilateral
and triangular grids. The vertical grid structure uses hybrid vertical coordinates LSC? (localized
sigma coordinate system) with varying numbers of layers depending on the local water depths
(Zhang et al., 2015). The entire SCHISM system was efficiently parallelized via domain
decomposition and MPI. SCHISM has been proved with strong capability in cross-scale ocean-
to-creek modeling (Liu et al., 2018).

The large-scale modeling domain for the SCHISM storm tide model covers the entire U.S.
East Coast, Caribbean Sea, and the Gulf of Mexico with an open ocean boundary aligning with
the 60-degree West longitude (Figure 5). The unstructured grid contains 313,407 nodes and
592,827 elements in the horizontal planes and 6-36 layers in the vertical axis with the horizontal
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grid resolution ranging from approximately 20 km in the Atlantic Ocean near the open boundary
to 50-100 m in New York Harbor. The open boundary has 294 nodes and is placed sufficiently
far from land that it is not affected by approaching hurricanes making landfall on the U.S.
Atlantic Coasts. As a result, an astronomical tidal boundary forcing for the water elevation can
be applied there.

The bathymetry in the open ocean and continental shelf are interpolated from NOAA's
bathymetric sounding database, the Digital Nautical Charts database, ETOPO1 1-minute gridded
elevations/bathymetry for the world database (NOAA National Geophysical Data Center, 1999,
2011; National Ocean Service, 1997; U.S. Department of Defense, 1999). In coastal regions, for
example, New York Harbor, NOAA Coastal Relief Model (~90 m resolution) (NOAA NGDC,
2011) and NOAA Bathymetric Survey Data (10 - 20 m resolution) (National Ocean Service,
2006) are used.
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Figure 5: (a): high-resolution large-scale unstructured-grid storm tide model grid with an open ocean
boundary aligning with the 60-degree West Longitude. The grid cells are shown in drak grey color,
covering the entire U.S. East and Gulf Coasts; (b): zoom-in of the orange dashed polygon in (a), which
shows high-resolution mesh in the Mid-Atlantic Bight region.

Tidal elevations are forced at the open-ocean boundary using eight major astronomical tidal
constituents including the semidiurnal M, N», S> and K> constituents along with the diurnal O,
K1, Q1 and Py constituents using data from the ADCIRC Tidal Databases (ADCIRC, 2001). The
tidal potential constants, and Earth elasticity factors, which reduce the magnitude of the tidal
potential forcing due to the earth tides are accounted for in the SCHISM model. The nodal
factors and equilibrium arguments of the forcing tidal constituents are specified based on the
starting time and duration of the simulation.

The major atmospheric forcings are u and v wind at 10 m height above ground and mean sea
level pressure. Specifics from NAM and ECMWEF are as follows:
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(1) 5-km resolution, 3-hourly, concatenated, NAM-NEST product for Hurricane Sandy, with
initial times at 00z and 12z, from 10/10 00:00 UTC to 10/31 00:00 UTC, 2012: variables include
10-m u/v wind in m/s and mean sea level pressure in Pa.

(2) 16-km resolution, 3-hourly, concatenated, ECMWEF T1279 product for Hurricane Sandy,
with initial times at 00z and 12z, from 10/10 00:00 UTC to 10/31 00:00 UTC, 2012: variables

include 10-m u/v wind in m/s and mean sea level pressure in Pa.

The atmospheric forcing was derived from the concatenation of 12-hr short forecasts with
different initial times and thus it represented the best knowledge of the atmospheric condition as
it evolved over time during the event.

3.2. Wind Wave Model WWMIII

The Wind Wave Model (WWMIII) is a third-generation wave model developed by Roland
(2009, 2012), which is an unstructured grid spectral wave model, incorporating most existing
source terms for wind input and dissipation. WWMIII is based on the source code by Hsu et al.
(2005) and was revised further in terms of numerical schemes and physics (Roland, 2009, 2012).

The governing equation of WWMIII is mainly the Wave Action Equation (hereafter WAE).
It includes growth, decay, advection, and refraction of wind waves due to varying depths and
currents computed by the hydrodynamic model. It can be written for Cartesian coordinates as
follows (e.g. Komen et al., 1994):

a g 0 r, Jd ,.
SN+ Vx(XN) +~(6N) +5-(GN) = Sty )
where the Wave Action N, which is invariant in slowly varying media (Bretherton and Garrett,

1968), and is expressed as:

E

(t,);a,@) ( 5)
with E being the variance density of the sea level elevations, o the relative wave frequency, and
0 the wave direction. The advection velocities in the different phase spaces are given following
the Geometric Optics Approximation (e.g., Keller, 1958).

Nt x,00) =

X=cx=—=—"=0¢5+Upp 6)
— 1900d |,  9Uag

0=co=12a3 ds )
—c =29(% : — ¢ ke 2aw

o Co — 2d (at + UA de) Cgk 35 (8)

Here s represents the coordinate along the wave propagation direction and m represents that
perpendicular to it. X is the Cartesian coordinate vector (x,y) in the geographical space, d is the
water depth obtained from SCHISM, k is the wave number vector, ¢4 the group velocity and Vy
is the gradient operator in the geographical space. The group velocity is calculated from the
linear dispersion relation. The effective advection velocity Uy depends in general on the wave
number vector of each wave component (Andrews and Mclntyre, 1978a, b). S;,; is the source
term including the energy input due to wind S;,,, the nonlinear interaction in deep and shallow
water (S,,;4 and S;;3), the energy dissipation in deep and shallow water due to white capping and
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wave-breaking (Sgs and Sp,,-), and the energy dissipation due to bottom friction Sy ¢; the source
term can be presented as:

DN

Dt Stotal = Sin + Snia + Sas + Sniz + Spr + Sbf )

WWMIII solves the WAE using the fractional step method as described by Yanenko (1971).
The fractional step method allows the splitting of the time-dependent four-dimensional problems
in well-defined parts for which dedicated numerical methods can be used to have a well-defined
consistent and convergent numerical method (e.g. Tolman, 1992). As an alternative and
innovative method to the well-known family of finite volume schemes or finite element schemes,
the family of Residual Distribution Schemes (RD schemes, also known as “fluctuation splitting
schemes”, (Abgrall, 2006)) is implemented in the present WWMIII model.

WWMIII is efficiently and effectively coupled with SCHISM at the source code level by
parallelizing it via the same domain decomposition scheme as that used by SCHISM. The usage
of the same sub-domains in the two models can eliminate the need for interpolation and simplify
the exchange of information between current and wave models, resulting in better efficiency.
During the information exchange, the wind, sea surface elevation, wet/dry flags, and currents are
passed from SCHISM to WWMIII, and the calculated radiation stress is returned to SCHISM.
The radiation stress is estimated as given in Roland et al. (2012) based on the directional spectra
itself and is counted in momentum equations in the main SCHISM model.

The specific open boundary forcing for WWMIII was not required as the wave-generating
storms were completely contained within the model domain during the hurricane event simulated.
In the case wave-generating storms extended beyond the model domain, then wave conditions at
the open ocean boundary will need to be included by interpolating from other larger-domain
wave model results. Initial condition is set as default: no wind wave exists at the beginning of a
simulation.

3.3. Street-Level ELCIRC-Sub Inundation Model

ELCIRC-Sub is developed based on ELCIRC model (Zhang et al.,2004) which uses a finite-
volume/finite-difference, semi-implicit, Eulerian-Lagrangian scheme to solve the shallow water
equations and address a wide range of physical processes under atmospheric, ocean and river
forcings. Sub-grid modeling capability is built into ELCIRC-Sub to simulate high-resolution
street-level inundation modeling. The sub-grids, in the form of raster DEM derived from LIDAR
and high-resolution bathymetry, is nested within the base computational grid cell to allow the
fine-scale topography features to be recognized while the core computation for solving the
shallow water equations is performed on the base grid. Together with the bathymetry within each
of the sub-grids, the total water depth of each sub-grid and the status of wetting, drying and/or
partial wetting-and-drying of the “base grid” can then be determined collectively by the
distribution of the sub-grid population within that base grid. In particular, the partial wetting-
and-drying of the base computational grid, which is unavailable by the traditional method, is now
possible to help more accurately determine the extent, depth, and timing of the inundation (Sehili
etal., 2014).

As shown by Aldrighetti and Zanolli (2005), the semi-implicit finite volume discretization
of an open channel with arbitrary cross-section is a nonlinear system. It is non-linear because
variation of volume co-varies with both cross-section area and the water level. To solve the non-
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linear system of equations characterizing wetting/drying process by the semi-implicit scheme, an
iterative Newton non-linear scheme by Casulli and Zanolli (2012) was developed into ELCIRC-
Sub. The Newton method is an efficient technique for solving weakly non-linear equations by
linearizing the original equation and has the properties of quadratic convergence if the current
iteration variable specified is sufficiently close to the convergence solution.

Furthermore, a method to recover the tangential component from an arbitrary C-grid was
incorporated. In the method, the tangential velocity at a particular side is expressed as a weighted
sum of the known normal velocities from the normal velocities of all surrounding sides, utilizing
the relationship that the normal velocity in the original grid is the tangential velocity of the dual
grid. Given the fact that the Coriolis force should give no net source or sink of energy and the
geostrophic modes be stationary, the Coriolis term at any face requires a value of the tangential
velocity which must therefore be approximated using a suitable weighted average of normal
velocity components from nearby faces (Thuburn et al., 2009). The approach is rigorous and has
good conservation properties, and so should in theory give the best results. However, the results
are sensitive to grid quality; this is especially problematic for unstructured grid near the land
boundary where the grid quality is most difficult to control. A pragmatic solution to this
symptom is to use the scheme by Thuburn in the interior and simple average of the surrounding
normal velocity at all land boundary sides, with slightly degraded accuracy locally. A benchmark
test was designed and conducted to verify the nonlinear solver and tangential velocity scheme
implemented in the new sub-grid model by comparing with an analytical solution of Thacker
(1981). The benchmark results (not shown) are consistent with Casulli’s study (2009).

The verified ELCIRC-Sub model was then set up to simulate the inundation during 2012
Hurricane Sandy in Greater New York. The sub-grid horizontal domain covers Staten Island,
Hudson River, Manhattan, Bronx, Brooklyn, Queens, Harlem River, East River and further
extended through Long Island Sound to New London, CT (Figure 6). This domain is much larger
than the previous work by Wang et al. (2014). The square computational base grid of 200 m *
200 m was chosen and, the 40-by-40 sub-grids, resulted in 5 m * 5 m cells embedded within each
base grid cell. The grid consists of 87,665 base grid nodes and 89,853 base grid elements and the
number of total sub-grid elements is approximately 144 million. The LIDAR topography data
around New York City were obtained from the previous study in the same area (Loftis, 2014) in
5-m resolution DEM. The bathymetry data were based on integrating the data from the NOAA
Bathymetry Survey Data with a spatial resolution of about 10 m (NOAA, 2006) and NOAA
Coastal Relief Model with a spatial resolution of about 90 m (NOAA, 2011).

The open boundary conditions include the Hudson River flux and two water level boundary
conditions. The two water elevation forcing are applied at the mouth of New York Bay in the
south where observed data by USGS Rockaway Inlet (Station #1311875) was used, and in the
east, at the cross-section from Greenport, Plum Island, to New London, CT where observed
water elevation data at NOAA tidal gauge at New London, CT (Station #8461490) was used with
adjustment of phase based on distance from this gauge location. The river flux was specified at
Wappingers Falls of the Hudson River in the northern boundary where hourly water flow data
obtained from USGS Station #01372500 was used. The atmospheric forcing data - wind and
pressure, collected from the NDBC buoy at Bridgeport, CT Station BRHC3 (NOAA NDBC,
2012) were used to represent the Long Island sound domain for it is near the central location of
the Sound. A total of 80 CPUs were used for the simulation and a 10-day inundation simulation
(2012/10/22 to 2012/11/01) was completed within 20 minutes.
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Figure 6: (a): The high resolution sub-grid domain (shaded regions) covering New York City, part of
Hudson River up to Yonkers, part of Long Island Sound up to East Lyme, CT. Red dots labeled by
numbers from west to east show NOAA tidal gauges: The Battery, NY, Kings Point, NY, Bridgeport, CT,
and New Haven, CT; (b): representation of the square sub-grids in New York City on the southern tip of
Manhattan Island. LIDAR-derived topography data are directly imported into the square sub-grid
elements to effectively resolve buildings and streets (Loftis, 2014).
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4. Results
4.1. Storm Tide and Wind Wave during Hurricane Sandy (2012)

Tidal calibration was conducted to ensure that SCHISM properly modeled long-wave
propagation along the U.S. East Coast and inside New York Bay. With only the tidal open ocean
boundary applied, the large-scale SCHISM model was run for 90 days from September 1st 00:00
UTC through November 30th 00:00 UTC, 2012 without wind forcing. A standard manning of
n=0.025 was applied in most of the areas except in (1) Hudson River, n=0.010; and (2) East
River, n=0.045, where the values were derived from previous studies in the New York Bight
(Blumberg et al., 1999). 9 NOAA tidal gauges (Figure 3 (a)) were utilized to verify model
accuracy. Both the 2-D and 3-D barotropic tidal runs were conducted and the results were almost
identical. The average RMSE (Root-Mean-Square-Error) was 0.04 m and the average R? was
0.988. These demonstrate that SCHISM accurately simulates tidal propagation across the
Western Atlantic to the U.S. Eastern Seaboard and embayments.

A total of eight storm tide simulations were set up to examine the effects of wind forcing,
the 2-D vs. 3-D formulation, and coupling with wind wave model vs. without wave model. They
are:

1) 3D-W-N: The 3-D SCHISM coupled with WWMIII (NAM atmospheric forcing);
2) 3D-N: The 3-D SCHISM alone (NAM atmospheric forcing);

3) 2D-W-N: The 2-D SCHISM coupled with WWMIII (NAM atmospheric forcing);
4) 2D-N: The 2-D SCHISM alone (NAM atmospheric forcing);

5) 3D-W-E: The 3-D SCHISM coupled with WWMIII (ECMWF atmospheric input);
6) 3D-E: The 3-D SCHISM alone (ECMWF atmospheric field input);

7) 2D-W-E: The 2-D SCHISM coupled with WWMIII (ECMWF atmospheric input);
8) 2D-E: The 2-D SCHISM alone (ECMWF atmospheric field input).

The 3D-W-E has the best agreement with NOAA water level observation and predicted the
maximum storm tide with an error less than 8 cm at The Battery, NY. The average RMSE across
all stations is less than 0.13 m (Table 1).

Table 1: Statistical evaluation of SCHISM 3D-W-E results at 9 NOAA stations.

Stations R? RMSE (m) MAE (m)

Montauk, NY 0.959 0.091 0.074
Bridgeport, CT 0.976 0.142 0.107
Kings Point, NY 0.964 0.199 0.141
The Battery, NY 0.961 0.155 0.110
Sandy Hook, NJ 0.972 0.128 0.102
Atlantic City, NJ 0.955 0.175 0.128
Cape May, NJ 0.973 0.105 0.090
CBBT, VA 0.926 0.142 0.111
Duck, NC 0.975 0.080 0.063
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Figures 7 presents the 3D-W-E results as grouped into: (First row) Long Island Sound:
Montauk, Bridgeport, Kings Point; (Second row) New York and New Jersey: The Battery (lower
Manhattan), Sandy Hook, Atlantic City; (Third row): Cape May, CBBT, Duck. The surge
traveled from Montauk westward toward Kings Point near the western end of Long Island Sound.
R? at those stations are all above 0.95, and the averages of RMSE and MAE are 14 cm and 10 cm,
respectively. Phase discrepancy in the model results at the Kings Point between 00:00 UTC
October 30 and 12:00 UTC October 30 suggests that some local effects may contribute to the
phase shift during the peak surge, but this model was unable to catch it perfectly based on the
current resolution and atmospheric forcing. In section 4.2. below, a high-resolution sub-grid
inundation ELCIRC-Sub model was applied in the same region and the model was able to
produce more accurate results for the maximum surge at Kings Point, NY. The results from
stations in New York City, New York Lower Bay and New Jersey coast are also very reasonable.
R? at Sandy Hook and The Battery were both above 0.96, the averages of RMSE and MAE were
14 cm and 10 cm, respectively. For the stations further south, they experienced less surge than
those in the north and followed by a mild set-down. The model also performs well there with R?
above 0.92, and RMSE and MAE averages of 11 cm and 9 cm, respectively.
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4.1.1. Effects of Atmospheric Forcing

Comparisons of storm tide simulations using different atmospheric forcings (NAM,
ECMWEF) were conducted to determine how the quality of wind forcing can affect storm surge
simulation (Figure 8). In general, the runs using ECMWF model have better peak storm tide
results than those using the NAM model in all four comparison scenarios. 3D-W-E has the
lowest RMSE and MAE as 0.15 m and 0.11 m, respectively, among all these runs. The NAM

runs have larger phase discrepancy and overprediction.
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Figure 8: Time series of comparisons of NOAA observation and storm tide model at The Battery, NY: (a)
3D-W-N vs. 3D-W-E results; (b) 3D-N vs. 3D-E; (¢) 2D-W-E vs. 2D-W-N; (d) 2D-E vs. 2D-N. The
smaller plot embedded in each figure contains a “zoom-in” comparison of peak water level around
10/30/2012 00:00. The R? value is labeled with corresponding color of time series.

Days since 10/27/2012 00:00 UTC

To explain the difference, the wind speed magnitude of ECMWF and NAM were compared
with the observation at NOAA NDBC buoy station 44065 (location shown in Figure 3). As
viewed from the plots in Figure 9, the observed wind speed (blue dot-line) started to exceed 20
m/s at 10/29/2012 15:00, reached 25 m/s and stayed at the peak wind speed until 10/30/2012
00:00, and finally decreased to 20 m/sec at 10/30/2012 03:00. While ECMWF (orange line)

18
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followed the same trend very closely, NAM (green line) over-predicted the peak to 30 m/s, and
then under-predicted by 4-5 m/s until 10/30/2012 03:00. Comparisons at other stations were
made (not shown) and exhibited the similar trend that ECMWF had better predictions on the
magnitude and timing of peak wind speeds.

These comparisons, thus, confirm that the quality of the wind field has a direct impact on the
accuracy of storm tide simulations as the surface stress during landfall was dominated by wind
stress. Since the model runs using ECMWF forcing generally have the better results of peak
storm tide when Sandy made landfall, it will be used for later comparisons to analyze the effects
of 2-D vs. 3-D formulation and coupling wind wave vs. no wave.
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Figure 9: Time series of comparisons of observation, NAM, and ECMWF wind speed at NDBC station
44065. The plots between the dashed lines show the notable difference between NAM and ECMWF in a
12-hour period around the time of peak wind speed during Hurricane Sandy, 2012.

4.1.2. Effects of 3-D Formulation

To verify the necessity of a 3-D circulation model in accurately modeling the maximum
storm tide over New York City, two groups are presented in Figure 10: (a) 3D-W-E, 2D-W-E; (b)
3D-E, 2D-E. 3D-W-E and 3D-E increased and improved storm tide results around landfall by 5-
10% over 2D-W-E and 2D-E, respectively. Also, the difference between 3-D and 2-D models
was quite similar in the coupled wave-current model as well as in the circulation-only model, so
it is necessary to analyze why the 3-D model is intrinsically different from the 2-D model.

The major difference in storm surge results between the 3-D and 2-D modeling follows from
the momentum balances. Storm surge derives from the tendency of vertically integrated pressure
gradient force (due to the sea surface slope) to balance the difference between the surface and
bottom stresses. The surface stress applied is the wind stress, which should be the same in either
the 2-D or 3-D model, for they use exactly same formulation of wind stress. However, the
bottom stress is where the 2-D and 3-D model makes the difference. The bottom stress usually
follows a quadratic friction law, but in the 2-D model this is based on depth-averaged velocity,
while in the 3-D model it is based on the near-bottom velocity. Hence, the bottom stress will be
different in these two models when the near-bottom velocity differs from the vertically averaged
velocity. This difference could affect the surge estimation. When the bottom stress calculated by
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a 2-D model is inconsistent with that calculated by a 3-D model, the only recourse (other than the
Coriolis accelerations and horizontal diffusions) in the momentum balance is for the pressure
gradient force to be changed. As storm surge is the integral of the surface slope in spatial and
temporal dimensions, misrepresentation of bottom stress will result in errors in surge. During the
period of a hurricane’s landfall, the bottom stress is usually overestimated in the 2-D model of a
storm surge simulation because the vertically averaged velocity is larger than the near-bottom
velocity. In this case, the pressure gradient force (the surface slope) is underestimated. Thus, the
surge heights are lower than those from the 3-D model. The modeled peak water level by a 2-D
model is approximately 0.15 — 0.18 m lower than that by a 3-D model.

So, the 3-D structure is intrinsically important in modeling storm surge. 2-D models may
overestimate (or underestimate) bottom stress, requiring physically unrealistic parameterizations
of surface stress or other techniques for model calibration (Weisberg, et al., 2008).
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Figure 10: Time series of comparisons of NOAA observation and storm tide model at The Battery, NY:
(a) 3D-W-E vs. 2D-W-E; (b) 3D-E vs. 2D-E. The peak storm tide result is labeled with corresponding
color. The smaller plot embedded in each figure contains a “zoom-in” of peak water level around
10/30/2012.

4.1.3. Effects of Coupling Wind Wave Model

Comparisons between 4 tests: 3D-W-E, 3D-E, 2D-W-E, and 2D-E with observations
(Figures 11) in two groups below: (a) 3D-W-E, 3D-E; (b) 2D-W-E, 2D-E, are presented to show
the importance of including the effects of wind wave in modeling the maximum storm tide over
New York City. Overall, among these four models, 3-D SCHISM coupled with WWMIII (3D-
W-E) performs the best and can reach the maximum storm tide with the minimum error. 3D-W-E
and 2D-W-E have higher and more accurate peak water level than 3D-E and 2D-E, respectively.
The difference is on the order of 5-10% of the total water level. The effects of wind wave on 2-D
and 3-D models are similar in this case because the radiation stress formulation is the same for
both the 2-D and 3-D simulations.
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The wind wave model’s performance was evaluated during this extreme event. The modeled
significant wave heights as well as peak discrete wave periods calculated by WWMIII using
ECMWEF wind forcing are compared with available observations at 2 NOAA/NDBC buoy
stations located in the New York/New Jersey Bight (Station 44025 and Station 44065) (Figure
12). At Stations 44065 and 44025, observed significant wave heights could reach 9.9 m while the
wave model is able to catch the peak at the right time with reasonable error less than 10% of
maximum height. Comparisons of peak discrete periods also show satisfactory model
performance: around landfall, the error of modeled wave period is on the order of 1 second.
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Figure 12: Time series of comparisons of NDBC observation and WWM model results at Station 44025
and Station 44065: (a) Significant wave height comparisons at 44065; (b) Significant wave height
comparisons at 44025; (c) Peak wave period comparisons at 44065; (d) Peak wave period comparisons at
44025.

The spatial pattern of the modeled maximum storm tide during Hurricane Sandy shows that
the water elevation increases when approaching the shoreline and reaches the maximum value in
the shallow areas near New York City (Figure 13 (a) and (b)). The spatial variation of significant
wave heights in the shallow water generally followed the change of water depths. The modeled
maximum significant wave heights reached to about 9 m, coinciding with the 30 m isobaths
outside New York Bay, and started to decrease (Figure 13 (c¢)). To quantify the effects of wind
wave on the water elevation, the wave setup was obtained as the difference between “maximum
storm tide in the coupled model” and “maximum storm tide in the no-wave model”, as shown in
Figure 13 (d). The relatively larger wave setup was found to occur in the narrow, shallow
estuaries, such as the upper New York Harbor and the Newark Bay, and the coastal bay such as
Jamaica Bay. In much deeper water, such as in Long Island Sound, the effect of wave setup was
relatively small.

The wave-induced increase in water level computed with the coupled model ranged from 0.1
to 0.3 m (5-10 % of maximum storm tide) and was spatially variable. When the hurricane pushed
large waves into the relatively narrow entrance of New York Bays, it caused significant wave
breaking (corresponding to the rapidly reduced wave heights as shown in Figure 13 (c)) and thus
large radiation stress gradients onshore. When the radiation stress gradients were added into the
momentum equation of the coupled model, the pressure gradient (surface slope) term needs to be
larger to balance the radiation stress terms. Thus, the effect of current-wave interaction on the
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integrated total water level in those areas is larger. In general, in shallow areas where wave
breaking is common, the effects of wind wave on storm tide results can be more significant than
in the deep water. Thus, the coupled model was found to be a useful tool in identifying regions
where wave setup effects were important, and the accuracy of storm tide simulation can be
improved.

Despite overall great performance of SCHISM model for simulating storm tide during
Hurricane Sandy, it was observed that the water levels were over-predicted for 2-3 tidal cycles
after the peak storm surge at The Battery in New York City. Several sensitivity tests were
conducted, and it was concluded that the unusual water level drop after the peak surge at The
Battery is due to the sea level set down in the offshore as a result of the Ekman transport by the
prevailed southwesterly wind after Hurricane made the landing. To model the coastal sea level
set down properly, it may require more accurate wind forecast after landfall as well as a 3-D
baroclinic model with proper representation of the vertical stratification over the coastal water.
Per Ye et al., 2019 (submitted manuscript to Ocean Modeling, 2019), we anticipate that the
baroclinicity plays an important role in the post-storm surge adjustment of the coastal ocean.
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4.2. Street-Level Inundation during Hurricane Sandy (2012)

To simulate inundation in an urban city, a finite volume ELCIRC-Sub inundation model (an
open source sub-grid model), was developed and applied in the Greater New York City.

4.2.1. Temporal Comparisons

The ELCIRC-Sub model results were first compared with time series of storm tides
observed by NOAA tidal gauges and followed by comparing with USGS water level gauges. The
comparison with NOAA’s observations were at The Battery, NY, Kings Point, NY, Bridgeport,
CT, and New Haven, CT. Model performance at all four stations are excellent with MAE < 0.11
m (Table 2). Among them, one unique surge record measured at Kings Point, whose water level
changed nearly 2 m within 3 hours, was accurately simulated by the model both in term of the
maximum height and its near abrupt surge shape (Figure 14). The error in modeling the peak
storm surge is less than 10 cm.

Table 2: Statistical evaluation of ELCIRC-Sub modeled storm tide and NOAA observed water
level at 4 stations.

NOAA Stations R? RMSE (m) MAE (m)
The Battery, NY 0.97 0.126 0.105
Kings Point, NY 0.97 0.111 0.085
Bridgeport, CT 0.98 0.057 0.045
New Haven, CT 0.98 0.075 0.058
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Figure 14: Time series of comparisons of modeled storm surge with NOAA observed surge at Kings
Point, NY.
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The model matched with data well in terms of temporal variation. Then we compared the
modeled peak water level with observation at five of them (the data record for USGS
404810735538063 at the junction of the Harlem and East Rivers was lost before the peak of the
storm surge). The comparisons of peak water level and timing between model and data for each
station (except 404810735538063) are shown in Table 3. The model captured the timing and the
depth of the peak water level quite accurately. The average error is less than 0.1 m in water level and
less than 8 minutes in timing of peak.

Table 3: Model-Data comparisons of peak water level and associated timing at five USGS water
level gauges.

Peak Water Level () Time (UTC)
Station Name

Model Data Model Data
2012/10/29 2012/10/29

SSS-NY-KIN-002WL 2.54 2.39 19:57 19:48
2012/10/29 2012/10/29

SSS-NY-NEW-001WL 3.17 3.14 20-09 20-01
2012/10/29 2012/10/29

SSS-NY-QUE-001WL 3.13 3.25 19:54 20:06
2012/10/30 2012/10/30

SSS-NY-NAS-008WL 3.20 3.13 01:57 02:00
2012/10/30 2012/10/30

SSS-NY-QUE-004WL 3.16 3.32 01:57 02:05

4.2.2. Spatial Comparisons

The modeled spatial extent of inundation and depth of flood water was evaluated via
comparisons with USGS as well as FEMA measurements. First, 80 USGS-collected non-wave
affected high water mark measurements around the New York City were used for model-data
comparisons of peak water level. The USGS high water mark measurements were separated by
counties in New York City and the State of New Jersey. The ELCIRC-Sub’s maximum water
level was extracted at each USGS high water mark location. The statistical evaluation indicated
overall accurate model prediction with MAE of 0.102 m and RMSE of 0.134 m in New York
City. In contrast, the model tended to over-predict the water level in the New Jersey side of the
Hudson River. For New Jersey Coast, the MAE is 0.356 m and the RMSE is 0.379 m.

Second, the modeled maximum flooded area coverage was compared with FEMA’s
maximum extent inundation map, which FEMA generated from interpolation of the USGS’s
high water marks intersected with the DEM. The ELCIRC-Sub’s maximum flooding extent map
was generated by summing up maximum surface elevation and DEM (with the negative depth
upward and positive depth downward relative to MSL) in each sub-grid. An area is defined as
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“flooded” when the total depth (surface water elevation plus DEM) is larger than zero. Overall,
the modeled maximum flooding extent (Figure 15 (a)) has a great match with the FEMA-
released map (Figure 4). High-resolution, zoom-in comparisons of the FEMA map and the
ELCIRC-Sub flooding map are shown in Figure 15 (b)-(e). In lower Manhattan, model results
match well with the FEMA map as the water flooded onto the streets near the southern tip of
Manhattan (Figure 15 (b) and (c)). In East River and Harlem River, the ELCIRC-Sub also did a
great job in simulating the flooding around the LGA Airport and along the riverbanks (Figure 15
(d) and (e)). After removing the surface building area from FEMA map, the match percentage
between modeled inundation area and FEMA inundation map within ELCIRC-Sub model
domain was calculated as the ratio of the overlapping (“match”) area to the total flooded area.
Table 4 shows the statistical values for the entire New York City, two specific highlighted
regions (lower Manhattan and West Brooklyn; Part of East River, Harlem River, and LGA),
respectively, New Jersey coastline within model domain, and the total flooded area around NJ
coast and NYC.

Table 4: Statistical comparisons for inundated areas in different regions within ELCIRC-Sub
model domain around New Jersey coast and New York City.

Match Match Total
Region Flooded Area (%) Flooded Area
(million m?) | (million m?)

Entire New York City 31.46 73.7 42.68
Lower Manhattan and West Brooklyn 2.49 74.8 3.33
Part of East River, Harlem River, and LGA 6.37 72.3 8.81
New Jersey Coast 17.62 77.1 22.85
Across NJ Coast and NYC 49.08 74.9 65.53




689

690  Figure 15: (a) The ELCIRC-Sub modeled maximum flooding map around New York City during Hurricane Sandy. The blue shaded polygons are
691  maximum flooded extents in the model. The orange dashed polygon encloses the partial ELCIRC-Sub model domain near NYC. For clear

692  comparison, this figure has the identical extent as FEMA’s map in Figure 4; (b) and (c¢): the comparisons of maximum flooding extent between
693  FEMA and model in southern part of Manhattan Island and Brooklyn, NY; (d) and (e): the comparisons of maximum flooding extent between
694  FEMA and model in Harlem River, East River, and LaGuardia Airport.
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Detailed street-level comparisons between the modeled inundation extent and FEMA map
extent are also conducted (Figure 16). For example, in the Governors Island and Southwest
Brooklyn (Red Hook), the ELCIRC-Sub model elevation predictions matched with FEMA map
elevations very well with an 82% hit rate. Although the flood extent map generated by FEMA is
regarded as the benchmark reference for evaluating model performance, at this scale,
uncertainties and errors can also be introduced into it from spatial interpolation of limited and
unevenly distributed monitoring points. In addition, many local inland streets, which were not
hydraulically connected to the flood, have been incorrectly categorized as inundated areas
because FEMA'’s planar method considered neither mass conservation nor hydraulic connectivity.

82% match

A

Governors
Island Red Hook

Figure 16: Comparisons of maximum flooding extent map between (a) FEMA and (b) ELCIRC-Sub
model near Governors Island and West Brooklyn.

5. Discussion and Conclusion

A 3-D barotropic large-scale unstructured grid storm tide SCHISM model coupled with
ECMWF and Wind Wave Model (WWMIII) was successfully applied in modeling the storm tide
along U.S. East Coast during Hurricane Sandy (2012). The overall model performance is quite
good: RMSE on the order of 0.08-0.20 m, and MAE on the order of 0.06-0.14 m. Specifically,
the simulated maximum storm tide at The Battery, NY, which is located at the tip of Lower
Manhattan, had an error less than 0.08 m. The WWMIII wave model’s results were also
compared with NDBC observation at two stations off the NJ/NY coasts. The wave model
worked well with average relative error in wave height less than 10%, and the absolute error in
peak period is 1-3 seconds.

Comparisons of storm tide simulations using NAM and ECMWEF show that simulations
using the ECMWF atmospheric model have better results than those using the NAM model in all
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comparison scenarios. The comparisons of wind speeds provided by these two models also
confirmed the direct impact of wind forcing on the accuracy of storm tide results. Hurricanes
Sandy’s sensitivity tests for the 3-D versus 2-D demonstrate clearly that the 3-D circulation
models’ results over New York City have higher and more accurate peak water level than the 2-
D models. The simulation from a 3-D model is better than that of the 2-D model for two main
reasons: 1) the 3-D model has better parameters of bottom stress with the knowledge of vertical
velocity structure and the wave-induced bottom stress; 2) the 3-D model can account for the
interior dissipation process better because momentum dispersion is strongly affected by the 3-D
vertical shear.

Sensitivity tests of “with” and “without” wave model for storm tide simulations in Hurricane
Sandy demonstrated that the contributions of the wind wave model were spatially and temporally
varying and were on the order of 5-10% of the total water level. The effects of wave-current
interaction on the storm tide simulation include three aspects: (1) wave-enhanced surface stress
as well as turbulent mixing (e.g., Craig and Banner, 1994); (2) wave-induced radiation stress
based on the formulation of Longuet-Higgins and Stewart (1964); (3) wave-enhanced bottom
stress (Grant and Madsen, 1979). Among these three processes representing wave effects on
water elevation, (2) and (3) play more important roles as compared to (1) during Hurricane
Sandy. The reason (1) is less significant is because Hurricane Sandy’s track had an unusual turn
before making landfall and hence the forcing wind fields were highly variable in space and time.
This resulted in relatively few waves aligned in the same direction to exert coherent stresses on
the airflow and thus sea state was extremely young, the Charnock parameter was low, and the
drag was relatively smooth (Janssen, P. A. E. M., 2008; Caullier et al., 2008). Despite overall
great performance of SCHISM model coupled with WWM and ECMWEF, it was observed the
water levels were over-predicted after the peak storm surge for 2-3 tidal cycles due to
southwesterly wind-induced sea level set-down. To improve the model, the phenomena needs to
be modeled more accurately by using a 3-D baroclinic model with vertical stratification and a
better post-hurricane forcing wind field in the coastal water.

The ELCIRC-Sub model was applied to simulate the inundation during Hurricane Sandy in
2012. The comparisons between modeled water level and NOAA observations show that model
performance was excellent with the mean absolute error on the order of 5-10 cm. Specifically at
Kings Point where the storm surge was the largest during Hurricane Sandy, the model accurately
caught the peak amplitude, the timing, and the profile of the unusually quick rise of the water
level. Spatial verification of the inundation results by the ELCIRC-Sub model was addressed by
comparison with 80 high water mark measurements collected by the USGS. The overall mean
absolute errors of the model predictions were 0.102 m and 0.325 m for the New York City and
New Jersey coasts, respectively. The match percentage or hit rate between maximum flood
extents obtained from ELCIRC-Sub model versus from FEMA were calculated area-to-area for
the entirety of New York City and locally important sub-areas, the New Jersey coastline within
model domain, and the total flooded area around NJ coast and NYC. Overall, the model matched
75% in maximum flooded area with FEMA map, with higher than 80% match in local areas such
as lower Manhattan and LGA airport. Regarding the model’s efficiency, the new ELCIRC-Sub
model could reach 720 times real time speedup using the College of William and Mary’s HPC
system. It runs more than 20 times faster than the UnTRIM model for this same set up, enabling
scaling to cover a larger domain and a longer simulation period at a moderate computational cost.

In summary, a wind-wave coupled unstructured-grid 3-D storm tide SCHISM model was
applied to a large domain with an open boundary aligned to the 60-degree West longitude
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covering the entire U.S. East Coast and Gulf Coast. The great performance (i.e., accuracy and
robustness) of the model in hindcasting storm tide and wind waves during Hurricane Sandy
(2012) demonstrates its feasibility for operational forecasting. The newly developed ELCIRC-
Sub model has been applied for a realistic street-level inundation simulation in the greater New
York City during Hurricane Sandy. The simulation has been compared with USGS rapid-
deployment water level gauges, USGS high water marks, and FEMA flooding map with
excellent results. It demonstrated that the sub-grid inundation modeling in ELCIRC-Sub model is
a viable tool for predicting the risk of coastal inundation in the future. Based on the successful
applications of the large-scale storm tide model and the local-scale sub-grid inundation model
during Hurricane Sandy, the research on coupling these two models is ongoing, which would
build a seamless modeling framework for coastal inundation forecast during a storm surge event.
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Appendix A: The free surface boundary condition
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The boundary condition used at the free surface under no wave condition is based on Garratt
(1977):

(Tw, Tw,) = PaCas|W|(We, W)

Where:

pq: air density (kg/m3);

C4s: wind drag coefficient;

Wy, W,): x/y-direction wind velocity at 10 m height above ground;
|W|: wind magnitude (m/s).

Cg4s 1s specified as in the following conditions:

Cys = 0.75 x 1073 if |W| < 4m/s
Cas = (0.75 + 0.067|W|) x 1073 if  4m/s<|W|<33m/s
Cys = 2.64 x 1073 if |W| > 33m/s

When waves are present, the total stress is estimated based on the actual sea state following
Janssen (1991) and the extension made to it in Ardhuin et al. (2010): the Charnock parameter

* 9zp
0 uf 1_Tw

where a = 0.01, and depends on the ratio of wave-induced stress T, to total

op k
stress 7, where Ty, = —~|ying = [ dwdo =Sin-

K

T
log(%)

2
Here the drag coefficient Cq is given by Cy(L) = { } .Where L is the 10 m height, k

*

zgu?

is the von Karman constant and z, =

For further details, please refer to Roland et al. (2012).

Appendix B: The bottom boundary condition



839
840

841
842

843
844
845
846
847
848

849

850

851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875

876
877

The boundary condition used at the bottom under no wave condition is expressed in terms of
bottom stress given by the quadratic law:

(Tpr Tn,) = pOCdb|Fb)|(ubrvb)

Where:

po: water density (kg/m?);

C4p: bottom drag coefficient;

(up, vp): u/v-direction near bottom velocity;

Uy

: bottom velocity magnitude (m/s)

2
and cgp = {#} where k = 0.4 is von Karman’s constant and z, is the height from the
og %

bottom to the top of the bottom computational cell, and z, is the bottom roughness.

When waves are present, the formulation we adopted here was originally proposed by Grant
and Madsen (1979) and modified by Mathisen and Madsen (1996) and implemented by Zhang et
al. (2004). It replaces the original bottom roughness with an apparent roughness z,;, (for further
details, please refer to Roland et al. (2012) and Zhang et al. (2004)).
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