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[11 This paper investigates the effects of waves on storm surge, currents, and inundation
in the Outer Banks and Chesapeake Bay during Hurricane Isabel in 2003 through detailed
comparison between observed wind, wave, surge, and inundation data and results from
an integrated storm surge modeling system, CH3D-SSMS. CH3D-SSMS, which includes
coupled coastal and basin-scale storm surge and wave models, successfully simulated
measured winds, waves, storm surge, currents, and inundation during Isabel.
Comprehensive modeling and data analysis revealed noticeable effects of waves on storm
surge, currents, and inundation. Among the processes that represent wave effects, radiation
stress (outside the estuaries) and wave-induced stress (outside and inside the estuaries)
are more important than wave-induced bottom stress in affecting the water level.
Maximum surge was 3 m, while maximum wave height was 20 m offshore and 2.5 m
inside the Chesapeake Bay, where the maximum wave-induced water level reached 1 m.
Significant waves reached 3.5 m and 16 s at Duck Pier, North Carolina, and 1.6 m and 5 s
at Gloucester, Virginia. At Duck, wave effects accounted for ~36 cm or 20% of the
peak surge elevation of 1.71 m. Inside the Chesapeake Bay, wave effects account for 5—10%
of observed peak surge level. A two-layer flow is found at Kitty Hawk, North Carolina,
during the peak of storm surge owing to the combined effects of wind and wave breaking.
Higher surge elevations result when the 3-D surge model, instead of the 2-D surge model,

is coupled with the 2-D wave model owing to its relatively lower bottom friction.
Wave heights obtained with 3- and 2-D surge models show little difference.
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Outer Banks and Chesapeake Bay during Hurricane Isabel in 2003: The importance of waves, J. Geophys. Res., 115, C04008,
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1. Introduction
1.1. Storm Surge Modeling

[2] The major damage caused by hurricanes is associated
with storm surges and coastal flooding. A storm surge is a
huge mass of water, tens to hundreds km wide, that sweeps
across the coastline where a hurricane makes landfall. The
peak storm surge level can reach more than 3 m. The surge
of high water topped by waves can be devastating. Along
the coast, storm surge is the greatest threat to life and
property. Accurate prediction of storm surge and coastal
flooding is essential for developing cost effective storm
mitigation and preparation.

[3] Numerous numerical models have been developed to
simulate storm surges [e.g., Sheng, 1987, 1990; Flather,
1994; Jelesnianski et al., 1992; Luettich et al., 1992;
Hubbert and Mclnnes, 1999; Casulli and Walters, 2000;
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Sheng et al., 2006]. Bode and Hardy [1997] reviewed the
status of storm surge modeling.

[4] The accuracy of storm surge simulations depends on
many factors: (1) input data (e.g., bathymetry, topography,
and wind/pressure fields), (2) representation of important
processes (e.g., flooding and drying, bottom friction, and
effects of wave and tide), (3) model grid resolution, and
(4) open boundary conditions. For example, Houston et al.
[1999] compared the storm surge simulations produced by
using the HRD wind field and the SLOSH wind field.
Hubbert and Mclnnes [1999] showed that their model
overestimated storm surge by 17% if the “flooding and
drying” feature of their model is turned off owing to water
piled up near the coast by the action of high wind and not
allowing the water to propagate inland. Mastenbroek et al.
[1993] and Zhang and Li [1996] showed that including
wave-dependent surface wind stress significantly improved
the surge height prediction. Shen et al. [2006] simulated
diagnostically the effect of offshore surge on storm tide
inside the Chesapeake Bay, without considering the effect of
waves. Morey et al. [2006] showed that it is important to use
a large model domain to incorporate the effect of remote
forcing contribution to storm surge during Hurricane Dennis.
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Figure 1.

Interagency Performance Evaluation Taskforce (IPET)
[2006] simulated the storm surge and wave during Hurricane
Katrina. Zhang and Sheng [2008] and Lee and Sheng [2008]
simulated the storm surge and inundation during Ivan.

[s] This study aims to simulate the surge, wave, and
inundation during Hurricane Isabel and to answer the
following fundamental questions: How significantly does
the wave affect storm surge? What is the relative importance
of various wave processes (radiation stress, wave-induced
drag, wave-induced bottom stress) in affecting storm surge
and currents? Can a coupled 2-D wave model and a 3-D
surge model simulate the vertical flow structure in coastal
and estuarine water during hurricanes? Can a 2-D wave
model accurately simulate the wave in coastal and estuarine
water during hurricanes? To answer these questions, we use
an integrated storm surge modeling system, CH3D-SSMS
(see http://ch3d-ssms.coastal.ufl.edu and Sheng et al.
[2006]), to conduct a comprehensive sensitivity study to
simulate the storm surge and wave effects in the Outer
Banks and Chesapeake Bay during Hurricane Isabel. Since
wave effects cannot be easily extracted from the field data in
such a complex environment, the integrated modeling
system enables numerous model simulations to ensure that
wind, wave, and water elevation can all be accurately
simulated so that the wave effect can be accurately
quantified.

1.2. Hurricane Isabel

[6] Hurricane Isabel of 2003, the track for which is
shown in Figure 1, is considered one of the most significant
tropical cyclones to affect portions of northeastern North
Carolina and east-central Virginia since Hurricane Hazel of
1954 and the Chesapeake-Potomac Hurricane of 1933. The
hurricane reached Category 5 status on the Saffir-Simpson
Hurricane Scale. It made landfall near Drum Inlet on the
Outer Banks of North Carolina as a Category 2 hurricane
around 1730 UT on 18 September. According to NOAA
[2004], 51 people died as a result of the storm (17 directly),
with an official damage estimate of $3.37 billion. Most of

Best track of Hurricane Isabel. (Courtesy of the NOAA National Hurricane Center.)

the losses were incurred by Virginia ($925M), Maryland
($410M), and North Carolina ($170M).

[7] Isabel brought hurricane conditions to portions of
eastern North Carolina and southeastern Virginia. Accord-
ing to NOAA’s National Hurricane Center, the highest
observed sustained wind over land was 35 m/s with gusts
up to 44 m/s at an instrumented tower near Cape Hatteras,
North Carolina, at 1622 UT on 18 September. Another
tower in Elizabeth City, North Carolina, reported 33 m/s
sustained wind with a gust to 43 m/s at 1853 UT that day.
The National Ocean Service station at Cape Hatteras
reported 35 m/s sustained wind with a gust to 43 m/s before
contact was lost. The Coastal Marine Automated Stations
(C-MAN) at Chesapeake Light, Virginia, and Duck, North
Carolina, reported similar winds. However, the wind record
from the most seriously affected areas is incomplete, as
several observing stations were destroyed or lost power as
Isabel passed.

[8] According to NOAA [2004], the storm surge during
Hurricane Isabel reached 2.5 m along the Outer Banks,
1.3 m at Duck, North Carolina, and almost 2.5 m in the
upper Chesapeake Bay, generally 0.3 to 1.0 m higher than
the NOAA SLOSH forecast that did not include any wave
effect. During Isabel, waves were 12—15 m near the Outer
Banks, a chain of emergent barrier islands separating the
mainland from the Atlantic Ocean. Figure 2 shows the
Isabel track and locations of all data stations for this study.
It should be noted that, throughout this paper, water level
will be reported in NAVDS8 vertical datum unless other-
wise noted. There have been a few studies investigating the
effect of the hurricane on the Outer Banks and Chesapeake
Bay. Valle-Levinson et al. [2002] studied the response of
Chesapeake Bay circulation and salinity to Hurricane Floyd.
Preller et al. [2005] applied the PCTides tide-surge forecast
system, which is composed of a 2-D barotropic ocean model
driven by tidal forcing and wind, to study the response of
the ocean to Isabel in the Outer Banks and Chesapeake Bay
areas. Using forecast wind fields produced by NOGAPS,
COAMPS and analytical wind model, they simulated and
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Isabel track showing locations of measured data and definition of the Chesapeake Bay major

axis. Light blue circles represent radiuses of maximum wind at each time.

compared the water elevation to observed water elevation at
eight locations throughout the computational domain with
3 km grid spacing. Shen et al. [2006] simulated storm tide in
the Chesapeake Bay using an unstructured grid model
UnTRIM, The model was forced by nine tidal harmonic
constituents at the open boundary and an analytical wind
field. A hindcast simulation of Isabel was able to capture
peak storm tide and surge evolution at various sites of the
Chesapeake Bay. Their study showed that the high surge in
the upper Chesapeake Bay was caused by the forced
southerly wind, while offshore surge and southeasterly
and northeasterly winds contributed to surge in the lower
Chesapeake Bay. Li et al. [2006] observed the phenomenon
of complete destratification during Isabel in the main
channel of the Chesapeake Bay. C. D. Rowley et al.
(http://www.nrl.navy.mil/Review06/images/06Simulation
(Rowley).pdf) simulated the storm surge, tide, and dune
erosion and breaching at Cape Hatteras National Seashore
during Isabel. However, none of the previous studies
considered the effect of wave on storm surge and inunda-
tion. This study simulates the storm surge, wave, and

inundation during Isabel and answers the fundamental
questions raised in section 1.

[0] A very brief description of the integrated storm surge
modeling system CH3D-SSMS is first given in the follow-
ing. Observed water elevation in the Outer Banks and
Chesapeake Bay during Hurricane Isabel are then compared
with those simulated by CH3D-SSMS. Results of model
simulations are then presented to quantify the effects of
wave processes: radiation stress, wave-induced surface
stress, and wave-induced bottom friction on storm surge.

2. An Integrated Storm Surge Modeling System:
CH3D-SSMS
2.1. CH3D-SSMS

[10] CH3D-SSMS (see http://ch3d-ssms.coastal.ufl.edu
and Sheng et al. [2006]), the storm surge modeling system
used for this study, is composed of a local/coastal surge
model, CH3D, and a local/coastal wave model, SWAN,
which are coupled to a regional/basin-scale surge model,
ADCIRC or UFDVM, and a regional/basin-scale wave
mode, WW3.
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Figure 3. CH3D/SWAN grid zoom-in into Duck Pier and
Kitty Hawk.

[11] The Curvilinear-Grid Hydrodynamics in 3-D
(CH3D) model was originally developed by Sheng [1987,
1990]. The governing equations for CH3D are based on the
wave- and Reynolds-averaged Navier-Stokes equations in a
horizontally boundary-fitted curvilinear grid and a vertically
terrain-following sigma grid, with assumptions of incom-
pressible water, hydrostatic pressure, Boussinesq approxi-
mation and eddy-viscosity concept. The nonorthogonal
boundary-fitted grid enables CH3D to more accurately
represent the complex geometry than orthogonal grids used
by such models as POM [Blumberg and Mellor, 1987] and
ROMS [Song and Haidvogel, 1994]. CH3D uses a second-
order closure turbulence model [Sheng and Villaret, 1989]
for vertical turbulent mixing, and Smargorinsky-type hori-
zontal eddy coefficients. Recent additions to the CH3D
features include flooding and drying [e.g., Davis and Sheng,
2003], wave-induced radiation stress, wave—current bottom
stress [Sheng and Villaret, 1989; Alymov, 2005], and wave-
induced surface stress [4lymov, 2005].

[12] CH3D-SSMS has been used to simulate many of the
hurricanes during 2003—-2005 as well to provide real-time
forecast of hurricane wind, storm surge, wave, and coastal
inundation for various regions along the Gulf and Atlantic
coasts. In this study, only hindcasting simulation of Isabel
will be presented with a main focus on the sensitivity of
model results to wind fields and model process formulation,
particularly wave effects and 3-D effects. The governing
equations of CH3D in Cartesian and boundary-fitted non-
orthogonal curvilinear coordinates, along with boundary
conditions, are given in Appendix A.

[13] Because of the use of an efficient conjugate gradi-
ent solver for solving the external mode of CH3D semi-
implicitly, a relatively large time step (60—120 s) can
generally be used with a minimum horizontal grid spacing
of 25—50 m in the coastal domain. However, CH3D is not
used for the basin-scale surge simulation in the Atlantic and
Gulf coasts, because that would require too many grid cells
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and hence a huge increase in computational resources.
Rather, to achieve efficient simulation with limited computer
resources, we couple CH3D in the coastal domain with a
regional/basin-scale surge model (e.g., ADCIRC) that uses a
relatively coarse grid. A typical hurricane simulation by
CH3D-SSMS requires approximately 1-2 h (2-D) or 7-8 h
(3-D) on a single-CPU Dell computer (3.2 GHz), using a
high-resolution grid (minimum spacing of 25 m, average
spacing of 450 m, and maximum spacing of 1700 m) and
less than 250,000 cells in the coastal domain of CH3D and a
time step of approximately 60—120 s. The coastal domain as
shown in Figure 2 has 548,240 grid cells. The track of
Isabel and locations of data stations are also shown in
Figure 2. As an example, Figure 3 shows the detailed
CH3D grid in the vicinity of Duck, North Carolina.

[14] We use the 2-D vertically averaged version of
ADCIRC [Luettich et al., 1992; IPET, 2006] or UFDVM
[Lee and Sheng, 2008] to simulate the regional/basin-scale
surge over the entire Gulf of Mexico and western North
Atlantic represented by the EC95d (ADCIRC Tidal Data-
base, version ec_95d; see http://www.unc.edu/ims/ccats/
tides/tides.htm) grid with 31,435 nodes, and to provide
water elevation along the open boundaries of the coastal
surge model CH3D. The EC95d grid has a minimum
spacing of 200 m, an average spacing of 3 km, and a
maximum spacing of 25 km. With a time step of 30 s, it
requires about 3 h for ADCIRC to simulate Isabel on a
single CPU Dell with 3.2 GHz. If a high-resolution grid
comparable to the CH3D grid in Figure 2 were used by
ADCIRC, it would require a time step of 1 s and prohib-
itively long computational time on the single CPU Dell. To
save computational time, we use CH3D with the high-
resolution grid and ADCIRC with the coarse offshore grid.
Tides along the CH3D open boundaries are provided by the
ADCIRC tidal constituents [Mukai et al., 2002].

[15] For wave simulation in the CH3D domain, we use
the Simulating Waves Nearshore (SWAN) model [Booij et
al., 1999], a third-generation wave model which computes
random, short-crested wind-generated waves in coastal
regions and inland waters. SWAN accounts for wave
propagation in time and space, shoaling, refraction owing
to current and depth, frequency shifting owing to currents
and nonstationary depth, wave generation by wind, bottom
friction, depth-induced breaking, and transmission through
and reflection from obstacles. SWAN can use the exact
model domain and curvilinear grid of CH3D, thus allowing
the two models to achieve dynamic coupling without having
to spatially interpolate the results of one model to another.
Since SWAN is not considered a robust model for the deep
water, we use the model results of WAVEWATCH-III
(WW3) to provide the wave conditions along the open
boundaries of the coastal CH3D/SWAN domain. SWAN
executes much slower than CH3D, hence in this study it is
run every 20 min to save computational time. While
nonstationary SWAN (with small time step of up to 3 s)
should generally be used to simulate waves in a fast moving
storm, the stationary SWAN was found to yield quite
reasonable wave conditions versus data in a rather slow
moving storm such as Isabel. In fact, the nonstationary
SWAN yielded results that are comparable to the stationary
SWAN results.
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Table 1. Parameters Used to Create the Lookup Table for Wave-
Enhanced Bottom Stress

Value

0.5—-5.0 m with 0.5 m increments
0.0—-2.0 m with 0.2 m increments

Parameter

Water depth
Wave height

Wave period 2—16 s with 1 s increments
Wave direction 0-315 deg with 45 deg increments
Current 0.0—1.0 m/s with 0.1 m/s increments

[16] WAVEWATCH I1II, also known as WW3 [Tolman
1999], is a third-generation wave model developed at
NOAA/NCEP in the spirit of the WAM model [The Wamdi
Group, 1988; Komen et al., 1994]. Two basic model
assumptions limit the model application to spatial scales
(grid increments) larger than 1 to 10 km and outside the surf
zone. We use WW3 results to provide the wave conditions
along the open boundaries of the CH3D/SWAN domain.
The domain of the WW3 model is similar to the ADCIRC
domain. WW3 uses the WNA wind, which is based on the
GFDL hurricane wind model.

2.2. Modeling Current-Wave Interaction in Coastal
Region

[17] In this study, three aspects of current-wave interac-
tion are considered: (1) wave-induced radiation stress based
on the formulation of Longuet-Higgins and Stewart [1964];
(2) wave-enhanced wind stress [Donelan et al., 1993];
(3) wave-enhanced bottom stress (the modified Grant and
Madsen [1979] formula developed by Signell et al. [1990])
and a bottom stress lookup table developed by Alymov
[2005] using the turbulent boundary model of Sheng and
Villaret [1989]; and (4) wave-enhanced turbulent mixing. A
brief description of these four aspects, which are included in
our model simulations, are given here.
2.2.1. Wave-Enhanced Surface Drag Coefficient
and Roughness

[18] Wave-enhanced surface roughness, zo, and drag
coefficient, C,,, developed by Donelan et al. [1993], are
used to calculate wind stress at the free surface (equations
(1) and (2)). Both the surface roughness and the drag
coefficient are functions of wave age. When waves are
young the roughness increases making the wind stress
higher as opposed to when waves are fully developed.

w2\ (W%
z0=23.7-107° (—> (—) 1
0 2 )\G (1)

where W, is the wind speed at 10 m above air—sea
interface. Following the relation between z, and Cg,, zo =
z - exp(—k/y/Cg(z2)), yields the wave-enhanced drag
coefficient
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where C, is wave phase speed and W,/C, represents the
inverse wave age. Wave-induced wind stress is obtained by
subtracting the wind stress in a wind-only (no wave) model
simulation, where Garratt formula for C; as shown in
Appendix A is used, from the wave-enhanced wind stress in
a simulation with both wind and wave.
2.2.2. Wave-Enhanced Bottom Stress

[19] Wave-enhanced bottom stress is implemented in
CH3D using two methods. The first method uses a simpli-
fied formulation developed by Signell et al. [1990] on the
basis of the Grant and Madsen [1979] theory for a wave-
averaged bottom boundary layer, while the second method
uses a comprehensive lookup table for wave—current bot-
tom stress developed with a turbulent closure model of
Sheng and Villaret [1989] for a wave-resolving turbulent
wave—current boundary layer.

[20] The Grant and Madsen [1979] formulation is given
by the typical quadratic law with one distinction where C,
is the wave-enhanced drag coefficient.

Tox = PCaellp /ui + vg 3)
Toy = pCacvpr/ U + V2 4)

[21] The main assumption used in the formulation is that
for a colinear flow, the maximum bottom shear stress is
defined as

Thmax = Te T Tw (5)

where 7. is the bottom stress owing to current and 7,, is the
maximum stress owing to waves which can be determined
from

1
Tw = E/.)ﬁvuir (6)

where u,, is the near-bottom wave orbital velocity and f,, is
the wave friction factor which depends on the bottom
roughness, k;. The final expression for the wave-enhanced
drag coefficient at the reference height, z,, chosen to lie
above the wave boundary layer is

o~ (o) g

where k. is an apparent bottom roughness which includes
the effect of wave [Grant and Madsen, 1979].

[22] Following Signell et al. [1990], where x = 0.4 is the
von Karman constant, the reference height z, was specified
as 20 cm and &, = 0.1 cm was selected to correspond to a
drag coefficient of 1.5 - 1072 at one meter above the bed in
the absence of waves. Once the effective drag coefficient
C,. is calculated, it is used in CH3D to compute bottom
stress as defined by equations (3) and (4).

[23] The second formulation uses a turbulent closure
model [Sheng and Villaret, 1989] to calculate the wave—
current bottom shear stress inside a turbulent wave—current
bottom boundary layer. The wave-resolving governing
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Figure 4. Measured/simulated wind at (a) Duck Pier, (b) Gloucester Point, (c) Cape Lookout, and
(d) HPLWS.

equations for the combined wave—current bottom boundary

ov
layer are: Thy = AVE = pCauz\Jud + 12 (11)

Ou  10p 0 ( 8u) where u;, v; are velocity components at the lowest grid

( point, z;, and C, is computed by:

o~ poxa\"a
K 2
O__10p 0, 0 o e "
ot  pdy 0z\ "oz
where z is the bottom roughness which was set to 0.1 cm.
with the following bottom boundary conditions: The smallest grid spacing near the bottom is 0.03 cm.
[24] Boundary conditions at the top of the bottom bound-
Su ary layer, which was set to 30 cm, are:
Tbx:AvgzpCdul \/u%+v% (10)
o
TSX_AVE_O (13)
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Figure 4. (continued)
[26] To drive a current inside the boundary layer, a
S % —0 (14) constant pressure gradient is applied in the y direction:

[25] To drive a wave-induced oscillatory motion inside
the boundary layer, a pressure gradient from the linear wave
theory is applied:

Lapy 1 cosh(kz) .

( p 8x) v 2 &M cosh(kh) sin g cos(at) (15)
1op\ 1 cosh(kz)

( p 3)’) v ngH cosh(kh) cos ¢ cos(a) (16)

where g is gravitational acceleration, k is wave number, H is
wave height, ¢ is wave direction, and o is angular wave
frequency.

(17)

[27] The vertical turbulent eddy viscosity 4, inside the
turbulent wave—current boundary layer is determined using
a TKE closure model developed by Sheng and Villaret
[1989] and a very small time step which is 1/100 of the
wave period. A total of 145,200 model runs (see Table 1)
are made, taking into account of various combinations of
five different model parameters: water depth, wave height,
wave period, wave direction and current magnitude. These
runs resulted in a comprehensive lookup table of bottom
shear stress in a wave—current boundary layer. During a
CH3D simulation, the bottom stress value at each grid cell
is determined by interpolation of the bottom stress values in
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Figure 4. (continued)

the lookup table in a five-dimensional space (i.e., water
depth, wave height, wave period, wave direction, current
magnitude). The current is specified at the lowest grid point,
z;, where CH3D calculates its currents.

[28] Therefore, the water depth within the 1-D model is
defined as half of the vertical grid spacing subtracted by the
roughness length, and the wave height corresponded to the
z; point is determined according to the linear wave theory:

sinhk(h +z

Hiz=zy) = H(z=¢) W (18)
where % is local water depth, ¢ is water surface elevation,
and H.-. is wave height at the surface.
2.2.3. Wave-Induced Radiation Stress

[29] The CH3D governing equations as shown in
Appendix A include wave-induced radiation stress terms
which contribute to wave setup in the nearshore region.

Within CH3D, the classical formulation of Longuet-Higgins
and Stewart [1964], which assumes vertically uniform
radiation stress throughout the entire water column, plus
a contribution owing to surface roller [Svendsen, 1987;
Haas and Svendsen, 2000], which only exists in the top
layer between the free surface and the wave trough, are
implemented.
[30] The vertically uniform radiation stress terms are:

Sy = E{n(00520+ 1) — l}

5 (19)

Sy =E {n (sin® 64 1) — ﬂ (20)

where E is total wave energy, 6 is angle between the
direction of wave propagation and the x axis (representing
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onshore direction), and 7 is the ratio of group velocity to
wave celerity.

[31] The radiation stress term representing the flux of the
longshore component in the onshore direction is:

E
Sxyzznsinw (21)

[32] While vertically varying radiation stress formulations
have been developed, some formulation [Mellor, 2003]
contains error and other [Mellor, 2008] requires additional
effort for incorporation into the curvilinear-grid CH3D
modeling system. Hence these formulations are not used
in this study.

2.2.4. Wave-Enhanced Turbulent Mixing

[33] For the vertical eddy viscosity, the equilibrium tur-

bulence closure scheme developed by Sheng and Villaret

[1989] was modified to take into account wave effects. To
take into account the wave effects, an additional term was
added to the vertical eddy viscosity:

A = Az +Mh(Db/p)l/3 (22)

where A, is the eddy viscosity owing to the mean currents
as computed by Sheng and Villaret’s equilibrium closure
model, Dy, is the wave energy dissipation resulted from
wave breaking and bottom friction, h is the water depth and
M is a constant. The second term on the right-hand side of
equation (22) represents the contribution to turbulence by
waves, following Battjes [1975] and De Vriend and Stive
[1987].
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Figure 5. Measured and WW3 wave conditions
SWAN/CH3D.

2.3. Coupling Coastal and Basin-Scale Surge and Wave
Models

[34] In a CH3D-SSMS simulation, there is coupling
between surge and wave models as well as coupling
between local and regional models. Both one-way and
two-way couplings are involved. In one-way coupling, such
as between ADCIRC (model A) and CH3D (model B),
results of model A are fed to model B whose results are not
fed back to model A. Since the ADCIRC domain covers
the western North Atlantic, the Gulf of Mexico and the
Caribbean Sea, ADCIRC can provide water elevation along
open boundaries of the CH3D domain during hurricane
events even when the hurricane is located thousands of
kilometers away. Both models are run concurrently using
the same time step. ADCIRC results are not affected by
results of CH3D. The same one-way coupling is used to
couple WW3 and SWAN, where SWAN open boundary
conditions (significant wave height, peak wave period and
direction, etc) are provided by the WW3. CH3D and SWAN
always use the same wind field; that is, either WNA, WGN
(WINDGEN; see Graber et al. [2006]), or ANA (Analytical)
[Holland, 1980].

[35] In two-way coupling between CH3D (model A) and
SWAN (model B), results calculated by model A are
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frequently fed to model B whose results are fed back to
model A during a simulation. The exact steps are: (1) incor-
porating the updated water depths from the surge model into
the wave model; (2) incorporating the updated currents from
the surge model into the wave model; (3) including the
wave effects on currents by the radiation stress terms in the
surge model; and (4) including wave-current bottom stresses
in the surge model. For CH3D simulation, wave-enhanced
surface roughness and drag coefficient described in equa-
tions (1) and (2) are used. For simplicity, surge and wave
coupling in the basin-scale models is not implemented.
[36] To enable seamless wave-surge coupling, CH3D and
SWAN use the same boundary-fitted curvilinear grid which
allows flooding and drying. However, since SWAN is quite
time consuming, SWAN simulation is typically conducted
every 20 min to ease the computational burden. This means
that after twenty 60 s CH3D time steps, the two models
mutually exchange information: CH3D receives wave
information (wave height, wave period, and wave direction)
to allow calculation of radiation stresses and wave setup,
while SWAN, in return, updates bathymetry that has
changed owing to tide, storm surge, wave setup, and
inundation of previously dry areas. The current field used
in the SWAN simulation gets updated, and the updated wind
field is passed via CH3D. Isabel was a slow moving storm
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Figure 6. Measured versus SWAN simulated wave
conditions at Duck 630.

(with a forward speed of around 6—8 kt as it was approach-
ing the United States coast but increased to 15—20 kt after
the storm landfall), so the change in wind speed and
direction was not too abrupt in the open water. Hence the
wave results simulated by stationary (run every 20 min) and
nonstationary (with 3 min time step) SWAN were only
slightly different, on the basis of comparison of the simu-
lated significant wave height and period as well as energy
spectra at several stations versus data at Duck. Perhaps other
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reasons why nonstationary SWAN did not give very differ-
ent results from the stationary SWAN simulation are related
to (1) a significant amount of wind energy is allowed to cap
during each SWAN step and (2) the boundary conditions for
SWAN are provided by the WW3 model results which are
available at 3 h intervals which are then linearly interpolated
in time.

2.4. Computational Domain: Outer Banks and
Chesapeake Bay

[37] Hurricane Isabel made landfall along the south Outer
Banks area near Drum Inlet, North Carolina. The impact of
Isabel, however, was spread out over a vast domain includ-
ing east Outer Banks, Croatan-Albemarle-Pamlico Estuary
System, and Chesapeake Bay. A computational grid that
covers all the affected areas was created for CH3D and
SWAN. As shown in Figure 2, the grid contains two
open boundaries: the southern open boundary starts at
Wilmington, North Carolina, and extends 300 km to the
east where the continental shelf ends, while the eastern open
boundary extends from there by 578 km to the north. Both
open boundaries are far away from the coastline of the areas
affected by Isabel. The distance from the south Outer Banks
to the southern open boundary ranges from 40 to 80 km
whereas the distance from the east Outer Banks to the
eastern open boundary is between 40 and 60 km.
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Figure 7. Measured versus SWAN simulated wave

conditions at Duck 625.
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Figure 8. Measured versus SWAN simulated wave
conditions at the VIMS station.

[38] The area of the computational domain is 134,385 km?
with a total of 548,240 computational grid cells and an
average grid spacing of 500 m. A total of 192,608 (35%) of
those computational cells are water cells. The grid covers
the entire Chesapeake Bay and all of its river basins
including land cells for calculation of flooding and drying.
The USGS National Elevation Data set (http://seamless.
usgs.gov/) data, with a resolution of 1 arc second (~30 m),
were interpolated spatially to provide the overland topog-
raphy for the CH3D grid. The GEODAS bathymetric data
were interpolated spatially over the water cells of CH3D
grid. Both data sets were converted to the standard NAVD88
vertical datum. The high-resolution USDOT shoreline was
utilized to distinguish between land and water. A boundary-
fitted curvilinear grid for CH3D was created to fit the
complex shoreline and small-scale features, such as inlets
and islands. The grid extends far inland to elevation of tens
of meters where coastal water could not reach the inland
boundaries during Isabel.

[39] For simulation of Isabel over the CH3D domain,
water levels along the open boundaries are obtained by
combining the surge elevations simulated by the ADCIRC
model and tidal constituents (M2, S2, N2, K1, O1, K2, and
Q1) provided from the ADCIRC tidal database for the
western North Atlantic, Caribbean and Gulf of Mexico.
While the ADCIRC tidal database was partially validated
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(except nonlinearly generated constituents M4, M6, and
STEADY) by Mukai et al. [2002], there are some errors
associated with the constituents. To reduce the errors
associated with the ADCIRC constituents along the open
boundaries of the CH3D domain, ADCIRC tidal constitu-
ents are compared to tidal constituents calculated from
measured data using the IOS tidal analysis program
[Foreman, 1977]. Water level data at Duck Pier, North
Carolina (on the eastern open boundary), and Beaufort,
North Carolina (on the southern open boundary), during a
2 month period, 15 September to 15 November 2003, were
used for the I0S program. To improve CH3D simulation of
surge and wave during Hurricane Isabel, the ADCIRC tidal
constituents along the open boundaries of CH3D were
adjusted accordingly.

2.5. How Accurate Are ANA, WNA, and WGN Winds?

[40] Accuracy of the wind field plays a major role in
affecting the accuracy of the storm surge and wave simu-
lations during hurricanes. In this study, we use the WNA
wind provided by NCEP, the WINDGEN (WGN) wind
provided through the University of Miami, and the Analyt-
ical (ANA) wind based on a relatively simple parametric
wind model slightly modified from Holland [1980]. The
resolution of the WGN wind is 0.2 degrees and
the resolution of the WNA wind is 0.25 degrees, while
the ANA wind is calculated at each cell of the model
domain without spatial interpolation or extrapolation. More-
over, WGN and WNA winds are available every 3 h, hence
temporal interpolation is needed to obtain the instantaneous
winds, while ANA wind is calculated at every time step
hence no temporal or spatial interpolation is needed. There-
fore, the ANA wind is expected to contain more accurate
hurricane structure than the WGN or WNA winds.

[41] Figure 4 shows a comparison between measured and
simulated wind vectors at four wind stations (Duck Pier,
North Carolina; Gloucester Point, Virginia; Cape Lookout,
North Carolina; and HPLWS, Maryland) within the com-
putational domain during Isabel. The simulated winds
compare quite well with measured wind at the Outer Banks
and near the mouth of the Chesapeake Bay. Inside the
Chesapeake Bay, the simulated winds are slightly higher
than the observed wind at land stations with the ANA winds
being more organized, while WNA and WGN winds are
less organized owing to spatial and temporal interpolations
from the available 3 hourly wind fields. Overall comparison
of these three winds over the model domain did not reveal
drastic differences, but ANA winds are generally slightly
stronger than WGN and WNA winds in open water areas
away from land. Unfortunately, not enough wind data from
open water wind stations are available for comparison.

3. Validation of Hydrodynamic and Wave
Simulations
3.1. Wave Conditions Along Open Boundaries
of CH3D/SWAN Model Domain

[42] Wave conditions along the open boundaries of the
SWAN/CH3D model domain during Isabel are obtained
from the regional wave model WW3. Figure 5 shows a
comparison between WW3 results and measured significant
wave height and peak wave period at NDBC buoys 41001
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Figure 9. Measured and simulated (with current—wave interaction) water levels using CH3D, SWAN,
and ANA, WGN, and WNA wind fields.
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Figure 10. Measured and simulated water level at two stations during Isabel using CH3D with various

wave—current interaction options, and ANA wind.

and 41002, located a couple of hundred kilometers off the
coast of North Carolina, during September 2003. These
plots show that the simulated and measured wave parame-
ters are in good agreement, although the significant wave
height at 41002 is underestimated just before the wave
height peaked owing to Isabel around Julian Day 260.

3.2. Simulated Versus Measured Wave at Duck and
Gloucester

[43] In the nearshore zone, spatial gradients of radiation
stresses produced by breaking waves can create wave setup;
that is, a rise in water elevation from the breaker zone to the
shoreline. The radiation stresses depend on such wave
parameters as wave height, wave period, and wave direc-
tion. Depending on the wave condition and the local
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bathymetry, wave setup can contribute significantly to the
storm surge elevation and affect the local currents. To obtain
accurate simulation of wave setup and storm surge, it is
essential to have accurate simulation of nearshore wave-
fields. We assess the accuracy of simulated wave conditions
during Isabel using SWAN and three sets of wave data: two
data sets from the Field Research Facilities (FRF) at Duck,
North Carolina, and one set from Gloucester Point, Virginia,
provided by Virginia Institute of Marine Science (VIMS).
[44] The measured and SWAN simulated wave conditions
at the FRF Waverider, approximately 4 km offshore (to be
referred to as Duck 630) where the depth is 17 m, are
compared. The maximum measured significant wave height
at the FRF Waverider buoy during Hurricane Isabel was
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Measured (a) east-west and (b) north-south currents at VIMS station.
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Figure 12. Simulated (a) east-west and (b) north-south currents at VIMS station obtained using coupled
CH3D/SWAN with a lookup table for wave—current bottom stress and ANA wind field.

8.1 m, while the largest wave (crest to trough) recorded on
18 September at 1911 UT, was 12.1 m. The ratio of the
largest wave to local water depth, 0.71, indicates waves
were starting to break. The simulated versus measured
significant wave height, peak wave period and wave direc-
tion are shown in Figure 6. The simulated results presented
here are obtained using the WNA wind, since the WGN
wind for Isabel was slightly less accurate. The simulated
wave height matches well with the measured data with
slight underestimation at the peak. There is also a phase lag
just before the peak that may be due to swell waves
generated outside of the computational domain which could
not be properly simulated by the SWAN model. This is
because the wave height boundary conditions obtained from
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Figure 13.
Hawk, North Carolina, during Hurricane Isabel.

the regional WW3 model are slightly below the measured
values right before Hurricane Isabel passed over the area,
thus resulting in lower than expected wave setup right
before the peak of the storm. Nevertheless, the simulated
and measured peak wave height and period values appear to
match well.

[45] Figure 7 shows the simulated and measured wave
parameters at the end of the FRF Pier approximately 600 m
offshore (to be referred to as Duck Pier 625) where the
depth is 8.4 m and the maximum measured significant wave
height during Hurricane Isabel was 3.7 m. Again, the
simulated and measured peak significant wave height and
peak wave period compare quite well, although the wave
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(a) Onshore-offshore currents and (b) downshore and upshore currents at Kitty Hawk

simulated using CH3D-SSMS with a wave—current bottom stress lookup table and WNA wind.

height was slightly underestimated approximately one day
before the peak storm wind arrived.

[46] Waves are quite significant at Gloucester Point,
Virginia (referred to as “VIMS,” the data provider), where
the depth at the location is around 8.5 m, with a maximum
measured significant wave height of 1.7 m. Both the
significant wave height and the peak wave period are well
simulated, as shown in Figure 8. Errors in wave simulation
can be attributed primarily to errors in the open boundary
condition provide by WW3, and partially to errors in the
WNA wind that often slightly exceeds the measured wind
locally. The simulated peak wave period agrees well with
the observed.

3.3. Validation of Storm Surge Simulations

[47] Several simulations were carried out using ANA/
WNA/WGN wind while including or excluding wave
effects. Simulated water elevations, using ANA/WNA/
WGN wind and including wave effects, are compared with
measured water eclevations at six stations in Figure 9.
Figure 9 shows that simulated water levels obtained with
the ANA wind compare the best with observation data. At
any particular data station, the response of water level to
wind and storm surge depends significantly on the local
condition (e.g., any sheltering effect of land or structure).
For example, at Gloucester Point, the relatively lower water
level owing to the WGN wind was because of the lower
southeasterly (parallel to the York River) wind compared to
the ANA and WNA winds. The stronger southerly ANA
wind did not cause higher water level owing to the narrow
river width in the north-south direction. At Money Point,
which is at a far upstream station, significant “set down” of
water level was caused by the WGN wind which errone-
ously lined up with the river channel. Such errors in local
wind conditions are often created owing to spatial and
temporal interpolation from wind fields with relatively
coarse spatial and temporal resolutions.

[48] The simulated winds along the Outer Banks and in
lower Chesapeake Bay agree well with data and, as a result,
the simulated water elevations agree well with measured
data. It is noted that the simulated peak water surface
elevations match the measured ones well at Duck,
Chesapeake Bay Bridge Tunnel, and Gloucester Point. A
slight underestimation just before the peak elevation can be
observed at all the stations. As pointed out in section 3.2,
the simulated wave height before the peak are underesti-
mated owing to the underestimated open boundary wave
conditions provided by the WW3 model. This underesti-
mation resulted in lower than expected wave setup right
before the peak of the storm. However, wave height at the
peak of the storm was accurately simulated, which resulted
in adequate contribution of calculated wave setup to the
simulated water level at that time.

[49] Figure 10 shows the measured and simulated water
level at two stations using ANA wind input and CH3D/
SWAN with various wave—current interaction options: no
wave effects, no wave—current interaction, with wave
effects but different formulas for wave—current bottom
stress. It is apparent that the best results are obtained when
current—wave interaction is included and bottom stress is
included using the lookup table produced by the Sheng-
Villaret (SV) model.

3.4. Simulated Versus Measured Current Profiles
at Gloucester and Kitty Hawk

[s0] Measured surface elevation and currents at the VIMS
station exhibit periods of the M2 tide as Figure 11a shows
significant eastward currents around Julian Day 261 and
261.5. From Julian Day 261.75 to 262.1, the incoming
storm surge caused strong westward currents throughout the
water column (~8 m). Simulated currents obtained using
coupled CH3D/SWAN and wave—current interaction bot-
tom stress lookup table and ANA wind input show similar
results in Figure 12. Significant eastward currents are found
at Julian Day 261 and 261.5, while strong westward
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Figure 15. Measured and simulated onshore-offshore currents at Kitty Hawk during Isabel.

currents are found during Julian Day 261.75 and 262.1.
Both measured and simulated north-south currents show
flow reversal between the surface and bottom waters
between Julian Day 261.9 and 262.1.

[s1] Measured and simulated currents at Kitty Hawk are
also presented here. Figure 13 shows the measured onshore-
offshore and downshore-upshore currents at Kitty Hawk,
while Figure 14 (with WNA wind) shows the simulated
currents. Prior to the arrival of hurricane wind around Julian
Day 261.7, data showed strong southeastward (offshore and
downshore) currents which are apparently wind driven but
are underestimated by the model owing to lower simulated
wind. During Julian Day 261.7 and 261.9, peak easterly and
southeasterly wind caused strong currents in onshore and
upshore directions and both measured and simulated cur-
rents show a vertical structure with onshore flow near the
surface and offshore flow near the bottom. Results (not
shown) obtained using ANA wind, which is weaker than
WNA wind at Duck, are slightly worse. While the simulated
currents do not agree completely with the observed currents,

the results are encouraging considering the relatively coarse
grid resolution (eight vertical layers and four to six hori-
zontal cells between the Kitty Hawk station and the shore-
line) and uncertainty in bathymetry in the vicinity.
Measured and simulated onshore-offshore velocity at Kitty
Hawk at the peak of storm surge exhibits a two-layer flow
structure as shown in Figure 15. This two-layer flow
structure is apparently caused by hurricane force wind as
well as breaking hurricane wave. Before and after the peak
storm surge, this two-layer flow structure did not exist.

4. Discussion
4.1. Evolution of Storm Surge During Isabel

[s2] Five snapshots of instantaneous water level in the
Chesapeake Bay and Outer Banks are shown in Figures 16a—
16e to illustrate the evolution of storm surge during Isabel on
the basis of model simulations using ANA wind. For clarity,
water levels over land areas are not shown. At 1330 UT on
18 September (Julian Day 261), as shown in Figure 16a, a
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Figure 16. Snapshots of water level at five instants in study area during Isabel.

few hours before Isabel made landfall, wind starts to
increase and switch from northeasterly to easterly, and peak
water level is found inside the Pamlico Sound. At 1730 UT,
as shown in Figure 16b, Isabel landfalls to the east of Cape
Outlook and Beaufort, and wind starts to switch from
easterly to southeasterly. As shown in Figure 9, water
elevations at Duck, Beaufort, Chesapeake Bay Bridge, and
Gloucester all peaked around this time when tide at Duck
also peaked. Between 1730 and 2400 UT (Figure 16c),

Water level, m

strong southeasterly wind pushes the surge and high water
into Chesapeake Bay, leading to high water level in south-
ern Chesapeake Bay, James River, and York River. From
2400 UT on, southerly wind persists for more than 12 h in
most of the Chesapeake Bay, and generates a significant
south-to-north setup of water level, as shown in Figure 16d
(1130 on 19 September) and Figure 16e (1700 UT on
19 September).

Water level, m: 00 02 04 06 08 10 12 14 16 18 20 22 24

Figure 17. Evolution of water level along the major axis during Isabel.
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Figure 18. Maximum envelope of water (MEOW)
simulated using WGN wind.

[53] To illustrate the more detailed evolution of water
level during Isabel, the simulated water level along the
major axis of Chesapeake Bay (Figure 2) is plotted as a
function of space and time in Figure 17. The result as shown
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Figure 19.
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in Figure 17 compares qualitatively well with that produced
by Shen et al. [2006] using a different storm surge model
but without a wave model. Results obtained with WNA and
WGN winds are also similar with slight differences in peak
elevation and timing.

4.2. Simulated Maximum Envelope of Water

[54] Maximum envelope of water (MEOW) is the max-
imum simulated water elevations (including tide, surge and
wave setup) throughout a model simulation. Figure 18
shows the MEOW in the Outer Banks and Chesapeake
Bay during Isabel, calculated using the WGN wind. The
MEOW simulated using ANA wind shows slightly higher
inundation in the land area owing to generally slightly
stronger ANA wind inside Chesapeake Bay.

4.3. Effect of Wave on MEOW

[55] To examine the effect of wave on the maximum
water level during Isabel, we calculate the maximum water
level owing to wave effect by subtracting the MEOW owing
to wind and tide from the MEOW owing to wind, tide, and
wave. The resulting maximum envelope of water gives the
MEOW owing to wave effect only (MEOWW). Figure 19a
shows the maximum envelope of significant wave height
(MESWH) during Isabel, while Figure 19b shows the
maximum envelope of water owing to wave (MEOWW).
As shown in Figures 19a and 19b, high wave is found in
coastal region as well as inside Chesapeake Bay, and the
effect of wave on maximum water elevation is very signif-
icant, reaching 30—100 cm within most of the Chesapeake
Bay and the major rivers. High waves along the Cape
Hatteras National Seashore, in combination with the high
surge, most likely resulted in inundation and breaching of
the barrier island during Isabel.

b)

(a) Maximum envelope of significant wave height simulated using WNA wind.

(b) Maximum envelope of water due to wave simulated using WNA wind.
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[s6] It is interesting to point out that while wave height
near the mouth of Chesapeake Bay and along the north
shore of North Carolina is comparable to that along the
south shore of North Carolina, wave-induced water eleva-
tion is much lower along the south shore because wind
direction during Isabel was mostly parallel to the shore
hence did not generate much wave setup. Wave-induced
water level is quite significant inside the Chesapeake Bay,
because of favorable wind direction (particularly inside
James River) and significance of wave-induced wind stress.
Wave-induced water level along the north shore of North
Carolina, including the Duck area, is significant because of
quite significant radiation stress gradients perpendicular to
the shoreline associated with the onshore-directed wind of
Isabel.

4.4. Effect of Wave on Wind Stress and Horizontal
Momentum

[57] We show the maximum wave-enhanced wind stress,
maximum wind stress (without wave effect), and maximum
wave-induced surface stress in the model domain generated
by the WNA wind during Hurricane Isabel in Figures 20a,
20b, and 20c, respectively. The wave-induced surface stress
shown in Figure 20c is quite significant particularly inside
the southern Chesapeake Bay and Pamlico Sound, which
explains the significant wave-induced water level there
shown in Figure 19b. Therefore, inside the southern Ches-
apeake Bay and Pamlico Sound, wave-induced water level
increases mainly owing to the increased wave-induced
surface stress, while the wave-induced radiation stress
gradient is negligible there as shown in Figure 21. Signif-
icant radiation stress gradients are found along the north
shore of North Carolina including Duck, plus the deeper
water off the south shore of North Carolina. The significant

Maximum wind stress, dynefemn*2

Maximum wave-induced surface siress, dynefem*2

(a) Maximum wave-enhanced wind stress, (b) maximum wind stress, and (¢) maximum
wave-induced surface stress during Hurricane Isabel.

Maximum of radiation stress gre_ndiem. dynelem*2

12.0
115
11.0
10.5
10.0

. 2.5

— ”

Figure 21. Maximum radiation stress

Isabel.

gradients during
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Figure 22. (a) Evolution of dimensionless wave-enhanced surface stress, wave-induced surface stress,
radiation stress gradient, and wave-enhanced bottom stress in onshore-offshore direction at a coastal
station near Duck, North Carolina, during Hurricane Isabel. (b) Evolution of dimensionless wave-
enhanced surface stress, wave-induced surface stress, radiation stress gradient, and wave-enhanced
bottom stress in the north-south direction at a Chesapeake Bay station during Hurricane Isabel.
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Figure 23. Simulated versus measured HWMs.
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Table 2. Simulation Categories With Various Combinations of Five Model Features
Simulation Simulation Simulation Simulation Simulation

Factors 1 2 3 4a 4b
Tide yes yes yes yes yes
Wind yes yes yes yes yes
Wave-enhanced no no yes yes yes

surface stress®
Bottom stress current current current induced wave-current” wave-current®
induced only induced only only
Radiation stress none formulation formulation formulation formulation
of Longuet-Higgins of Longuet-Higgins of Longuet-Higgins of Longuet-Higgins

and Stewart [1964]

and Stewart [1964]

and Stewart [1964]

and Stewart [1964]

2Donelan et al. [1993] formulation.
®Grant and Madsen [1979] formulation.
“Lookup table based on the Sheng and Villaret [1989] formulation.

radiation stress gradients along the north shore of North
Carolina associated with the onshore-directed wind during
Isabel caused the significant wave-induced surge shown in
Figure 19b and the two-layer flow shown in Figures 13—15.
The significant radiation stress gradients in the open water
off the south shore of North Carolina did not cause
significant wave-induced water level owing to the generally
alongshore wind direction. The dominance of wind-induced
stress versus wave-induced stress in the region resulted in
predominantly wind-induced water level.

[s8] To further illustrate the relative importance of radi-
ation stress gradients versus wave-induced surface stress in
affecting the storm surge, we show the evolution of four

quantities at two stations: a coastal station near Duck and an
estuarine station inside the Chesapeake Bay (about 15 km to
the northeast of Gloucester Point, Virginia) in Figures 22a
and 22b, respectively. The four plotted quantities include:
(1) wave-enhanced surface stress, (2) wave-induced surface
stress, (3) radiation stress gradients, and (4) wave-enhanced
bottom stress; calculated from the dimensionless vertically
integrated momentum equations (vertically integrated ver-
sion of equations (AS5) and (A6)) in the onshore-offshore
direction (for the coastal station) and the north-south direc-
tion (for the estuarine station). As shown in Figure 22a,
radiation stress gradient and wave-induced surface stress are
both important at the coastal station, while Figure 22b

Table 3. Errors of Simulated Water Elevation at Tide Stations During Hurricane Isabel Based on Comparison Between Model Results

and Data Every 15 min

WNA Wind WGN Wind ANA Wind
Simulation ~ Simulation Simulation Simulation Simulation Simulation Simulation Simulation Simulation
Tide 2 4a 2 4a 1 2 3 4a 4b
Beaufort®
RMS error (cm) 3.8 16.2 16.0 17.0 17.5 18.0 16.5 16.8 17.0 17.1
Error at peak (cm) —32 —26 —43 —37 —27 —22 -25 —19 —21
Timing at peak (min) ... 16 14 18 13 —24 —11 -7 —6 —6
Duck®
RMS error (cm) 3.6 10.2 10.0 10.7 11.1 11.2 11.0 11.0 10.6 10.2
Error at peak (cm) e -33 —11 =35 -19 -37 -20 -20 0 —1
Timing at peak (min) ... 51 52 59 57 53 53 52 53 53
Chesapeake Bay Bridge®
RMS error (cm) 4.1 10.2 9.8 11.2 10.8 11.4 11.0 10.7 10.8 10.7
Error at peak (cm) . —28 —28 -19 -19 -39 —34 -30 -22 —24
Timing at peak (min) ... 7 7 17 17 16 16 16 16 16
Gloucester Point®
RMS error (cm) 5.7 11.2 10.0 19.3 18.2 11.0 10.3 10.5 9.8 9.9
Error at peak (cm) . -5 —18 —60 —47 -8 —1 1 3 6
Timing at peak (min) ... 122 120 3 6 114 110 112 108 113
Money Point®
RMS error (cm) 9.8 20.2 17.5 17.9 17.7 18.2 16.8 19.5 18.6 18.4
Error at peak (cm) —37 —24 —40 -29 —34 -25 —26 —22 -20
Timing at peak (min) —48 =51 -19 -22 —105 —112 —112 —118 —115
Lewisetta®

RMS error (cm) 5.6 16.8 18.2 18.3 17.8 18.0 16.8 19.5 19.8 19.5
Error at peak (cm) —62 —58 -55 —43 —54 -50 —45 -32 -30
Timing at peak (min) —146 —158 130 132 98 115 105 105 103

“Depth, 4.0 m; maximum tidal range, 115 ¢cm; measured peak during Isabel, 107 cm.
bDepth, 5.8 m; maximum tidal range, 140 cm; measured peak during Isabel, 171 cm.
“Depth, 10.6 m; maximum tidal range, 110 cm; measured peak during Isabel, 168 cm.
dDepth, 8.5 m; maximum tidal range, 80; measured peak during Isabel, 199 cm.
“Depth, 13.1 m; maximum tidal range, 100 cm; measured peak during Isabel, 192 cm.
fDepth, 3.0 m; maximum tidal range, 45 cm; measured peak during Isabel, 131 cm.
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Figure 24. Comparison between simulated and measured water level at six stations during Isabel.

shows that wave-induced surface stress clearly dominates
the radiation stress gradient at the Chesapeake Bay station.

4.5. Accuracy of Simulated High Water Marks

[s9] High water marks (HWMs) at numerous stations
shown in Figure 2 are used to compare with simulated
HWDMs obtained using WGN, WNA, and ANA winds. As
shown in Figure 23, HWMs simulated using the ANA wind
agree the best with the measured ones, while HWMs
produced using WGN and WNA winds are generally
slightly underestimated.

4.6. How Sensitive Is Simulated Storm Surge Elevation
to Various Model Features?

[60] In order to assess the effects of various factors on
simulated storm surge throughout the model domain during
Isabel, several simulations were made. Table 2 specifies the
five specific model features included in five simulation
categories. Table 3 shows the RMS error of simulated water
elevation at six stations during Isabel. Errors of peak values
(measured peak elevation minus simulated peak elevation)
and “timing” errors (the time when measured peak eleva-
tion occurred minus the time when simulated peak elevation
occurred) are also shown. A separate column displays the
errors associated with the “pure” tide simulation, which
only included tidal forcing at the open boundaries.

[61] On the basis of this error analysis, particularly the
average RMS errors and average absolute errors at the peak
water elevation, it can be concluded that the ANA wind
produced generally more accurate water level at all stations.

This is consistent with the earlier analysis which showed
that WNA and WGN winds, because of spatial and temporal
interpolation from rather sparse and coarse-resolution wind
fields, are somewhat less accurate than the ANA wind inside
the Chesapeake Bay. Temporal interpolation of sparse wind
fields, particularly near landfall time, tends to distort
hurricane structures and generate artificially lower wind
speed and erroneous direction. However, ANA wind is
generated at every grid cell every time step, hence retains
the hurricane structure throughout the simulation. The
accuracy of the simulated water elevation, which includes
tide, depends on the accurate simulation of tide which is
accurate across the Outer Banks up to the mouth of the
Chesapeake Bay, with the average RMS error of approxi-
mately 4 cm. Inside the bay, the accuracy of the simulated
tide worsens, with the average RMS error increasing to
6 cm. So did the accuracy of the simulated water elevation,
which was also accompanied with the worse accuracy of the
WNA wind inside the Chesapeake Bay as opposed to that
over the Outer Banks. In general, ANA wind produced more
accurate water elevation and inundation (as measured by
HWDMs) inside the Chesapeake Bay, as shown in Figures 23
and 24.

[62] On the basis of Table 2 and Figure 24, simulation 4
produces the best overall water level agreement with slightly
smaller RMS errors and better comparison with measured
water surface elevation at its peak. In the Outer Banks
region, the inclusion of WNA wind led to good simulated
water elevation. After Isabel made landfall, the simulated
water elevation at Beaufort is not very good because the
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Difference in MEOW, cm (3D-2D)

Figure 25. Difference between the maximum envelope of
water during Isabel obtained by the 2- and 3-D simulations
using ANA wind.

effect of land dissipation on wind is not included. Inside
Chesapeake Bay, the WNA wind (based on extrapolation of
coastal wind) gives less accurate results. WGN wind, which
is slightly more accurate than the extrapolated WNA wind
inside Chesapeake Bay, provided a slightly more accurate
water elevation prediction. The ANA wind gives generally
more accurate water elevation results over the entire model
domain. However, the effect of land dissipation on hurri-
cane wind [e.g., IPET, 2006] has not been included in this
simple analytical wind model.

4.7. Three-Dimensional Effects on Simulated Storm
Surge, Wave, and Inundation

[63] The Maximum Envelope of Water (MEOW) results
during Isabel obtained by the 2- and 3-D simulations are
compared and the difference between the 3- and 2-D water
level is shown in Figure 25. Both models include the wave
effects; the 2-D simulation was based on coupled SWAN
and the 2-D version of CH3D, the 3-D simulation is based
on coupled SWAN with the 3-D version of CH3D. While
the radiation stress formulation is the same for both the 2-
and 3-D simulations, the wave—current bottom stress for-
mulation is different. In the 2-D simulation, wave-induced
bottom stress is kinematically combined with current-in-
duced bottom stress to produce the total bottom stress
averaged over the wave cycle [Sheng and Lick, 1979; Bijker
1966, 1986]. The 3-D bottom stress is obtained from the
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lookup table which is based on the results of nonlinearly
coupled wave turbulence model of Sheng and Villaret
[1989]. Therefore the wave—current bottom stress in the
2-D simulation tends to be higher than that in the 3-D
simulation. This explains the slightly higher maximum
water elevation in the 3-D results throughout most of the
model domain, as shown in Figure 25. Using the 2- or 3-D
versions of CH3D only made very slight difference (no
more than 5 cm) on the maximum significant wave height
throughout the model domain.

5. Conclusions

[64] An integrated modeling system CH3D-SSMS has
been used to simulate the storm surge, wave effect, and
inundation in the Outer Banks and Chesapeake Bay area
during Hurricane Isabel. Model results are found to reason-
ably reproduce the observed wind, storm surge, wave,
currents, and inundation in the study area. The three wind
fields (ANA, WGN, and WNA) all give reasonable wind at
the coastal stations prior to Isabel landfall, while the ANA
wind is found to be generally slightly more accurate than the
WGN and WNA winds in the Chesapeake Bay region after
the landfall. Producing accurate over-the-land wind after
hurricane landfall remains a major challenge.

[65] The most notable results are that the model simulated
the significant effects of waves on storm surge, currents, and
inundation. Among the three resolved processes which
represent wave effects, wave-induced radiation stress (out-
side the estuaries) and wave-induced surface stress (outside
and inside the estuaries) are the dominant ones, while wave-
induced bottom stress is of secondary importance. The best
results are obtained when SWAN is coupled to the 3-D
version of CH3D, with all three wave effects included. The
inclusion of radiation stress improved the computed storm
surge by up to 18%, with the most significant improvement
at Beaufort and Duck where high breaking waves caused
significant setup. Including wave-induced surface stress
improved the calculated storm surge by up to 16%, while
including wave-induced bottom friction led to up to 5%
reduction in the peak storm surge level. Wave-enhanced
bottom stress in the coupled CH3D-SWAN is higher when
the 2-D version of CH3D is used.

[66] Observation data and model simulation yielded the
following interesting results. Maximum water elevation in
the study area reached 2.5 m during Isabel, while maximum
wave height reached ~20 m offshore and up to 4 m inside
the Chesapeake Bay. Maximum wave-induced water level
reached 1 m inside the Chesapeake Bay. Significant waves
reached 3.5 m and 16 s at the Duck Pier, and 1.6 mand 5 s
at Gloucester, Virginia. Offshore waves led to breaking and
large wave setup, which accounted for ~36 cm or 20% of
the peak surge elevation of 1.71 m at Duck. Inside the
Chesapeake Bay, wave setup accounts for 5-10% of
observed peak surge elevation. At Kitty Hawk, a two-layer
flow (with onshore surface current and offshore current
underneath) is found during the peak of storm surge owing
to combined effects of wind and wave breaking. Currents
around 1 m/s were found at Gloucester.

[67] Although water levels simulated by 2- and 3-D
models do not differ significantly at selected stations, the
3-D results show noticeably more inundation. The 3-D
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model is necessary for accurate simulation of observed
currents at Gloucester and Kitty Hawk that are driven by
wind, tide, and radiation stress. The 3-D model also allows
inclusion of more robust wave—current interaction process-
es, including the radiation stress formulation and wave-
enhanced bottom stress. The use of the 3-D model and a
lookup table provides a novel method for calculating wave-
enhanced bottom stress. Further model validation can be
conducted if high-resolution field data of wave and turbu-
lence within the bottom boundary layer and the surface
layer in the surf zone become available. The modeling
system can be used as a framework for testing newly
developed current—wave interaction model [e.g., Mellor,
2008], or wave model. Additional insight on the wave
processes can be gained by comparing simulated and
measured directional wave spectra at data stations.
Although the stationary SWAN produced reasonably accu-
rate wave simulation for the Isabel simulation, its applica-
tion to a faster moving storm needs to be further
investigated.

Appendix A: Equations and Boundary
Conditions of the Coastal Surge Model CH3D

Al. Equations of the Coastal Surge Model CH3D

[68] In Cartesian coordinate system, the governing equa-
tions for water continuity, X momentum, and Y momentum
equations are:

Ou Ov Ow
%+%+%+&4_W+L% iany
o0 ox ody 0z p, Ox p, Oy
os 1 0P, *u  u 0 Ou
T T (a—+a—y)+a—(/* a_) (A2)
ov  Ouv Ovw Oww 1 OSyx 1 08,y

ot ox Ty Ta: T, ox T, oy

Jds 1 0P, Pv Py 0 ov
= 7—Y77ﬁl+ H<87+67y)+&<AV£) (A3)

where u(x; y; z; 1), v(x; y; z; t), and w(x; y; z; t) are the
velocity vector components in x, y, and z coordinate
directions, respectively; ¢ is time; ¢(x; y; f) is the free
surface elevation; g is the acceleration of gravity; 4z and 4,
are the horizontal and vertical turbulent eddy coefficients,
respectively; Sy, Sy, S, are radiation stresses, P, is
atmospheric pressure and f'is the Coriolis parameter. 4 is
calculated by the vertical turbulence model described in the
work of Sheng and Villaret [1989], and Ay by a
Smargorinsky-type formula.

[69] Following Sheng [1987, 1990], the nondimensional
form of above equations in curvilinear, boundary-fitted grid
system can be written as:

5%\/_2_0 a_g(\/ggj-]u)_g_a—n(\/g‘oHv) +5a—::0 (A4)
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where
&, nand o are the transformed coordinates;
u, v, w are nondimensional contravariant

velocities in curvilinear grid (¢, 17, o).
is the Jacobian of horizontal trans-
formation;

are the metric coefficients of coordi-
nate transformations;

(B is nondimensional parameter;

¢ is water level,

V&0

g“a 8227 £11> 8125 822

[70] It can be shown that the wave-averaged equations (A4)—
(A6) are valid for two regions: the region between the free
surface (mean sea level) and the wave trough, as well as
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the region between the wave trough and the bottom. In the
region above the wave trough, the wave-averaged horizontal
currents include the mean currents and the Stokes drift,
while the radiation stress includes the vertically uniform
radiation stress according to Longuet-Higgins and Stewart
[1964] plus that owing to the surface roller [Svendsen, 1984;
Haas and Svendsen, 2000]. Below the wave trough, the
Stokes drift is zero, while the radiation stress does not have
the surface roller contribution. Equations (A4)—(A6) can be
solved numerically using the conjugate gradient algorithm
modified from that used by Casulli and Cheng [1992] for
Cartesian grids, given sufficient boundary conditions (wind
stresses, river inflows, precipitation, and open boundary
water elevation), initial conditions (water level), and other
data (bathymetry and topography). In practical applications,
it is possible to solve only the vertically integrated 2-D
version of the CH3D model, instead of solving the complete
3-D equations. The 2-D model generally results in signifi-
cant saving in computational time and comparable water
level simulation in shallow coastal regions.

A2. Boundary Conditions for the Coastal Surge Model
CH3D

[71] The boundary condition at the free surface is calcu-
lated using

Ty = P Catt Ws (A7)

7y = paCavu s (A8)
where u,, and v,, are wind speed components, and W is the
total wind speed. The drag coefficient, C, is calculated
using the Garratt [1977] formulation:
C;=0.001 x (0.75 + 0.067W,) (A9)

When waves are present, the drag coefficient is calculated
following the Donelan et al. [1993] formula described in
equations (1) and (2).

[72] The boundary condition at the bottom is expressed in
terms of bottom stress given by the quadratic law:

Tox = P, Cattor/ 1} + v, (A10)
Thy = PwCaVvi ui + Vg (Al 1)

where u;, and v, are bottom velocities and C, is the drag
coefficient which is defined using the formulation by Sheng
[1983]:

2
K
Cj=|—— Al2
= o] —
where k is the von Karman constant. The formulation states
that the coefficient is a function of the size of the bottom
roughness, zg, and the height at which u,, is measured, z; is
within the constant flux layer above the bottom. The size of
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the bottom roughness can be expressed in terms of the
Nikuradse equivalent sand grain size, k,, using the relation
Zo = kq/ 30.

[73] In the two-dimensional mode, the bottom boundary
conditions are given using the Chezy-Manning formulation:

Ou,  Sub\Jup Vi

Thx — pAVE— sz (A13)
2 2
vy,  8Vb\ [uy + vy
Tby = pAVE = T (A14)
where C, is the Chezy friction coefficient defined as
Rt
C.=4.64— (A15)
n

where R is the hydraulic radius which can be approxi-
mated by the total depth given in centimeters, and » is
Manning’s n.
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