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ABSTRACT

Hurricanes interact with the Gulf Stream in the South Atlantic Bight (SAB) through a wide variety of
processes, which are crucial to understand for prediction of open-ocean and coastal hazards during storms.
However, it remains unclear how waves are modified by large-scale ocean currents under storm conditions,
when waves are aligned with the storm-driven circulation and tightly coupled to the overlying wind field.
Hurricane Matthew (2016) impacted the U.S. Southeast coast, causing extensive coastal change due to large
waves and elevated water levels. The hurricane traveled on the continental shelf parallel to the SAB coastline,
with the right side of the hurricane directly over the Gulf Stream. Using the Coupled Ocean—Atmosphere—
Wave-Sediment Transport modeling system, we investigate wave—current interaction between Hurricane
Matthew and the Gulf Stream. The model simulates ocean currents and waves over a grid encompassing the
U.S. East Coast, with varied coupling of the hydrodynamic and wave components to isolate the effect of the
currents on the waves, and the effect of the Gulf Stream relative to storm-driven circulation. The Gulf Stream
modifies the direction of the storm-driven currents beneath the right side of the hurricane. Waves transitioned
from following currents that result in wave lengthening, through negative current gradients that result in wave
steepening and dissipation. Wave—current interaction over the Gulf Stream modified maximum coastal total
water levels and changed incident wave directions at the coast by up to 20°, with strong implications for the
morphodynamic response and stability of the coast to the hurricane.
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Wave-Current Interaction between Hurricane Matthew Wave Fields and the Gulf Stream

1. Introduction

Wave—current interaction has been extensively stud-
ied in coastal environments where shoaling waves en-
counter strong, highly variable tidal and wind-driven
currents at inlets and in the surf zone (e.g., Olabarrieta
et al. 2014; Orescanin et al. 2014; Zippel and Thomson
2015). Waves are influenced by currents through re-
fraction over gradients in the current velocity, shoaling
and breaking over opposing currents, wave lengthening
over following currents, and relative wind effects on the
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momentum flux due to following or opposing winds and
waves. In spectral wave models, the first three effects are
included in the evolution of the wavenumber and the
phase speed of wave action (Ardhuin et al. 2012). The
last effect is in the wind input term, in which the wind
velocity is simply modified by the underlying current,
such that the momentum flux generating wind waves is
reduced in following currents and winds. Currents are
affected by waves through the excess of momentum flux,
implemented as gradients in radiation stress or vortex
forces. However, high-velocity currents and large gra-
dients in current velocities, and the complex wave
fields that interact with them, are not constrained to
the nearshore environment.
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Early idealized, theoretical, and observational stud-
ies examined potential refraction and trapping of wave
energy over the Gulf Stream and its eddies (e.g.,
Holthuijsen and Tolman 1991; Kudryavstev et al. 1995;
White and Fornberg 1998). Recent work has reempha-
sized the importance of wave—current interaction over
large-scale currents over the global ocean, for example
the Agulhas Current, the Leeuwin Current (Wandres
et al. 2017), the Antarctic Circumpolar Current (ACC;
Rapizo et al. 2018), and the Gulf Stream and related
mesoscale eddies (Ardhuin et al. 2017). Warner et al.
(2017) invoked wave—current interaction over the Gulf
Stream as generating maximum wave heights during
Hurricane Sandy (2012). Ardhuin et al. (2017) found
that refraction of waves over mesoscale circulation
features modulates the wave energy distribution over
the global ocean. Rapizo et al. (2018) found that in-
clusion of the effects of the ACC on modeled global
wave fields yields smaller bias of significant wave height
compared to satellite altimetry measurements, due to
a reduction of the relative wind input over following
currents and waves.

Quantification of the interaction of the mean wave
field with large-scale currents leads to the natural
question of the extent of modification of extreme wave
fields by large-scale currents. Fan et al. (2009) exam-
ined wave—current interaction between Hurricane Ivan
(2004) wave fields and the Loop Current. The authors
found that resolution of wave—current interaction im-
proved predictions of bulk wave parameters. Further,
Fan et al. (2009) found wider directional spreading
of the hurricane wave spectra in the presence of ocean
currents. Tropical cyclones regularly interact with
western boundary currents, such as the Gulf Stream or
Kuroshio, yet studies of wave—current interaction be-
neath hurricanes has been limited to interaction be-
tween waves and storm-driven circulation. Moon et al.
(2003) examined wave spectra under Hurricane Bonnie
(1998) in the North Atlantic, but did not evaluate
the impact of wave—current interaction over the Gulf
Stream. Far-field swell generated by approaching hur-
ricanes in the North Atlantic Ocean has been shown to
refract over gradients in currents at Gulf Stream walls
(Holthuijsen and Tolman 1991; Kudryavstev et al. 1995).
The interaction of rapidly evolving wind seas, swells,
and storm-driven circulation beneath a hurricane and
the Gulf Stream has not been thoroughly investigated.

Most recent studies of wave—current interaction over
large-scale ocean currents have focused on the effect
of wave—current interaction on bulk wave parameters,
such as significant wave height, peak wave period, and
peak wave direction. However, under hurricanes, wave
spectra can be highly bimodal and poorly characterized
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by bulk wave parameters (Young 2003; Collins et al.
2018). Hurricane wave spectra rapidly evolve and vary
spatially by radius away from the center of the hurricane
and quadrant of the hurricane (Young 2003; Moon et al.
2003; Fan et al. 2009; Collins et al. 2018). Spatial vari-
ability in wave fields is introduced by asymmetry in
hurricane wind speeds due to hurricane translation
speed, misalignment between the winds and waves due
to wind field curvature (Moon et al. 2003), and bimo-
dality due to the combination of preexisting swell and
locally generated seas. Wave fields can also exhibit
spatial variability without wind asymmetry by dynamic,
or extended, fetch (e.g., Bowyer and MacAfee 2005;
Kudryavstev et al. 2015). Waves generated on the right
side of hurricanes may travel at a group velocity near
the translational speed of the hurricane, effectively be-
coming locked to the overlying wind field. The influence
of currents on dynamic fetch during hurricanes has not
been investigated, to our knowledge.

Finally, recent work investigating wave—current in-
teraction over meso- to large-scale features has de-
scribed experimental limitations due to model spatial
resolution (Rapizo et al. 2018), as the gradients in the
currents are important for the evolution of the wave-
number, shoaling, and refraction. Sensitivity of bulk
wave fields under tropical cyclones to model spatial
resolution was recently quantified by Chen et al. (2018).
The authors found that maximum wave heights, and
spatial gradients in wave height and wavelength under
tropical cyclones were poorly estimated with wave
model spatial resolutions that are often employed
[O(10) km]. The degree of sensitivity is dependent
on the tropical cyclone’s propagation speed, radius of
maximum winds, and propagation direction relative to
the grid discretization (Chen et al. 2018). We address
these limitations with a 5-km model grid, which
represents a doubling of the resolution used in most
previous studies.

In this work, we investigate the effects of wave—
current interaction over the Gulf Stream on Hurricane
Matthew (2016) wave fields by analyzing bulk wave
parameters and frequency-directional wave spectra. We
find that inclusion of the Gulf Stream in hurricane sim-
ulations is necessary to simulate offshore and coastal
waves and water levels. This paper is organized as
follows: section 2 discusses Hurricane Matthew in the
South Atlantic Bight (SAB). Section 3 reviews the
methodology, including the hydrodynamic and wave
modeling components, and the coupling experiments
simulated. Section 4 analyzes the effect of wave—current
interaction between wave fields and storm-driven cir-
culation and the Gulf Stream on bulk wave parame-
ters and wave spectra organized by hurricane quadrant.
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FI1G. 1. (a) Ocean depth within the coupled model domain (shaded), which extends over the U.S. East and Gulf
Coasts at 5-km horizontal resolution (red box). The best track position, maximum wind speed (related to size of
points), and minimum pressure (color of points) show the evolution of Hurricane Matthew from 1 to 9 Oct 2016.
The black box represents the domain in (b). (b) Wind speed (color) and direction (vectors) at 10 m above sea level
at 1200 UTC 7 Oct 2016 as COAMPS-TC atmospheric forcing to the coupled model. The light gray line is the
position of the core of the Gulf Stream on 1 Oct 2016. The dashed dark gray line is the best track position of
Hurricane Matthew. The cyan triangle (FL quadrant of the hurricane) and square (FR) are two points at which
frequency—directional wave spectra are analyzed. The magenta circle is a point at which bulk wave parameters in
the fully coupled simulation are compared with measurements by NDBC wave buoy 41112.

We contextualize the importance of wave—current in-
teraction over the Gulf Stream for the coast in section 5.
Brief concluding remarks are found in section 6.

2. Hurricane Matthew and the SAB

Hurricane Matthew was a Saffir—Simpson cate-
gory 5 hurricane that impacted the U.S. East Coast in
October 2016 (Fig. la). The hurricane developed
in the Caribbean Sea, where it rapidly intensified and
caused significant destruction. Hurricane Matthew then
transited across the Gulf Stream near the Florida Strait
and paralleled the SAB coastline within 50km of the
coast for nearly two days as a category 3 hurricane,
during which the right side of the hurricane was directly
over the Gulf Stream (Fig. 1b). The hurricane made
landfall in South Carolina at 1500 UTC 8 October 2016
and ultimately moved offshore as an extratropical
storm. During the close passage to Florida, Hurricane
Matthew decreased in strength and intensity. Maxi-
mum wind speeds decreased from 60 to 40ms ™!, min-
imum sea level pressure (SLP) increased from 937 to

967 mb (1 mb = 1 hPa), and the radius of ~33ms~ ' wind
speeds was between 35 and 75km during this transit
(HURDAT?2; Landsea and Franklin 2013; Fig. 1a).
The propagation speed of the storm was on the order
of 5-10ms™"' through the SAB (HURDAT2; Landsea
and Franklin 2013).

Coastal impacts during Hurricane Matthew were se-
vere, particularly in Haiti, which experienced significant
loss of life and a humanitarian and economic crisis. In
the SAB, the United States accrued several billion dol-
lars of damage because of flooding due to storm surge and
rainfall, and coastal erosion due to extreme waves and
water levels (National Hurricane Center; nhc.noaa.gov).
Maximum storm surge was reported to be ~3m in parts
of Florida. The ability to predict coastal impacts during
extreme events such as hurricanes is limited in part by
prediction of the wave field, since 1) wave breaking at
the coast induces elevated water levels and sediment
transport, and 2) waves contribute momentum via ra-
diation stresses or vortex forces, and the spatially in-
tegrated effect of Stokes flows can result in elevated
water levels. Wave—current interaction of waves with
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both large-scale currents and storm-driven circulation
can modify the distribution and magnitude of wave en-
ergy and water levels at the coast.

The track of Hurricane Matthew was unique com-
pared to many hurricanes that impact the SAB. The
hurricane paralleled the SAB coast within close prox-
imity instead of approaching it perpendicularly. As a
result, Hurricane Matthew interacted with the Gulf
Stream for a long duration. Interaction between hur-
ricanes and the Gulf Stream is multivariate. Hurricanes
intensify over the warm waters of the Gulf Stream.
Variability in Gulf Stream transport associated with
hurricane passage has been observed (Todd et al.
2018), and short-term weakening of transport has been
correlated to elevated coastal water levels in the SAB
(Ezer et al. 2017). For this work, the track of Hurricane
Matthew allows us to explore wave—current interaction
of mixed sea states beneath different quadrants of the
hurricane with the Gulf Stream.

3. Model setup and experiment

The Coupled Ocean—-Atmosphere—Wave-Sediment
Transport modeling system (COAWST; Warner et al.
2008, 2010, 2019) was used to explore wave—current in-
teraction over the Gulf Stream during Hurricane Mat-
thew. In this application, the Regional Ocean Modeling
System (ROMS; version 885) and Simulating Waves
Nearshore model (SWAN; version 41.20, as integrated
into COAWST) components were two-way coupled
using the Model Coupling Toolkit and forced by an at-
mospheric reanalysis product. The COAWST frame-
work is skillful at simulating hurricane tracks and
intensity, hurricane wave fields, sea surface proper-
ties, and sediment dynamics during hurricane passage
(e.g., Warner et al. 2010, 2017; Olabarrieta et al. 2012;
Zambon et al. 2014a,b; Zang et al. 2018), and has been
used to study wave—current interaction across a range of
spatial scales (e.g., Kumar et al. 2012; Olabarrieta et al.
2014; Wandres et al. 2017).

a. Ocean model

ROMS is a three-dimensional, free surface, terrain-
following hydrodynamic model that solves the Reynolds-
averaged Navier Stokes equations assuming hydrostatic
equilibrium and Boussinesq approximations, using
a finite differences method on an Arakawa C grid
(Haidvogel et al. 2000, 2008; Shchepetkin and
McWilliams 2005; Warner et al. 2008). Simulations were
performed for 1-9 October 2016 over a curvilinear grid
encompassing the entire U.S. East and Gulf Coasts
at ~5-km horizontal resolution with 16 terrain-following
sigma layers (Fig. 1). The vertical stretching parameters
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were 0, = 10, 0, = 0.4, and T, = 50m. Vertical res-
olution in the surface ocean varied vertically from <1 to
5Sm in the vicinity of the Gulf Stream. The model grid
has been implemented for the investigation of other
North Atlantic hurricane dynamics (Warner et al. 2010;
Olabarrieta et al. 2012; Warner et al. 2017) and is
detailed in Warner et al. (2010). The ROMS model is
run with a third-order upstream horizontal advection
scheme and fourth-order centered vertical advection
scheme for tracers and momentum, with a 180-s time
step for the baroclinic mode and a 6-s time step for the
barotropic mode. Horizontal viscosity and diffusion are
0.2 and 0.1 m?s ™!, respectively. Vertical mixing follows
the k—e turbulence closure with a Kantha and Clayson
(1994) stability function, implemented via the generic
length-scale approach (Warner et al. 2005). Turbulence
is injected into the surface ocean by wave breaking.
Background vertical viscosity and diffusion are 10~ ° and
10> m?s ™!, respectively. Bottom stress follows a loga-
rithmic drag law with a roughness length of 0.005 m. The
western and northern boundaries of the model are
closed. On the eastern and southern boundaries, free
surface and barotropic velocity variations are specified
with Chapman and Flather boundary conditions, re-
spectively. Baroclinic velocity and tracer variations are
specified with radiation boundary conditions. A zero
gradient condition is imposed on turbulent kinetic en-
ergy at the open boundaries. The domain was initialized
with temperature, salinity, barotropic and baroclinic
velocities, and free-surface elevations simulated by a
semioperational COAWST forecast system (http://
geoport.whoi.edu/thredds/COAWST _catalog.html) for
1 October 2016. The domain of the semi-operational
forecast system is the same as the one used here and,
although the atmospheric forcing of the forecast system
differs from that imposed here, the required spinup of
the model is negligible. The model is forced by TPXO
tides (Egbert and Erofeeva 2002) at the open bound-
aries and atmospheric forcing at the surface. The at-
mospheric forcing is described in section 3c. The
hurricane enters the domain on 5 October 2016.

b. Wave model

SWAN is a third-generation spectral wave model that
solves for the evolution of wave action, accounting for
wave propagation, shoaling, and refraction over ba-
thymetry and currents, wind wave growth, dissipation
due to whitecapping, bottom friction, and depth-limited
breaking, and nonlinear triad and quadruplet wave—
wave interactions (Booij et al. 1999). SWAN simula-
tions were performed over the same grid as defined for
ROMS. Spectra were discretized with 5° directional res-
olution and 48 frequency bins distributed logarithmically
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from 0.04 to 1 Hz. Above 1 Hz, a spectral tail was applied
such that energy density E « f*.

The wave action balance equation describes wave
growth, dissipation, and evolution in the presence of
spatially varying bathymetry and ambient currents.
Wave action N is

N = E(o, 6)’

o

which is a conserved quantity in the presence of mean
currents. The term E is the energy density as a function
of relative radian frequency o and direction 6. The rel-
ative radian frequency o is related to the absolute radian
frequency w such that

w=o0+tk-u,

where k is the wavenumber vector and u is the mean
current. This relationship encompasses Doppler shift of
the absolute frequency by the mean flow. The wave ac-
tion balance equation is

aN ac,N  ac,N _ Sy

4V [(c, +u)N] + —<
ar TV [l PN R e =

where (¢, + u) is the propagation velocity in x and y
modified by the mean current, ¢, and ¢4 are the propa-
gation velocities in o and 6, and S, represents the
nonconservative source, sink, and redistribution terms
of energy density. The third and fourth terms in the wave
action balance equation are shifting of o and refraction
of 6, respectively, by bathymetry and currents. The
source and sink terms are

Siot =Sin T Su T Saw t Ser>

where Sj, is wave growth due to wind input, S, is
spectral redistribution of energy by nonlinear qua-
druplet wave—wave interactions, Sy is dissipation due
to whitecapping, and Sy is dissipation due to bottom
friction, which is nonzero from the shelf break toward
the coast. The term S§;, is energy input to the wave
spectrum, Sy, and Sy are energy loss from the wave
spectrum, and S, represents the transfer of energy
from the peak frequency of the wave spectrum to
lower and higher frequencies. The term S;, encom-
passes the effect of mean currents on the relative
wind speed.

SWAN was implemented with third-generation
Komen et al. (1984) formulations for S;, and Sgw,
such that

S (0,0)= —F&%E(U, 0),
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where I is a coefficient dependent on steepness and k
is wavenumber. The overbar denotes a spectral mean.
Default values were used for the coefficients de-
scribing the rate of whitecapping dissipation and the
dependence on steepness (Komen et al. 1984; SWAN
Team 2019). Bottom friction was implemented us-
ing the Hasselmann et al. (1973) formulation with a
constant friction coefficient of 0.038m?s>. Spec-
tral redistribution of energy by nonlinear quadru-
plet wave—wave interactions was calculated using the
discrete interaction approximation. Nonlinear triad
wave-wave interactions were not included because
they only become important in shallow water. Dif-
fraction was not included in the simulations. Non-
linear wave-wave interaction and dissipation terms
do not directly include the mean current. As a re-
sult, spectral wave models poorly simulate redistribu-
tion of wave energy and the development of a spectral
tail and underestimate the dissipation rate associ-
ated with wave breaking in opposing wave—current
regimes (Rapizo et al. 2017). The wave action bal-
ance equation was solved using the implicit, first or-
der, backward space, backward time scheme with a
300-s time step. SWAN was initialized with a sta-
tionary computation for the prescribed wind field on
1 October 2016.

c. Atmospheric forcing

The COAWST model was forced by a Coupled
Ocean-Atmosphere Mesoscale Prediction System for
Tropical Cyclones (COAMPS-TC) product specifically
reanalyzed to reduce errors in the track, minimum
SLP, and radius of maximum winds of the hurricane
for coastal change studies (Doyle et al. 2014; Fig. 1b).
COAMPS-TC provided longwave and shortwave radi-
ation, SLP, wind velocity at 10 m above the ocean sur-
face, precipitation rate, air temperature, and relative
humidity at 4-km spatial resolution and 3-h temporal
resolution. These variables were interpolated onto the
COAWST grid.

d. Coupling dynamics

ROMS and SWAN were coupled within the COAWST
framework at a coupling time step of 900s. Wave—
current interaction included both the effect of the mean
current on the waves and the effect of the waves on the
current. To account for the effect of the mean current
on the waves, current velocities and water level were
exchanged from ROMS to SWAN at each cou-
pling time step. The absolute wave group velocity cg,
was modified by a depth-weighted current i, defined
following a simplification of the Kirby and Chen (1989)
formulation for vertically sheared surface currents



2888

applied for the wavenumber at the peak frequency
k, as

u=

2k 0
—sinhZI;cde_hu(Z) cosh2k (d + z) dz,
where d is depth and u(z) is a vertically varying current.
This implementation does not include a second-order
k(dii/dk) term. This representation of a single & for
all wavenumbers can introduce errors (Banihashemi
et al. 2017), particularly for wave spectra with wide
frequency distributions over strongly sheared currents.
Improving this is an active area of research (Banihashemi
and Kirby 2019). The exchange of water level allows for
changes in depth-limited breaking at the coast due to tidal
fluctuations or storm surge. The contribution of the
waves to the circulation is included in COAWST
through the vortex force formalism (Uchiyama et al.
2010; Kumar et al. 2012). During each coupling time
step, total wave dissipation, significant wave height H,,
mean and peak wavelength L and L, respectively, mean
wave direction D,,, and peak wave period T, are passed
from SWAN to ROMS.

Air-sea fluxes of heat, freshwater, and momentum
were calculated by ROMS using COARE 3.0 parame-
terizations (Fairall et al. 1996, 2003). Inclusion of waves
provides ocean surface roughness elements and thus
modulates air-sea fluxes. However, understanding of
the momentum flux at high wind speeds, and in com-
plex wind and wave regimes is limited, due in part to a
paucity of observations of the atmospheric boundary
layer and surface wave characteristics at high wind
speeds and wave heights, and limited understanding
of the wave components that support the momentum
flux. Under hurricane conditions, multiple boundary
layer regimes can coexist across time and space. For
example, wave steepness or wave age do not capture
multimodal wave conditions under hurricanes, but
might be sufficient in regions outside of a hurricane’s
radius of maximum wind speeds. Holthuijsen et al.
(2012) described the wave crest length as a key vari-
able in describing surface wave roughness to account
for bimodality. We note that the results are indeed
sensitive to the formulation of the surface wave
roughness, though experimentation with different
formulations is not within the scope of this work. The
reader is referred to Olabarrieta et al. (2012) for an
analysis of the effect of four formulations (Charnock
1955; Taylor and Yelland 2001; Oost et al. 2002;
Drennan et al. 2003) on hurricane wave and water
level predictions.

The modulation of wind stress was based on a
surface wave roughness length Z,, formulation
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(Taylor and Yelland 2001), which depends on wave

Steepness as
4.5
Z =1200H A,
ow K} Lp °

The COARE algorithm was modified to include an upper
limit of 2.85 X 10 *m on the surface wave roughness
length (Davis et al. 2008), which has been observed
in high wind conditions (e.g., Powell et al. 2003; Donelan
et al. 2004). The Taylor and Yelland (2001) formula-
tion yields improved calculation (Drennan et al. 2005)
of the momentum flux compared to some wave age
formulations (e.g., Drennan et al. 2003; Oost et al. 2002)
or bulk formulations [e.g., Charnock (1955) with varying
Charnock parameter] for mixed sea states.

e. Experiments

Three model experiments were performed to isolate
wave—current interaction over Gulf Stream currents
versus storm-driven circulation. In the first simulation
[fully coupled (FC)], the model setup was as described
above, with two-way coupling between the ocean and
wave models. In the second simulation [no Gulf Stream
(no GS)], the ROMS model was initialized without
baroclinicity: the free surface, baroclinic, and barotropic
current velocities were initialized at zero, and temper-
ature and salinity were held uniform at 10° and 30°C,
respectively. Tides were imposed, and storm-driven
circulation was allowed to develop as in the FC simu-
lation. Response to tidal forcing developed over five
days before the hurricane entered the model domain.
ROMS and SWAN were coupled as in the FC simula-
tion. The final simulation [no wave—current interaction
(no WCI)] included Gulf Stream currents and allowed
storm-driven circulation to develop, but ROMS passed a
current of zero to SWAN, removing the effect of the
mean flow on the wave field. Note that surface rough-
ness was still modified by the wave field and the effect of
the waves on the current was included.

Wind stress, currents, Stokes drift currents, significant
wave height (H), absolute mean and peak wave period
(T,, and T, respectively), mean and peak wavelength
(L and L, respectively), and mean wave direction (D,,,)
were output at hourly intervals over the computational
grid. Additionally, these parameters were interpolated
to alocation collocated with National Data Buoy Center
(NDBC; ndbc.noaa.gov) wave buoy 41112 (Fig. 1b).
Spectrally integrated wave growth due to wind input (Sy,),
dissipation due to whitecapping (Sqw), and redistribu-
tion of energy by nonlinear quadruplet wave-wave in-
teractions (Sy,;) were also output at hourly intervals over
the computational grid. Frequency-directional spectra
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FIG. 2. Comparison of bulk wave parameters (a),(d) significant wave height H, (b),(e) peak wave period T, and
(c),(f) mean wave direction D,,, between the fully coupled simulation (mdl) and observations (obs) by NDBC wave

buoy 41112.

were output at two points at the midpoints of the front-
left (FL; 29.498°N, 80.128°W) and front-right (FR;
29.214°N, 80.763°W) quadrants of Hurricane Matthew
as it paralleled the Florida coastline, with the right
side of the hurricane interacting with the Gulf Stream
(Fig. 1b). At these two locations, frequency-directional
distributions of Si,, Saw, Sn1, and, only at FL, dissipation
due to bottom friction (Sy,), were output as well.

f- Validation

Validation of the fully coupled model is partially
presented here with comparison of modeled wave pa-
rameters to wave buoy observations, with further anal-
ysis as part of a larger effort. The goal of this work is to
assess the potential contribution of wave—current in-
teraction over the Gulf Stream to the waves and water

levels; hence, we focus on the relative differences be-
tween the simulations.

Hurricane Matthew produced large waves (~15m)
and water level anomalies (~3m) within the SAB.
Comparisons of modeled Hj, T, and D,, to observations
by NDBC wave buoy 41112 are reasonable (Fig. 2).
Wave buoy 41112 is located in 15m of water; compari-
sons are influenced by bottom friction, interaction be-
tween tides and surge, depth-limited breaking, and
model representation of the shelf bathymetry. Com-
parisons are sensitive to the forcing fields and related
to errors in the asymmetry and strength of the wind
fields. Before the hurricane entered the model domain
on 5 October 2016, T, was largely underestimated be-
cause waves from the secondary Tropical Storm Nicole
were not imposed on the boundaries of the domain.
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FIG. 3. (a) Spatially varying maximum significant wave height H; in the fully coupled (FC) simulation over
the full time period (1-9 Oct 2016). (b) Differences (color) in spatially varying maximum H, between the FC
and no Gulf Stream (no GS) simulations over the full time period, where positive indicates larger values in the
FC simulation. In contours of 0.1 m?, variance of the differences in H, between the FC and no GS simulations
over the full time period. Black contours are of 0.3 and 0.6 m”. (c) Differences (color) in spatially varying
maximum H, between the FC simulation and the simulation without wave—current interaction (no WCI) over
the full time period, where positive indicates larger values in the FC simulation. In contours of 0.1 m?, variance
of the differences in H; between the FC and no WCI simulations over the full time period. Black contours are

as in (a).

The H, values were underestimated by ~0.5 m until the
peak of the storm, when H, values were underestimated
by 10 cm. We suspect that this was a result of low model
resolution near the Caribbean Islands, which blocked
wave energy from propagating into the SAB when
Hurricane Matthew was to the south. Comparisons be-
tween modeled wave parameters to other nearby buoys
yielded similar results.

4. Results

Results from the FC simulation reveal the evolu-
tion of Hurricane Matthew in the SAB between 6 and
9 October 2016. In the SAB, the Gulf Stream is locked to
the continental shelf break. Before Hurricane Matthew
entered the model domain, maximum surface currents
in the core of the Gulf Stream were 1.5-2ms ™! and the
resolved horizontal gradient in Gulf Stream surface
currents along its western edge was 0.7ms ! per Skm.
Maximum tidal currents on the continental shelf
were =0.5ms . Over the period Hurricane Matthew
was in the SAB, maximum surface currents in the Gulf
Stream core were nearly 3ms™ ', suggesting local en-
hancement of the Gulf Stream by storm-driven (wind-,
SLP-, wave-driven) circulation. Currents reached
~0.5-1.75ms "' on the continental shelf and were dom-
inated by storm-driven circulation over tidal circulation.
There was significant spatial variability in maximum

surface currents, both in the Gulf Stream and over the
shelf, caused by variation in the intensity of the hurri-
cane, spatial variation in the strength of the hurricane
winds, and underlying tidal or Gulf Stream currents.
As the hurricane transited through the SAB, the
highest waves were generated beneath the right side of
the hurricane (Fig. 3a), where winds were stronger than
the left side due to the effect of the hurricane propaga-
tion on the wind speed. Spatial variations in maximum
H, were also driven by variations in the intensity of the
hurricane (Fig. 1a). Large maximum H, in the south-
ern SAB were related to strengthening of Hurricane
Matthew as it emerged from the Caribbean Sea, and,
conversely, small maximum H in the northern SAB
were the result of weakening of the hurricane. Differ-
ences between maximum H; in the FC and no GS simu-
lations elucidate the effect of Gulf Stream currents on the
hurricane wave field through wave—current interaction
(Fig. 3b). Maximum H, in the FC simulation was 0.5-1 m
smaller than in the no GS simulation. The differences
were small on the shelf, reinforcing that storm-driven
currents dominated the shelf circulation and indicating
that wave—current interaction over the Gulf Stream did
not significantly modify the maximum wave heights.
However, the differences were greatest offshore of the
shelf break, indicating that the Gulf Stream modulated
the maximum wave heights. Spatially coherent differ-
ences in maximum H, were constrained to the Gulf
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Stream (Fig. 3b). Variance (var) of the differences in
H; between the FC and no GS simulations (AH,) was
calculated as

T
var = lZ[AHS(t) ~AHY,
T4

where ¢ is time and the overbar denotes the time mean.
The largest variance in AH| also occurred over the Gulf
Stream (contour lines in Fig. 3b), indicating that wave—
current interaction over the Gulf Stream yielded largely
varying differences in H; over the simulation period.
This signal is expected, as the hurricane was moving, the
wave and current fields were rapidly evolving, and the
effect of the interaction varied in space and time. Max-
imum H in the no WCI simulation were nearly 2m
larger than in the FC simulation (Fig. 3c). The spatial
signature of the differences in maximum H; and vari-
ance of AH; between the FC and no WCI simulations
was similar to that between the FC and no GS simula-
tions. Variance of AH between the FC and no WCI
simulations was roughly double the magnitude of that
between the FC and no GS simulations (Fig. 3c). The
ratio of variances indicates the relative importance of
wave—current interaction over Gulf Stream currents or
over all currents, including storm-driven circulation
(Figs. 3b,c). From the southern to middle SAB, the ratio
of variances is 0.5-0.6, meaning that most differences
in H were controlled by wave—current interaction over
the Gulf Stream. However, the hurricane was also
strongest in this part of the SAB, so wave—current in-
teraction with the storm-driven circulation was equally
important. Local enhancement of the Gulf Stream was
strongest here as well. Toward the northern SAB, the
ratio of variances approached 1, indicating that wave—
current interaction over the Gulf Stream accounted for
all of the differences in Hy between the FC and no WCI
simulations. Hurricane Matthew was weakening in the
northern SAB. For the remainder of the text, we focus
on comparison of the FC and no GS simulations.
Wave—current interaction between hurricane wave
fields and storm-driven circulation is spatially variable
because of the rotation, asymmetry, and propagation
of hurricane winds and the complexity of the sea
states generated (Collins et al. 2018). The right side of
Hurricane Matthew interacted with the Gulf Stream as
it paralleled the Florida coast, which induced further
spatial variability. To assess the spatial variability of
these fields, we use a frame of reference centered on the
hurricane and its time-varying propagation direction.
The center of the hurricane at each hour was identified
from a combination of HURDAT? data (Landsea and
Franklin 2013) and minimum SLP from the COAMPS-TC
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atmospheric forcing, which was used to estimate the best
track position at times in between the output resolution
of HURDAT2. Wave, wind, and current variables
within a 100-km radius from the center were rotated into
the frame of reference of the propagating hurricane (as
in Fig. 4). Land values were masked. At 0600 UTC
7 October 2016, Hurricane Matthew crossed the Gulf
Stream just north of the Florida Strait and propagated
along the coast until 8 October 2016. We chose a rep-
resentative snapshot at 1300 UTC 7 October 2016 to
illustrate the effect of wave—current interaction over the
Gulf Stream (Fig. 1). First, we analyze bulk wave pa-
rameters and spectrally integrated source and sink terms
in the wave action balance equation in the frame of
reference defined above. Then we assess frequency—
directional wave spectra and source and sink terms at
two locations in the SAB that represent the FL and FR
quadrants of the hurricane (Fig. 1).

a. Bulk effect of wave—current interaction

Significant wave height was largest in the FR quadrant
of the hurricane, coincident with the highest wind speeds
(Fig. 4a). Maximum H; was 14.6m in a 100-km radius
from the hurricane center at 1300 UTC 7 October 2016.
The H, was smaller in the rear half of the hurricane and
toward the coast. Peak wave period was longest in the
front half of the hurricane, preferentially in the FL
quadrant (Fig. 4b). The T, was >10s in the 100-km ra-
dius from the hurricane center. Mean wave directions
rotated with the wind fields, coming from ~180° in the
rear-right (RR) quadrant and ~100° in the FR quadrant.
The D,,, was decoupled from the winds on the left side of
the hurricane, approaching from ~90° in the FL quad-
rant, likely as a result of refraction over the continental
shelf and bimodal sea states such that mean wave di-
rection and peak wave direction were distinct (Fig. 4c).
Bimodal seas represented the combination of swell
waves propagating from prior hurricane positions and
seas generated beneath the hurricane. Mean wavelength
was largest in the FR quadrant of the hurricane (Fig. 4d).
The L did not appear to be directly related to the highest
wind speeds, but had a similar spatial structure to H;.
Mean wave steepness s was calculated as

- H
S—k\/‘"’f,

where k is the mean wavenumber. Mean wave steep-
ness was large everywhere under the hurricane and de-
creased toward the coast (Fig. 4¢). Comparison of these
variables by hurricane quadrant to the no GS simulation
indicates the spatial variability of the effect of wave—
current interaction with the Gulf Stream on bulk wave
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FIG. 4. (a) Significant wave height Hj, (b) peak wave period T, (c) mean wave direction D,,, (d) mean wavelength L, and (¢) mean wave
steepness s in the fully coupled (FC) simulation at 1300 UTC 7 Oct 2016. The polar plots are transformed into hurricane coordinates. The
radial axis is the distance (km) from the center of the hurricane, and the directional axis is from the direction of translation of the hurricane
(rotated to 0°). The right side of the hurricane interacts with the Gulf Stream. (f)-(j) Differences in variables between the FC and no Gulf

Stream simulations, where positive indicates larger values in the FC simulation.

parameters. There were smaller H and shorter L on
the right side of the hurricane in the FC simulation
compared to the no GS simulation (Figs. 4f,i). The
largest differences were in the RR quadrant, just behind
the eye of the hurricane, where H; was 1 m smaller and
L was 15m shorter in the FC simulation. The values of
T, were ~1s shorter in the FR quadrant in the FC
simulation (Fig. 4g). Notably, waves were ~10% steeper
under the hurricane in the FC simulation, indicating that
differences in H, and L between the simulations were
not proportional (Fig. 4j). Overall, wave—current inter-
action over the Gulf Stream yielded smaller H,, smaller
T,, shorter L, changes to D,, on the order of 10°, and
steeper waves.

The spatial structures of wave energy source and sink
terms under the hurricane at 1300 UTC 7 October 2016
in the FC simulation were coherent (Fig. 5). Wave growth
due to wind input, dissipation due to whitecapping, and
spectral redistribution of energy by quadruplet wave—
wave interactions were largely constrained to within a
50-km radius in the FR quadrant of Hurricane Matthew
(Figs. Sa—c). Large waves outside this region of wave
growth were somewhat decoupled from the wind and
were likely swell generated elsewhere (Fig. 4a). This was
supported by the long T, outside of the area of wave
growth due to wind input (Fig. 4b). The Sji,, Sqw, and
Sn1 depend on wave steepness and the shape of the

wave spectrum. As a result, differences in these terms
between the FC and no GS simulations were highly
correlated with differences in mean wave steepness
between the simulations (Figs. 4j and 5f-h). Com-
pared to the no GS simulation, Sj,, Sqw, and S, were
~5%, ~15%, and ~30% larger, respectively, in the
FC simulation within a 50-km radius in the FR quadrant
of the hurricane. These terms were also slightly larger
over the continental shelf, on the left side of the hurri-
cane. Surface wave roughness as formulated by Taylor
and Yelland (2001) depends on wave steepness, and thus
exhibited a similar spatial structure in the FC simulation
to the other terms (Fig. 5d). Differences in surface wave
roughness between the FC and no GS simulations were
again correlated with differences in mean wave steep-
ness between the simulations (Fig. 5i). Increased surface
wave roughness in the FC simulation implies a larger
wind stress imposed on the ocean surface. Last, the
magnitude of the Stokes drift in the FC simulation was
largest on the left side of the hurricane (Fig. S5¢). The
magnitude of the Stokes drift in the FC simulation was
either the same or smaller under the hurricane than in
the no GS simulation (Fig. 5j).

Angles between the wind stress direction, surface
current direction, and mean wave direction varied by
hurricane quadrant in the 100-km radius from the hur-
ricane center at 1300 UTC 7 October 2016 (Fig. 6).
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FIG. 5. (a) Wave growth due to wind input Sj,, (b) dissipation due to whitecapping Sq, () spectral redistribution of energy by qua-
druplet wave-wave interactions Sy, (d) wave-induced roughness Z, ,,, and (e) magnitude of Stokes drift in the fully coupled (FC) sim-
ulation at 1300 UTC 7 Oct 2016. (f)—(j) Differences in variables between the FC and no Gulf Stream simulations, where positive indicates
larger values in the FC simulation. Axes are as in Fig. 4.

Observations show that under wind sea conditions, the differs due to surface wave roughness (Fig. 6). In the no
wind stress lies in the direction of the mean wind GS simulation, currents were driven by the wind stress,
(Drennan et al. 1999). However, under mixed seas or tides, and water level variations associated with storm
swell-dominated conditions, swell can steer the wind forcing. Wind stress and surface currents were strongly
stress away from the mean wind direction (Collins et al.  aligned on the right side of the hurricane, and most
2018). In the model setup, wind stress is not permitted to  closely aligned near the center (Fig. 6a). The largest
deviate from the mean wind direction. Thus, the wind angles between the currents and the wind stress were
stress direction is the same between the FC and no GS  ~30°in the FL quadrant of the hurricane (Fig. 6a). In the
simulations, though the magnitude of the wind stress rear-left (RL) quadrant, the currents and wind stress
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FI1G. 6. Wind stress direction, current direction, and mean wave direction D,,, in the (a) no
Gulf Stream (no GS) and (b) fully coupled simulations at 1300 UTC 7 Oct 2016. The polar
plots are rotated into the hurricane space, such that (0, 0) is the center of the hurricane and the
y axis points in the direction of translation of the hurricane.



2894

were perpendicular. In the no GS simulation, D,,, was
strongly aligned with the wind stress and surface cur-
rents in the FR quadrant. In the FL quadrant, D,,, and
surface currents were perpendicular. In the RL quad-
rant, D,,, and the surface currents were nearly opposing
and the wind stress was perpendicular. The inclusion of
the Gulf Stream modifies the direction of the surface
currents and, due to refraction in some cases, the mean
wave direction (Fig. 6b). In the FR and RR quadrants,
the resultant currents from the combination of Gulf
Stream and storm-driven currents were more north-
erly than the storm-driven currents alone, such that
the angle between the surface currents and D,, was
larger, ~45° in the FR quadrant (Fig. 6b). The Gulf
Stream does not influence the direction of the sur-
face currents on the left side of the hurricane. Angles
between the surface currents, wind stress, and mean
wave direction on the left side of the hurricane are
similar in the FC and no GS simulations, though small
differences exist and manifest in the evolution of the
wave spectra.

b. Spectral effect of wave—current interaction

Evolution of the frequency spectra and frequency-
directional spectra in the FR and FL quadrants of
Hurricane Matthew at 1300 UTC 7 October 2016 reveals
the impact of wave—current interaction with Gulf Stream
currents on different parts of the wave spectrum. In the
FR quadrant, the frequency spectrum evolved differently
in the FC and no GS simulations (Fig. 7). As the hurricane
approached the location, the peak and mean wave pe-
riods both increased in the FC simulation, but the dif-
ference between T, and T, became larger, indicating that
energy was distributed widely over frequencies during
the peak of the storm (Fig. 7a). Compared to the no GS
simulation, there was more energy in the spectrum of the
FC simulation as the storm approached. At the peak of
the storm and afterward, there was less energy in the
spectrum of the FC simulation and the energy was con-
tained at a shorter period. The rapid decline in wave
energy in the FC simulation compared to the no GS
simulation indicates that there might have been re-
fraction away from the location after the peak of the
storm, less wave growth due to wind input, or more wave
dissipation. We analyze the frequency—directional spec-
trum in the FR quadrant at the peak of the hurricane
(Fig. 8a), associated with the red line in Fig. 7a. The dif-
ferences between the spectra in the FC and no GS sim-
ulations were a function of frequency (Fig. 8b). The shape
of the directional spectrum was similar between the
simulations, though the total energy was less in the FC
simulation (Fig. 8c), consistent with the evolution of the
frequency spectrum (Fig. 7) and indicating that refraction
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FI1G. 7. Evolution of the frequency spectra in the front-right
quadrant of the hurricane in the (a) fully coupled (FC) and (b) no
Gulf Stream (no GS) simulations during three days of the hurri-
cane’s passage through the South Atlantic Bight. In (a) and (b), the
solid white lines indicate the peak wave period T, and the dashed
white lines indicate the mean wave period 7,,, in each simulation.
The red lines indicate the time of maximum spectrally integrated
wave energy in each simulation. The dashed red line in (b) indicates
the time of maximum spectrally integrated wave energy in the FC
simulation. (c) Difference in the frequency spectra between the FC
and no GS simulations, where positive indicates more energy in the
FC simulation.

over currents was not important at the peak of the hur-
ricane. The peak of the frequency spectrum was shifted
to a lower period in the FC simulation, and the spread
about T, was smaller (Fig. 8d). At the same location,
differences in the frequency—directional distributions of
the wave energy source and sink terms between the
simulations yield more insight into the effect of the Gulf
Stream on wave—current interaction (Fig. 9). Wave
growth due to wind input occurred about 7, in the FC
and no GS simulations, and as such, S;, was maximum
at a shorter period in the FC simulation than in the no
GS simulation (Figs. 9a,b). There was no difference in
the directional distributions of S;, between the FC and
no GS simulations. At this location, S4,, was at a maxi-
mum at the spectral peak period and direction. The Sqy,
preferentially dissipated energy at short periods over a
wide range of directions (Fig. 9c, note negative values).
The Sy, was larger in the FR quadrant in the FC sim-
ulation compared to the no GS simulation (Fig. 9d,
note negative values). Last, spectral redistribution of
energy by nonlinear quadruplet wave-wave interac-
tions preferentially transferred energy from the peak
period and direction to longer periods (Fig. 9¢). Total
Sy was larger in the FC simulation compared to the no
GS simulation.
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Fi1G. 8. (a) Frequency—-directional spectra in the front-right quadrant of the hurricane at
1300 UTC 7 Oct 2016 in the fully coupled (FC) simulation. (b) Difference in the spectra
between the FC and no Gulf Stream (no GS) simulations, where positive indicates more
energy in the FC simulation. (c) Directional spectra and (d) frequency spectra in the FC

(black) and no GS (red) simulations.

In the FL quadrant of the hurricane, there was little
difference in the bulk wave parameters between the FC
and no GS simulations (Fig. 4). Nonetheless, the evolu-
tion of the frequency spectra and frequency—directional
spectra at this location was interesting. As the hurricane
approached, there was more wave energy in the spec-
trum of the FC simulation; however, at the peak of the
storm and afterward, there was less wave energy at
longer periods (Fig. 10). The directional distribution in
the FL quadrant was narrow in both the FC and no GS
simulations (Fig. 11c). Total wave energy at the peak
wave direction was less in the FC simulation (Fig. 11c),
and differences in the spectra between the FC and no
GS simulations were largely directionally dependent
(Fig. 11b). This indicates that refraction of wave energy
might have occurred in the FL quadrant. Though the
peak period was the same in the FC and no GS simu-
lations, the frequency distribution in the FC simulation
was more peaked (Fig. 11d). All wave energy source and
sink terms were larger in magnitude in the FC simula-
tion, but contained directional dependencies. In the no
GS simulation, more wave growth due to wind input,
dissipation due to whitecapping, and dissipation due
to bottom friction occurred in short period waves ap-
proaching from >200° and long period waves approach-
ing from <180° (not shown). The S,,; was small in the FL
quadrant at the peak of the hurricane, and differ-
ences between the FC and no GS simulations were

incoherent within the spectrum (not shown). Differ-
ences in the source and sink terms between the simu-
lations were an order of magnitude smaller than those
in the FR quadrant.

5. Discussion

Assessing the differences between the FC and no GS
simulations as a whole allows us to describe how the
Gulf Stream influences wave—current interaction be-
neath the hurricane. In the FR quadrant of the hurricane
in the no GS simulation, wind stress, mean wave di-
rection, and currents were in a following wave—current
regime, in which waves are lengthened via Doppler shift
of the absolute frequency by the components of the
currents aligned with the wavenumber vector and the
modified dispersion relation. The Gulf Stream modifies
the surface currents in the FR quadrant to be more
northerly than the storm-driven circulation. As a result,
the wave direction, which is closely aligned with the
wind stress, and current direction were at a larger angle,
reducing wave lengthening by the currents. As a result,
waves were steeper and subjected to increased dissi-
pation due to whitecapping and redistribution of en-
ergy away from the peak frequency. This also modified
surface wave roughness, which impacted wind-driven
circulation. In the FL quadrant of the hurricane, storm-
driven circulation was negligibly modified by the Gulf
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FIG. 9. (a) Wave growth due to wind input S;,, (b) dissipation due
to whitecapping S4w, and (c) spectral redistribution of energy by
quadruplet wave—wave interactions S, as functions of period and
direction in the front-right quadrant of the hurricane at 1300 UTC
7 Oct 2016 in the fully coupled (FC) simulation. Note that S;, is
positive, Sqy is negative, and S,,; can be both positive and negative.
(d)-(f) Differences in variables between the FC and no Gulf
Stream (GS) simulations.

Stream, and mean wave direction and wind stress were
decoupled. Thus, differences in mean wave direction in
the FL quadrant between the FC and no GS simula-
tions were a result of refraction of waves exiting gra-
dients in Gulf Stream currents on its western edge and
refraction over continental shelf bathymetry.

Observed differences between the FC and no GS
simulations were likely also a result of differences in
the extended fetch for wave generation induced by the
storm-driven circulation and the Gulf Stream under the
FR and RR quadrants of the hurricane. To evaluate
the potential for differences in the extended fetch be-
tween the simulations, we used the criterion proposed
by Kudryavstev et al. (2015):

1
8 _ . (ur) lq
2 ‘r\y) >
ur

where u, is the average maximum wind speed u at radial
distance r, and V is the translational velocity of the

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 49

fully coupled x10%

x108

fully coupled - no GS

-

20
=10

10/06

[J/m?2/s]

(9]
-

10/07 10/08 10/09

FI1G. 10. As in Fig. 7, but in the front-left quadrant of the hurricane.

hurricane. The terms g and c7 are constants defined by
fetch laws (Kudryavstev et al. 2015). Wind fields were
consistent over all model simulations and exhibited
asymmetry as a result of hurricane translational velocity
and interaction with land. At 1300 UTC 7 October
2016, the hurricane translational velocity was ~9.1ms ™!
(HURDAT?2; Landsea and Franklin 2013) and the av-
erage maximum wind speed was 51.7ms ! at a radius of
50km. The effective translational velocity of the hurri-
cane is modified by the underlying currents. In the FC
simulation, the translational velocity was reduced by a
2.8ms ! current and the ratio of the above terms was
~6. Conditions did not support enhanced wave growth
by extended fetch because waves propagated out of the
hurricane wind field with increased celerity. In the no
GS simulation, the criterion was nearly met (i.e., the
ratio is ~1.5), so extended fetch may have been possible.
Larger significant wave height, longer peak wave pe-
riods, and longer wavelengths would be expected in the
no GS simulation as a result of extended fetch. This
suggests that the reduction of extended fetch, in addi-
tion to wave—current interaction, contributed to the
observed influence of the Gulf Stream on Hurricane
Matthew wave fields.

We hypothesized that the effect of wave—current in-
teraction over the Gulf Stream on waves and water
levels would be local to where the interaction was oc-
curring, and that local wave generation and surge on the
shelf would dominate coastal signals. We calculated
differences in maximum total water levels at the coast
within the SAB between the FC and no GS simulations.
Total water levels (TWL) were calculated as

TWL=R,, + T +SS+SLA,
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FIG. 11. As in Fig. 8, but in the front-left quadrant of the hurricane.

where R,9, is extreme wave run-up, 7 is the astronomical
tide component of the water level, SS is the storm surge
component of the water level, including the inverse ba-
rometer effect and wind-driven setup, and SLA is other
nontidal sea level anomalies. The term R,o, includes
coastal wave setup due to gradients in radiation stress and
time-varying swash, and was calculated following the
empirical parameterization of Stockdon et al. (2006):

Ry, =114 0358,(H,L,)"

12
. [H,L,(0.5638; +0.004)]
2 2

where H, is offshore wave height, L, is deep-water
wavelength, and S, is foreshore beach slope. The terms
Hj, and L, were taken as Hy and L, respectively, every
~10km along the 20-m depth contour in the SAB. We
used a uniform B of 0.04, which is representative of the
sandy, dissipative beaches of the SAB. We recognize
that shoaling, refraction, and frictional dissipation over
bathymetry is not fully resolved given the horizontal
resolution of the model.

Spatial variability in maximum TWL through the
SAB is a function of spatially variability in surge and
coastal wave energy, related to hurricane intensity and
asymmetry, hurricane propagation direction, coastline
orientation, and wave transformation over the shelf
and currents (Fig. 12b). Maximum TWL were highest

at ~5.3m at 30°N in the FC simulation (not shown),
which is where high water levels were reported during
Hurricane Matthew. Differences in maximum TWL
between the FC and no GS simulations indicate that
wave—current interaction over the Gulf Stream reduced
maximum TWL by 0.1-0.2m (5%-20%) in the SAB.
Differences in the northern SAB were dominated
by differences in wave run-up (Fig. 12b). However,
throughout the southern and mid SAB, differences
in maximum TWL were mostly driven by lower water
levels in the FC simulation (Fig. 12b). There are several
explanations for the lower water levels in the FC simu-
lation. The astronomical tides and the inverse barom-
eter effect were identical in both simulations. However,
wind-driven setup and SLA differed. Nonlinear inter-
action between the tide, surge, and waves could fur-
ther contribute to differences. The geostrophic signature
of the Gulf Stream is a barotropic pressure gradient with
elevated water levels offshore. When hurricanes track
west of the Gulf Stream, as Hurricane Matthew did,
winds on the right side of the hurricane are parallel to
the Gulf Stream and drive Ekman transport that re-
inforces the geostrophic pressure gradient (Todd et al.
2018). Alternatively, lower coastal water levels in the FC
simulation may be attributed to differences in the wind
stress due to surface wave roughness. Though the di-
rection of the wind stress is the same between the
FC and no GS simulations, the magnitude is different.
Spatially varying, time-integrated wind stress indi-
cates that steeper waves in the FC simulation yielded
larger wind stress over the Gulf Stream than in the no
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FIG. 12. (a) Coastline of the South Atlantic Bight (SAB) and 20-m depth contour (gray line). (b) Difference in
maximum total water level (TWL), wave run-up (R;9,), and the free surface elevation (n) along the 20-m depth
contour between the fully coupled (FC) and no Gulf Stream (no GS) simulations over three days of the hurricane’s
passage through the SAB, where positive indicates higher TWL in the FC simulation. (¢) Maximum differences in
mean wave direction D,,, along the 20-m depth contour between the FC and no GS simulations over three days of
the hurricane’s passage through the SAB. Positive indicates clockwise rotation of D,, in the FC simulation relative

to the no GS simulation.

GS simulation (not shown). Although the direction of
transport associated with the time-integrated wind stress
was not analyzed, it is possible that larger wind stress
caused greater transport away from the coast. Finally,
the magnitude of the Stokes drift was smaller in the FC
simulation compared to the no GS simulation, and may
have contributed to larger SLA in the no GS simulation.

To further investigate how the effect of wave—current
interaction over the Gulf Stream is manifested at the
coast, the maximum difference in incident mean wave
direction along the 20-m depth contour in the SAB be-
tween the FC and no GS simulations was calculated for
6-9 October 2016. Maximum differences in D,,, > 5°
were resolved by the model (Fig. 12¢). The largest
maximum differences in D,, were +20° and indicate that
incident waves approached from both more northerly
and more southerly directions in the FC simulation de-
pending on the section of the coastline (Fig. 12c). Along
the coast of southern Florida, maximum differences in D,,,
were 10°-20° and were associated with refraction of far-
field waves generated when the hurricane was south of
the Gulf Stream. Similarly, along the northern coast of
the SAB, maximum differences in D,,, were due to re-
fraction of waves when the hurricane was in the
southern and central SAB. For the central coast of the
SAB, where maximum TWL were large and coastal
impacts severe, differences in incident wave directions

as a result of wave—current interaction over the Gulf
Stream manifested in longshore transport of eroded
sediment and evolution of the nearshore poststorm.
Inclusion of the Gulf Stream is necessary for accu-
rate prediction of coastal impacts due to hurricanes in
the SAB.

6. Conclusions

Though previous work has addressed the interaction
of far-field hurricane swell with the Gulf Stream in the
SAB, understanding of wave—current interaction be-
tween complex, rapidly evolving wave fields beneath a
hurricane and the Gulf Stream has not been addressed.
In this work, we used a coupled ocean—wave model to
simulate Hurricane Matthew wave generation, propa-
gation, and dissipation through the South Atlantic Bight
with both storm-driven circulation and Gulf Stream
currents. The Gulf Stream modified the following wave—
current regime in the front-right quadrant of the hurri-
cane, reducing wave lengthening and resulting in steeper
waves and increased energy dissipation due to white-
capping. The Gulf Stream also decreased the potential
for extended fetch for wave generation in the front-right
quadrant of the hurricane, reducing wave energy. Ef-
fects of wave—current interaction over the Gulf Stream
propagated to the coast, where differences in maximum
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TWL were up to 0.2m and maximum differences in in-
cident mean wave direction approached 20°. This work
establishes that inclusion of the Gulf Stream is necessary
for predictions of coastal impacts due to hurricanes.
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