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ABSTRACT

Surface wave propagation and the modulations of wave parametric and spectral properties over the Gulf Stream
(GE) are ztudied using a high spatial resolution {1 km) wawe model that considerz an idealized G5. While
simulation results are generally consistent with a previous modelling study, we found that for following-current
(PC) cases, reflection from the G5 substantially increaszes wawve height on the offshore zide of the G5 center by up
to 25%, and decreazes wawve height on the landward zide of the GS by az much as 5086, In the counter-current
(CC) cases, the wavwe height profile iz more symmetrical relative to the G5 centerline, and the maximum 33%
increaze of wave height iz predominantly driven by straining. The GS also causes an increaze (decrease) in
wavelength and directional spreading in the FC (CC) case. Additional model sensitivity experiments that further
consider realistic shelf-ocean topography show that current modulation and bottom dizzipation work in concert
as low- and high-pass filters on the wave frequency spectra. Wave parameters and spectral modulations imposed

by the G5 hawve significant impacts on ocean-amaosphere momentum fux and wave energy resource.

1. Introduction

Modulation of wave characteristics by currents 1= an important ocean
process that has drawn the attention of the marne science ressarch
community for decades (e.g. McHes, 1975; Tolman, 1990; Helthuijsen
and Tolman, 1991; Tamura =t al, 2008; Moreira and Peregrine, 2012;
Barnes and Rautenbach, 2020). Earlier studies have shown that a strong
ambient current can change wave parameters meluding wave height,
wave climate can thus be altered =sigmificantly due to strong
wave-current interactions or modulation of waves by currents during
both storm and normal conditions (Romero et al., 2017; Hegermiller
et al., 2019). Moreover, rogue waves, one of the most enersetic ocean
phenomena, are usually generated as a result of amplification of wave
height by opposing currents (Onorato et al | 201 3). They are a dangerous
marine hazard to ocean transportation and are frequently observed over
western boundary currents (WBCs) including the Agulhas and Gulf
Stream (Toffoli et al., 2015; Barnes and Rautenbach, 2020). Recently,
mezoscale and sub-mesoscale currents in the form of eddies, fronts, and
small-scale wave height varability (e.g. Ardhuin =t al., 2017). Modu-
lation of waves by currents also play a major role in altering marine
boundary layer dynamics, leading to large variabons in momentum,
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heat, and moeisture flux transfers between ocean and atmosphere (g
Chalikov and Rainchik, 2011; Chalikov, 2018; Chalikov and Babanin,
2019).

Ocean currents have specific impacts on wave propagation and
shealing due to current impact), trapping, reflection, and changes in the
spectral chapes of the incident waves. Refraction of surface waves by
eurrents was imtially addressed by Johnson (1947). Tolman (1990) and
Bascheck (2005) subsequently derived analytical equations for caleu-
lating the wave amphtude change due to straining over currents. Anal-
veiz of other complicated effects including wave reflection from a
current and wave trapping inside a current are done by direct solution of
the equations of motion using perturbation or alternative analytical
methods (Peregrine, 1976; Liu ot al_, 1992; Shyu and Tung, 1999). Nu-
employed to study the effects of currents on wave modulaton (e.g
Holthuijsen and Tolman, 1991; Rusu et al, 201 1; Hopkins «t al_, 2016;
Barnes and Rautenbach, 2020; Prakazh and Pant, 2020; Ponce de Leon
and Soares, 202]1; Lavaud et al , 2020; Beya et al, 202]1)

One of the most intriguing processes is how waves respond to strong
WBC: such as the Gulf Stream (GS). The G5 1= a persistent and intense
current with a maximum surface velocity of 1.5-2.0m & 1 (c.z. Mizra,
2020; Zeng and He, 2016) and a width of 100-300 km depending on
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latitude (Gangopadhyay et al, 2016). Many observations of the GS
impact on waves propagating from outside the current have been
decumented (e.g. Meadows et al, 1983; Dobson and Irvine, 1983;
McLeish and Roes, 1985; Lin =t al, 1989). Compared to the regions
outside the current, more complicated wave patterns and larger wave
heights have been known to occur inside the GS. Furthermore, near-
shore/coastal wave characteristics can be significantly modulated by the
G5. To examine this modulation, we used In situ wave measurements at
NDBC stations 41002 and 41013, which are located on the offchore and
coactal sides of the GS, respectively (Fiz. 1)

Measurements chow many occasions when offthore wave height and
direction were substantially altered by the GS. For the specific time we
examined (the solid wertical line im Fiz. 1b), the offchore wawe
approached the GS from the south with a mean angle of 207 with respect
to the G5 flow direction (1.e. a following-current case). Wind speed at
this time was close to zero at the offehore station; therefore, no signifi-
cant wave generation by wind was expected between the offehore buoy
and the ecastern edge of the GS.

We estimated that it would take approximately 8 h for waves to
propagate from the offshore buoy to the coastal buoy. The time lag
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between two buoye was calculated based on the distance between two
buoye, the average wave period measured at 41002, and wave celenty
caleulated uwsing the wave dispersion equation. Wave spectra were
computed and compared in Fizg. e and d with the analysiz on the coastal
buoy performed on data collected 8 h later than that of the offshore
buoy. Substantial decreases in the spectral energy and counterelockwizse
rotation of the main energy band was obeerved in the 2D gpectra (Fiz. 1c
and d). At the coastal buoy, deep water condibions were satizfied;
therefore, the changes in wave energy and direction cannot be attributed
to depth-induced refraction. The 2D energy spectrum at the coastal buoy
shows two major sectors. The energy in the southern sector (red cirele in
Fiz. le) reculted from the alteration of offsthore waves by the G5,
whereas energy in the northeastern sector was largely the result of
waves locally generated by the northerly-northeasterly winds (up to 8m
£~ ! based on measurements at NDBC41013) on the coastal sude.
Numerical stmulations have been used to address the effect of the GS
on both swell propagation and wind-wawve generation (e.g. Tolman,
1920; Holthuijeen and Tolman, 1991; Ponce de Leon and Scares, 2021}
The study of Holthuijeen and Tolman (1991; hereafter referred to as
HT91) offers many insightful analyses about the vanations of wave
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Flg. 1. a) Locations of two NDBC buoys on the offshore and coastal sides of the GS used for examining the effect of G5 on offshore waves. The color-coded contours
show the bathymetry of the region. The solid black lines show the average location of the GE boundaries based on NOAA data. b) Timeseries of meazured wave height
and direction at offshore and coastal buoys and measured 10-m wind at zpeed at the offshore buoy 41002. The vertical zolid line specifies the time comesponding to
near-zerc wind speed at NDBC 41002 for which the offshore spectrum iz presented. The zolid (dashed) line is corresponding to the time for which the wave spectmum
at the offshore booy NDBC 41002 (coaztal buoy NDBC 41013) is presented; c,d) measured 2D spectra at the coastal and offshore buoy rezpectively corresponding to
the specified timesz in panel b. The & b’ time lag iz to account for the approximate time it requires for the waves to propagate from NDBC 41002 to NDBC 41013, The
red circle in () shows the part of the spectral energy propagated from the offshore and modulated by the G5,
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parameters due to the impacts of currents. They used a third-generation
wave mode] that implemented an idealized GS and GS ning. For the case
of an 1dealized, straight GS, they considered both swell propagation
acrosz the GS and active wave generation by the wind for both
followng-current (FC) and counter-current (CC) cases, which are
defined by the incident wave or wind direction relative to the GS (see
Appendix A for defimtions of FC and CC). For swells croseing the GS,
they used a quasi-1D model with a spatial resolution of 14 km for which
all the lateral gradients contributing to the spatial energy propazation
were set to zero. This idealization assumed that the GS 1= infinitely long.
They alzo used a Gaussian distnbution of surface current epeeds across a
150 km transverse with a maximum current speed of 1.7 m & ! in the
middle of the GS. For the FC case, their simulation cshowed that the
directional spectra on the east of the G5 are modulated by wave
reflection from the GS, whereas no reflection was detected on the west
gide. Therefore, wave height slightly increased in the castern region of
the G5, while the original wave height for the rest of the cross-section
was unchanged. For the CC case, their model analyses showed that for
a epecific wave direction and peak period, the negative and positive
mechanieme contributing to changing wawve height almost canceled out
in the middle of the G5 and no significant change of the wave height
resulted. The HT91 study alzo touched upon the mechaniems affecting
swells crossing the G5 and is one of the first studies quantifying swell
wave variations across the GS.

The goal of this study is to revisit the seminal work of HT91 by using
an advanced spectral wave model with a much higher (1 km as opposed
to 14 km) spatial resolution. Thiz high epatial resolution is eszential to
resolve high veloeity gradients across an idealized G5. Compared to the
1D emmulation of HT91, the present study used a fully 2D model in the
spatial domain. This 2D model iz more realistic and aceurate than the 1D
model, especially when simulating the following-current waves for
which the reflected waves from the upstream regions add up to the
waves 1n the offshore regions of the downstream regions. Also, the wave
field on the coastal (west) side of the G& will be simulated more
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accurately sinee the lateral wave energy can be correctly transferred to
the interested areas. Mew analyses built on the high-resclubion model
simulations herein present a more detailed assessment of ocean current
impacts on wave modulation. These analyses include extensive in-
veshigations on incident waves coming from different directions, quan-
and examination of wave gpectral variations induced by the GS current.
The novel implications of these parametric and spectral modulations for
ocean-atmosphere coupling and wave energy characterization are also
dizeussed herein. For the sake of brevity, technical details and term
definitions are presented In Appendix AL

2. Numerical model specifications
2.1. Numerical model

We used the third-generation wave model Simulating WAwves Near-
shore (5WAN, 2015) on an unstructured mesgh (Zijlema, 2009, 2010) in
an idealized setting to study the G5's effect on waves. Instead of uzing a
quasi-1D model setup with zero lateral gradients as HT21 did, we used a
fully 2D model configuration with propagation along both x- and y-axes.
This iz more realistic and accurate, especially for the FC cases for which
the reflected waves from upstream locations are combined with the
incoming waves at downstream offshore locations (see Fiz. 2b and Ap-
pendix A for defimtions of FC, CC, upstream, and downstream). These
reflected waves need to be included to achieve more accurate results on
the eastern regions of the GS. Furthermore, on the downwave side of the
wave action density 15 modified as follows to include background cur-
rent effects (Zijlema, 2000, 2010; SWAN, 2015)

EN &'sN &FN_SIM
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Flg. 2. a) Distribution of cumrent speed
acrozs the G and modeling area. b) Model
extent in x and y directionz and the location
of the G5. The vectors show the south-north
current vector with maximum zpeed of 1.5
ms-1 in the center. The model. The amrows
on at the eastern model open boundary (at X
= 500 km) next to the 90F line show the
general direction of the following-current
(FC) and counter-current{CC) waves with
respect to the direction perpendicular to the
current (907 line). Open boundariez are
zpecified with red lines in Fig. 7b and ) the
model computational mezh for the specified
dashed box shown in panel (b).
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where N is the wave action density, t is time, c ¢ is wave group velocity

vector, U is the current vector, x is the spatial vector that includes x and
y components, and Sy, is the sum of source terms. The effect of currents
on wave action is quantified through the four terms on the left-hand side
in Eq. (1). The second term from the left quantifies the spatial variations
of wave energy propagation. The propagation speed here is the sum of
the group velocity of the wave (in a frame of reference moving with the
current) and current speed. This term accounts for the effects of shoaling
(depth-induced wave amplification) and straining (current-induced
wave amplification):

- — — @

The third term from the left in Eq. (1) includes the effect of the shift
in radian frequency on wave action. The rate of change for radiant fre-
quency (¢ is a function of depth and current variations in time and
space:

— — — @)

The effect of depth- and current-induced refraction on wave action is
included in the fourth term from the left in Eq. (1) through the param-
eter ¢ :

e @

In the above equations, k is the wavenumber vector, d is water
depth, isthe wave radian frequency, is the direction of wave spectral
component, s is the axis parallel to the direction of wave propagation,
and m is the axis perpendicular to the propagation direction. The effect
of currents on wave action can also be included in the source term S;,; on
the right side of Eq. (1) by modifying the relative wind speed used in the
calculation of wind stress in the wind input source term. Since in the
present modeling no generation by wind is considered, the related
source term is zero.

2.2. Model design

For our idealized model setup, the GS was approximated by a
Gaussian current jet 600 km long and 100 km wide. This is a good
representative of the average GS width, especially south of Cape Hat-
teras, North Carolina, USA (e.g. Gangopadhyay et al., 2016). This
Gaussian distribution had a maximum current speed 1.5m s ! at the
middle, which is close to the maximum speed of 1.7 m's * used in HT91
(Fig. 2a). For expediency, hypothetical GS flow was south to north and
all incident wave directions (IWD) were evaluated relative to this. To
assure that simulation results were not adversely affected by boundaries,
the model dimension in the x direction was determined based on a
sensitivity analysis of different model widths (300 800 km). In sensi-
tivity analysis for the modeling area, we considered two goals: 1.
minimizing the effect of offshore boundary on the incident waves by
providing a buffer zone that is not affected by the reflected waves from
the GS, so larger distances between the right border of the GS and the
eastern boundary were intended (it was concluded that 300 km is not
large enough); 2. optimizing the simulation time/cost by avoiding un-
necessary large distances between the right border of the GS and the
eastern boundary (it was concluded that 800 km doesn t add much to
model accuracy, but significantly increase the simulation time). The
x-axis dimension of 500 km was the optimum fulfilling both condition.
As a result, we adopted a 500 km 600 km rectangular modeling area.
The ocean region on the coastal and offshore sides of the GS were each
250 km wide. (Fig. 2b). Swells enter the model from the east (right) side
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of the model at x 500 km (Fig. 2b) to the left. Also, parts of the model
northern and southern boundaries on the east side of the GS are
considered as the open boundary and waves can propagate through
these parts (the open boundaries are specified with red lines in Fig. 2b).

Our model simulations used a spatial resolution of 1 km. This is much
higher than the model resolution of HT91, which was 14 km (only 10 11
computational grids across their hypothetical GS). The 1 km resolution
adopted in this study allows our simulations to resolve well the GS s
velocity gradient and the current-induced wave variations. The Control
model simulation used a constant water depth of 500 m. We also
experimented with model bathymetry that mimics the coastal bathym-
etry and shelf break in a model sensitivity run (Section 4) to investigate
the effect of water depth on modulation of waves by currents over the
GS.

2.2.1. Model setup and experiments

The simulations herein included only swells propagating over the GS,
without any active wave generation by the wind. A similar model
experiment design to that of HT91 was used (Table 1). Incident swells
were applied to the model through the open boundaries on three sides
(the western boundary was masked as land). Various configurations of
open ocean waves were applied at the eastern boundary and/or the
offshore side (eastern side) of the GS along the northern and southern
boundaries. No wave was applied on the coastal side or over the GS so
that we could focus on the open ocean waves and how they are modu-
lated by the GS before propagating to the coastal zone. Swells at the
open boundaries were introduced by their bulk parameters including
wave height, peak period, direction, and directional spreading; thus the
frequency-directional spectrum across the GS can be calculated using
the spectral model applied on the spectral boundary conditions. These
parameters were used for establishing a wave frequency-direction
spectrum. Variations of swell energy with frequency can be appropri-
ately represented by either single-peaked distributions, Gaussian, or
JONSWAP (Hasselmann et al., 1973). HT91 used a Gaussian distribu-
tion, but in the present paper, we chose the JONSWAP spectrum for
input waves because it is more accurate, especially for younger swells in
which energy in the higher frequency ranges is dominant (Lucas and
Guedes Soares, 2015). A standard directional distribution of
cos™ peak Was used, for which is the direction of each energy
component and pq is the peak wave direction. Consistent with HT91, a
typical value of 12.4 was used as the directional spreading of the
incident waves, which corresponds to m 20 and accounts for a very
narrow directional distribution. Similar to HT91, incident wave height
(H;s) of 1.99 m and peak frequency (f,) of 0.071 Hz (peak period of 14.08
s) were used for this simulation. The frequency-domain for model
simulation was 0.04 0.15 Hz, which is almost the same as HT91. An
optimum number of frequencies (nf) of 36 for the discretization of this

Table 1
Summary of the input wave characteristics and numerical parameters used in the
simulations.

Characteristic Symbol (unit) value

Boundary condition
Significant wave height H; m 1.99
Frequency spectrum JONSWAP
Peak frequency fo Hz 0.071
Peak parameter 3.3
Dimensionless spectral width o 0.07

vf 0.09

Directional spreading DSPR(degrees) 12.4

- Numerical model parameters
Spatial resolution ds (m) 1000
Timestep t (min) 10
Number of frequencies nf 36
Minimum frequency fmin Hz 0.04
Maximum frequency fmax Hz 0.15
Number of spectral directions nd 48
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domain was obtained by a sensitivity analysis of different nf values in the
range of 24 72 as advised by Allahdadi et al. (2019a). Two general
categories of simulation cases, following-current (FC) and
counter-current (CC), were examined in the model analyses. Based on
the south-to-north flow of the idealized GS in this study, FC directions
included incident waves from 90 to 180 relative to model north while
the CC cases included directions between 0 and 90 . Following HT91,
the initial number of spectral directions (nd) was 48, resulting in 7.5
directional sectors for both FC and CC cases. Neu and Won (1990), and
later HT91, reported that for a narrow spectral distribution similar to the
one assumed for swells, if the directional resolution is not small enough,
the incident wave energy from the CC directions (0 90 ) bifurcates in
the direction of the GS because of the spurious energy diffusion caused
by lack of spectral directional resolution. Model test simulations using
directional resolutions between 10 and 2.5 for several IWDs and ex-
amination of the frequency-direction spectra for the CC cases showed
that bifurcation resulted for all values of directional resolution, but the
amount of the bifurcated energy was significantly decreased as direc-
tional resolution increased. In the calculation of wave parameters for
these directions, this spurious energy was filtered out and all parameters
were calculated based on the corrected spectra. The filtering procedure
was consistent with the approach done in HT91, and it effectively
removed the spurious energy produced either in or near the direction of
the GS from the frequency-directional spectra.

3. Results
3.1. Analytical solutions

Equations (1) (4) in section 2.1 describe the wave dynamics that
include the effect of currents. Due to their complexity, these equations
need to be solved numerically. However, for cases considering constant
water depth and spatially uniform ambient current, the governing
equations for wave crest rotation and wave height amplification can be
simplified and solved analytically. Their solutions can subsequently be
used as a reference for a general examination of the current-induced
modulation of wave parameters derived from numerical model
simulations.

By considering the continuity of wave crests over the current region
and outside the current, Johnson (1947) derived a simple equation to
predict the changes in wave direction due to refraction caused by the
current:

— (5)

where ; is the angle between the IWD and current, ; is the angle be-
tween the wave direction over the current and current direction, and C;
is the wave celerity before it propagates over the current. Based on the
former studies such as HT91 and its references, analytical equations
were also derived for wave height amplification over the current due to
mechanisms including refraction, radiation stress work, and straining:

_ S (6)

_ — @)

— -— ®)

where a, and a; are wave amplitudes over the current and outside the
current region, respectively; ko and k; are corresponding wavenumbers;
U, is the current speed in the direction of wave propagation; and Cg is
the wave group velocity in a frame of reference moving with the current.
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Wave amplification due to refraction (Eq. (6)) is derived by assuming
conservation of wave energy flux between two specific wave rays (Dean
and Dalrymple, 1991). The amplification due to radiation stress (Eq. (7))
is the work done due to a change in wavelength, which is translated as
the wave number. Amplification of wave height due to straining (Eq.
(8)) is the equivalent of shoaling induced by depth variations, except
here it was induced by currents. The amount of wave height amplifi-
cation due to these three mechanisms is a function of wave period
(frequency) and the intensity of the ambient current.

Analytical solutions have also been derived for the modulation of
frequency spectra by currents. Hedges (1980) used the principle of wave
action conservation presented by Bretherton et al. (1968) and derived an
equation to estimate the frequency spectrum of swells altered by cur-
rents (S, versus the spectrum over a quiescent region (S, :

- - ©

where , is the angular frequency of each spectral component in the
quiescent region and g is acceleration due to gravity. The angular fre-
quency over the current ( , is calculated as a function of ,, wave
number k, current speed U and the angle between the current and wave
orthogonal :

10

In the derivation of Eq. (9), variations of wave direction and wave-
number (refraction and radiation stress work) due to currents were not
included, so changes in the spectral energy are attributed to straining.

Although Equations (5) (8) were primarily derived for mono-
chromatic waves, to better understand the intensity of each mechanism
within the normal spectral frequency range of U.S. East Coast waves
(0.04 0.6 Hz, as specified by Allahdadi et al., 2019b), variations of these
amplification factors were calculated and plotted across the 100
km-wide GS filament used for our simulations (Fig. 3). The results are
shown for IWDs of 45 (CC) and 135 (FC). The x-axis for this model
domain includes the 100 km-wide GS (western and eastern boundaries
of the GSareatx 200kmandx 300 km respectively), plus 50 km on
each side of the GS. Starting from the eastern boundary of the GS, cur-
rent speed and wave parameters were fed into Equations (5) (9) to
calculate the effect of the current on wave parameters at each location
across the GS. Calculations were carried out for the entire width of the
GS and for different peak frequencies (periods) of the incident waves.
Calculated amplification factors due to refraction, straining, and radia-
tion stress work across the GS (x-axis) and versus different incident wave
frequencies (y-axis) were compared for both FC (incidence angle
135 ) and CC (incidence angle 45 ) waves(Fig. 3). Note that calcu-
lations were only across the GS (200 x 300 km). For the area outside
of the GS where current speeds 0, including the eastern and western
GS borders, values from the very east and west edges of the GS were
extended to these regions.

In general, for the FC case, only refraction increased the wave
amplitude, and both straining and radiation stress work caused ampli-
tude reduction (Fig. 3a c). The amplification factor due to refraction
increased as it approached the center of the GS and increased the wave
frequency to about 0.45 Hz. For higher frequencies near the intense
current in the center of the GS, the corresponding short waves were
intensely refracted back from the center, thereby decreasing amplifica-
tion. Both straining and radiation stresses reduced wave height in the FC
case (amplification factors 1) for all frequencies across the GS, with
maximum reductions corresponding to the center of the GS and highest
frequencies. For the CC case, calculations show the opposite behavior for
all three mechanisms compared to those of the FC case. Refraction turns
the wave direction more orthogonal to currents, causing divergence in
the energy propagation that is translated as smaller amplification factors
over the current (HT91). It therefore causes amplification factors 1 for
all frequencies across the GS (Fig. 3d). Like depth-induced wave
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Fig. 8. Variationz of wave height amplification factors (color shading) predicted by analytical modelz due to different mechanizms of modulation of waves by
currents across the G5 as a function of wave frequency. a-c) FC caze: rezpectively, refraction, straining, and radiation strezs work amplification factors. d-f) CC case:
rezpectively, refraction, straining, and radiation stress work amplification factors. The eastern border, centerline, and western border of the G5 correspond to 350,
250, and 200 km, respectively. Thiz coordinate syztem iz consistent with the model dezsign in Fig. Zb. Pleaze note the differences between color bars in different panelz
that are uzed for the sake of clarity. The vectors on the top of each row show the direction of incident wave for each casze.

shoaling in shallow water, the CC slows wave celerity, increases wave
steepness, and results in chorter wavelengths that contribute to wave
amplification due to straining and radiation stress work (Fiz. 3e and f).

3.2, Numerical model solutions: wave parameters

In this section, numerical model simulation results for the effect of
the G5 on swells in a model with a constant water depth of 500 m are
prezented. This water depth iz mueh larger than half the wavelength of
the mncident wave with peak frequency of 0.07] Hz (peak period of
14.08 &) used for the simulations, and therefore can be considered deep-
water wave propagation. Henee, all changes in wave charactenistics over

and in the vicinity of the G5 can be attributed to the current effect. Az in
the previous section, FC and CC incident waves were examined. The FC
cases Included directions of 1207, 135°, 1507, and 160°, while waves
from OF, 157, 307, 45°, and 60° comprised the CC cases. Note that waves
are propagating from east to west. The coordinates of Input waves in the
model iz the entire castern boundary (x = 500 km). Also, parts of
northern and southern boundaries are open boundanes. For all the re-
sults and figures in this paper, model outpute are presented fora 200 km
segment of the model between x = 350 km (offehore of the G5) and x =
150 km (shoreward of the GS), with the GE located between x = 200 km
and x = 300 km, consistent with the model design shown in Fiz. 2b.
In the PC cases, wave height on the east of the G5 and over the right
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half of the G5 increazed, which was more pronounced as the initial wave
direction increased and waves became more parallel to the GS (Fig. 4a).
The wave amplification factor based on analytical Eqe. (7)-(2) did not
show this trend. At 135°, the calculated analytical amplitude across the
GS (Fig. 4e) showed almost no change, while the simulation results at
135" (Fiz. 4a) showed an increase of about 10% (0.1 m) over the GS.
This inconsistency was mostly the result of wave reflection from the GS
for PC waves (Perezrine, 1976; McEee, 1977). This effect will be dis-
the increase in wave height stops somewhere between the middle and
the castern edge of the GS. For the largest examined wave direction
(1607}, wawve height ncreased 25% (0.5 m) compared to the meident
wave height of 1.99 m and cccurred about 20 km from the eastern
border of the GS. The value of the maximum wave height decreased, and
the location chifted to the west as the meident wave became more
oblique to the G5, Wave heighte at the middle and west side of the GS
decreased compared to incident wave height. This deerease was signif-
icant for larger wave directions. Over the western side of the GS, wave
height decreasged to 1.2 and 1.5 m for 150° and 160°, respectively. The
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mitigating effect of the G5 on wave height in the coastal area regarding
the FC cases was as large as 80%. Thizs decrease was the result of loss of
wave energy to the GS and the partial reflection of wave energy to the
right half of the GS (see section 3.2 for more details). While the results
from HT21 for IWD of 135" chowed slight increases and decreases on the
ecast and west side of the GS, no detalled distinction of the wave
reflection effect and decreasze of wave height in coastal regions was
dizeussed. Wave height changes for IWD of 1357 (increase of 0.1 m over
the G5 and a decrease of 0.1 m in the coastal area; Fiz. 4a)were not
clearly detected by HT91, due to the much lower spatial resolution of the
HT91 model emoothing smaller scale vaniations across the GS.
Contrary to the PC cases, wave height did not inerease in the CC cazes
on the cast side of the GS (Fiz. 4b). Instead, the wave height profile over
the G5 was more symmetrical about the GS centerline. CC cazes” wave
height inereases were consistent with the analytical results (see 45° in
Fig. 4f). Thiz implies that similar mechanizsmes for wave amplification of
CC swelle are included in the analytical results and the wave model
West of the GS, the wave height decrease was much smaller than in the

FC casez. Wave height amplification over the GS, especially at the
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center, inereased with deereasing incident wave angle (az waves oppose
the GS current more). Wave height amplification for wave directions of
15" and 0° (not chown) was 22% (0.45 m) and 33% (0.65 m), respec-
tively, above incident wawve height. This sigmficant increase of wave
height over the current was moetly due to straining (Baschel, 2005;
Barnes and Rautenbach, 2020).

Variations in wave direchion for all FC cases chowed a clockwize
rotation over the castern half of the GS that made the waves more
paralle] to the current (Fig. 4¢). Waves started rotating counterelockwize
toward the initial IWD to the west of the G5 centerline, which was
almost consistent with the location of maximum wave height across the
model A clockwise rotation that made the waves more orthogonal to
currents was identified over the GS for all CC IWDe (Fiz. 4d), due to
refraction (also reported by HT21). The pattern of wvarations for
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directional epreading (DSPR) across the GS for FS cases (not shown) was
very similar to wave height, 1. =, inereasing over the eastern half of the GS
and then decreasing as approaching the coastal region where DSPR was
almoet the zame az incident wave DEPR (12.4%). For larger IWDs, DSPR
increased up to 25°, which was twice the onginal DSPR. This inerease of
boundary layer dynamics over the G& (Ting =t al | 2012).
Wavelengths (not shown) also changed over the GS for both FC and
CC cases as a result of straining and change of wave propagation speed
indueced by currents (not shown). For the PC (CC) cases, the out-of-GS
wavelength of 310 m increased (decreased) over the GS and reached
the maximum (mimimum}) at the center of the GS. The maximum FC
wavelength inereased with inereasing wave direction and reached 350
m for an IWD of 160° (vanations are not shown here for the zake of
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Flg. 5. Simulated frequency spectra at three locations across the GS for FC IWDs of a) 1357, b) 150F, and CC IWDs of ¢) 30F, and d) 15°. The extraction locations
correspond to the G5's west edge (x = 200 km), middle (x = 250 km), and east edge (x = 300 km). MWD in the figure titles standz for Mean Wave Direction, which
herein iz the zame az [WD. Please note that in panel (e), X = 500 and x = 0 km (not shown) represent the location of offshore and coast boundaries, respectively.
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brevity). In the CC cases, wavelength decrease was more pronounced as
IWD decreaszed and waves became more opposed to the current. For the
IWD of 15", wavelengthe decreased to 280 m at the center of the GS.

3.2. Numerical model solutions: wave spectra

In addition to swell parameters, the spectral shape of an incident
wave can also be altered by the GS. Thie includes the shape of the fre-
quency spectra, peak frequency, and frequency-direction distribution of
wave specira, each of which has a specific implication in wave modeling
and ocean-atmosphere boundary layer physies (Zicger ot al | 2015;
Chalikov and Babanin, 2019). As ehown by Hedzes (1980) and Eq. (2],
for an ambient current with a component opposing the wave (the CC
case with negative U), spectral energies at different frequencies
(including peak energy) increase, while energy levels decrease for the FC
case [positive U). Simulation results of frequency spectra for multiple CC
and FC cases were consistent with thiz conclusion (Fiz. 5). In the FC
cases, spectral energy at all frequencies decreased at the middle (x =
250 km, see Fiz. 5e for location) and western berder (x = 200 km) of the
GS compared to the energy on the east side. The decrease was more
pronounced for IWDs more parallel to the current. In the FC cases, The
spectral peak on the G5's eastern border (x = 300 km) was larger than
the input spectrum due to the effect of wave reflection from the GS
(Fig. 5a and b). The intact peak of epectral energy for the input epectrum
with wawve height of 1.99 m and the JONSWAP spectral shape was 14 m®
Hz " !. Similar to the analytical conclusion of Hedges (1020), spectral
energies increased for the CC cases (Fig. 5S¢ and d) with IWDs of 30° and
15°. The maximum enhancement of spectral energy for CC cazes cor-
spectral peak on the east side of the G5 wae almost unchanged due to the

Hs=1.99 m MWD=30

Hs=1.99 m MWD=30
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zero velocity of the opposing current at this location, while on the west
side, the peak decreased compared to the input spectrum as a result of
encrgy lost due to refraction.

In addition to the spectral energies, the spectral peak frequencies can
be modified by currents (Egq. (10]). For simulated FC spectra in the
middle of the G5, the spectral peak shifted to higher frequencies (4-6%
Fig. 5a and b), while for CC cases the spectral peaks in the middle of the
G5 chifted to lower frequencies (Fiz. 5S¢ and d). For the simulations
presented herein (peak frequency of the ineident wawve = 0.07] Hz), the
frequency spectra were almost symmetrical with respect to peak fre-
quency, even after being altered by currents. However, simulation re-
sults for higher peak frequencies (0.1-0.15 Hz) showed that for FC cases,
the current took more energy from the high-frequency lobe of the
spectrum; that iz, the GS acted like a low-pass filter.

The G& also altered the enecrgy distribution within the frequency-
directional space. Two-dimensional wave spectra of the CC wawves
becames narrower directionally at the center of the GS, where their peaks
of energy inereased (asz a result of straiming) and the peak direction
rotated clockwise (Fiz. 6b). The spectral distnbution on the west and
ecast gides of the G5 were very similar and consistent with the spectral
distnbution of the incident waves, although the energy peak for the
spectrum on the west decreased (Fiz. Gac). The additional epectral
components indicated by the red ellipses for the CC case (Fig. Ga—c) are
not real. They result from the spuricus energy diffusion caused by the
oppoeite current and are attributed to the discontinuity in selving
directional model equations. Although these results were obtained from
a very fine directional resolution (2.5%), some spurious energy diffusion
was gtill observed. These unreal parts of the simulated spectra were
filtered out in calculations of wawve parameters In previous sectons.
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Unlike the CC cases, the additional directional component in the
frequency-direction spectra of FC cases On the east and over the GS were
realistic (Fiz. 6f) and were the result of wave reflection from the GS
when the incident wave included a FC component (Peresrine, 1976).
Thiz reflected energy accounts for wawve height amplification and
inereassd wave directional spreading over the castern half of the GS. In
the middle of the G5, the spectrum included only one spectral peak and
no reflected components were observed (Fiz. 6e). The spectral peak
there had a larger directional extension with a clockwise rotation rela-
tive to the IWD, making the spectral components more paralle]l to the
current. On the western side of the GS, the spectral peak and directional
spreading deereased, owing to dissipation by the current effect and loss
of energy by reflection over the GS.

The epectral peak and the total energy east of the G5 and ite ight half
inereassd as incident FC waves became more parallel to the current
(Fiz. 5) due to increased energy reflected from the GS. Based on the
theoretical studies of McEee (1975) and Peregrine (1975), reflection
oceurs when the eurrent-indueed refraction changes the wave direction
to be near-parallel to the ambient eurrent. This corresponds to the for-
mation of caustice across the current. For monochromatie waves, they
chowed that the reflechon cocfficient vanes from zero for IWD
perpendicular to the eurrent to 1 (total reflection) for waves completely
parallel to the current. Not all the spectral components of the ineident
wave cxperience the same amount of refraction. Higher frequency
components with larger direchional deviations from the mean wave di-
rection (MWD) of the spectrum (i.e. components more parallel to the
current} are more prone to be refracted and potentially can be reflected
(e Fiz. 3a for frequency effect). Reflection coefficients for different FC
IWDe were caleulated by separating the directional spectral components
corresponding to the reflected waves from the main spectral compo-
nents. The reflecion-associated wave heights were determaned by
integrating the reflection spectra in frequency and directional space. By
dividing the resultant wawve heights by the input wawve heights, the
reflection coefficients were obtained (Fiz. 7a). East of the GS center, the
maximum reflection coefficient nereased from 0.05 for an IWD of 1207
to 0.2 for an IWD of 160°. No reflection occurred west of the GS
centerline (west of x = 250 km) due to the reverse refraction of the
spectral components encountering decreasing current speed. This
reverse refraction 1= a function of the firet denvative of current with
rezpect to distance (Eq. (4) and Fig. 7b).

4. Discussion
4.]1. Variable depth

Simulation results in the previous section were for a constant-depth,
deep-water wave for which the roughness of the seabed did not diszipate
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wave energy. The response of waves to currents i expected to be more
complex with realistic shelf-break topography. Here, a model wazs set up
with variable depths across the continental shelf and the GS. Model
bathymetry, the location of the shelf break, and the average depth for
the coastal area were ldealized from awailable bathyvmetry data and
location mape of the GS (Berline =t al | 2006) for regions southeast of
Cape Hatters, North Carclina (U.5.) (Fiz. £). Water depth in the coastal
area (x = 0~150 km) wae 50 m. The shelf break was located at x = 150
km, 50 km west of the GS. Water depth inereased linearly from 50 m at
the chelf break to 500 m at the cast edge of the GS, then remained a
constant 500 m in the offthore region. In SWAN, dissipation of wave
energy due to bottom frichion for each spectral component E(s, &) 18
quantified as:

Sap= —Ca,mfﬂa__&} 1l
where Cp, 1= a bottom friction coefficient and d 1z water depth. Following
Haszelmann et al (1973), a constant value of 0.038 m*s~# for G was
used, representing a typical sandy bottom for the study region.

Simulation results from the models with constant depth and wath
variable depth for incoming waves with peak periods of 14.08 = or less
(12, 11, and 10 5} showed no significant changes in the wave charac-
terishics over the G5 and its easteide (Fig. 9). On the west side of the GS,
the effect of water depth on wawve charactenistics became significant
close to the shelfbreak where water depth = 50 m. Therefore, all
changes in the wave profile over and in the viemnity of the G& were
attributed to current effects discussed In previous sections.

This behavior can be understood based on the maximum wavelength
corresponding to the peak peniods of incident waves and the modeled
water depth. For the peak period of 14.08 s that resulted in the largest
wavelength (305 m) among the examined mmput peak periods, the
maximum water depth for the waves to feel the bottom 12 152 m. This
correzsponded to x = 175 km (west side of the GS5). Based on buoy-
measured wave data offchore of the GS (e.z. NDBC 41002), the
maximum offehore observed peak wave period that oceurs onee a while
iz 16 =. Por this large peak period, the maxamum water depth for waves
to feel the bottom i= 200 m, which corresponds to almost the west
boundary of the GS. Therefore, it iz expected that even for thiz large peak
period, the wave profile would not change significantly because of
current and bottom diszipation together. When input peak period was
11 &, wave height decreased az a result of bottom dizsipation starting at
x = 160 km and decreased consistently toward the coast (x = 0). The
wave height decline for input peak period of 16 & started farther offshore
in the vicimty of the GS west border (x = 195 km). At x = 150 km, the
difference between wave height resulting from the constant and variable
depth models was attributed to active bottom dissipation in this coastal
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Flg. 7. a) Reflection coefficients of incident PC waves with different IWD= (colored linez) over the G5. Vertical dashed linez are G5 west edge (x = 200 km), center (x
= 250 km), and east edge (x = 300 km). b) The first derivative of the current with respect to distance across the GE, with G5 center shown by vertical dashed line.
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Flg. 8. a) Water depth variations (color shading, in meters) over the modeling area for the model with an idealized continental shelf. b) Water depth along a section
parallel to the x-axiz of (a). Dazhed and solid lines indicate the borders and centerline of the G5.
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Flg. 9. Varnations of wave height across the GS for the zeenarios with constant and wariable depth and two peak periods (11 s, left, and 16 =, right) for input wawves.

region.

These changes can also be explained by examining the frequency
variations of the simulated bottom dizsipation at different locations for
two input wave periods (Fiz. 10). Bottom dissipations were sampled at
locations on the east, middle, and west of the GS as well az one coastal
location about 100 km west of the G5. At deeper locations on the middle
onders of magnitude smaller than those for the coastal and west loca-
tions, although dissipation was much larger for input peak pericd of 16
g. On the west side and coastal locations, results for both cases showed
larger dissipation, consistent with their shallower depth. There the
dissipation associated with peak period of 16 = was 1-2 orders of
magnitude greater than that of 11 &. This greater dissipation contributed
to more decline in wave height Simulation resultz (not shown) with
water depths shallower (100-150 m) than the actual G5 depths
demonstrated that frequency spectra over the G5 lose enersy over their
low-frequency lobe. In this case, the combined effect of the G5 and
challow water worked like low- and high-pass filters on the frequency
spectra. Although this result iz not applicable for the GS over deeper
water, it iz relevant for other examples of intense ocean currents flowing
over challow depths.

11

4.2 Implications of cuwrrent-induced wave modulation

Az shown in the previous sections, propagation of waves over a
current like the GS with a Gaussian-shaped transverse distribution can
significantly modulate wave bulk and spectral properties across the
several implications on met-ocean processes and engineering applica-
plications are discussed based on our model results.

4.2 1. Effect of medulation of waves by currentz on surface drag and wave
momentum flux

Wave effects on sea surface drag have been addressed by several
gtudies (Taylor and Yelland, 2001; Drennan et al | 2003; Smith et al |
1992; Johnson et al., 1998), which aimed to provide a more accurate
representation of the roughness length at the sea surface boundary layer
using wave parameters. Use of the Chamock parameter, #4 (Tavlor and
Yelland, 2001), is a traditional approach to quantfy roughness length
Th:ﬂlmnnnkpﬂz:nmb:rminmmagcqu where gp iz the

wave cclerity corresponding to peak frequency and w1z the wind
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Flg. 10. Variations in bottom dizzsipation with frequency at four test points for two peak input wave periods (11 s, upper left, and 16 =, upper right). The lower panel

zpecifies the locations of the test pointz over and near the G5,

friction velocity at the surface boundary layer (e g., Smith et al | 1992;
Johnzon et al, 1998). Another approach to roughness length parame-
terization 1= using wave steepness, which may be combined with inverse
wave age (Tavler and Yelland, 200]1; Drennan et al, 2003). This
approach has recently received more attention in coupled ocean-wave
modeling (c.g. Wamner et al, 2010; Zambon et al, 2014; FKim =t al,
2018; Hegermiller =t al_, 201 9). According to Taylor and Yelland (2001],
wave-induced surface roughness length 12 caleulated as:

45
Z..— 1200H, (ﬂ) (12)

L,

where H; iz significant wave height and Lp is the wavelength corre-
sponding to peak frequency. Recent studies also showed that not only
the parametric wave properties such as height, length, and period affect
surface drag, but energy distribution with frequeney and direction do as
well (Ting =t al, 2012; Chalikov and Babanin, 2019). By using mea-
surements of drag cocfficient and wind speed within the sea surface
boundary layer and analyzing the measured wave data in Lake George,
Australia, Ting =t al. (201 2) implemented a numenical model of the sea
surface boundary layer to study the dependence of the surface drag
cocfficient on wave directional spreading (DSPR). They found a signif-
icant correlation betweesn DSPR and the drag coefficient that could cause
up to 25% difference in estimation of the drag coefficient. In the work of
Ting et al. (2012) and later in the detailed numerical simulation of the
wind-wave boundary layer by Chalikov and Babanin (2019, the effect
of wave spectral components on surface drag was calculated with the
spectral distribution of the wave-indueed momentum flux to the atmo-
sphere as:

Tl w, 8) =kgp_4(£%)S(w, 8) (13)

12

where T,(w, #) iz the 2-D spectrum of wave momentum flux, k i= the
wave number corresponding to each spectral component, g iz the ac-
celeration due to gravity Inm e z,a:dStm,E} 1g the 2-D wave spectrum.
Pmb:rﬂk(ﬁk}isam—dim:nsiuualﬁmﬁmmlculakduxingtb:
wind epeed at a height that iz half of the wavelength for each epeetral
component. Application of the wave momentum specira in estimating
(Chalikov and Rainchik, 2011; Chalikov, 2018; Chalikov and Babanin,
2019], although due to the costly numerical implementation, 1t has not
vet been considered as a practical option in coupled ocean modeling.
In our study, both the roughnesz length and wave momentum flux
were affected by the GS over and near the eurrent. Caleulated roughness
length (Eq. (12)) and simulation rezults for several IWDe (157, 45°, 135,
and 150°) showed substantial variations acroes the G5 and its offshore
and coastal regions (Fiz. 11a). The roughness lengthe ecast of the GS
center were larger than for the no-current case. The maxamum rough-
ness length occurred halfway between the middle and east edge of the
G5 (x = 275 km) and was three-fold larger than the no-current value.
The spatial variation pattern was very similar to that of wawe height
(Fiz. 4) because the roughness length of Eq. (12) 12 a funchion of wave
height. Roughness length dropped substantially below the no-current
case for locations between the muddle of the GS and the coast. Caleu-
lation of the total wave momentum flux using Eq. (13) and based on 2-D
encrgy spectra from the simulation with the GS showed a similar pattern
acroes the model domain (Fiz. 11b). The total wave momentum fluxes
were caleulated by integrating the spectra of wave momentum flux (Eqg.
(12])) over the frequency-directional space. The momentum fluxes in
Fiz. 11b are presented for several wind speeds that account for the effect
of local wind epeed on momentum flux. The effect of wind speed was
incorporated in the caleulation of §_; (1), which is also a function of
the angle difference between the wind and spectral components. Our
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Fig. 11. a) Estimated surface roughness after the method of Taylor and Yelland (2001 across the model domain for four different incident wave directions compared
to the no-current caze. b) Variations of total wave-induced flux across the model for an incident wave from 150° under four local wind speeds U (m 5~ '). Vertical

dazhed and zolid lines indicate G5 west, center, and east edges.

caleulations assumed that the wind blew at a right angle to the ineident
wave (60F for wind direction and 150° for the mmcident wave]). Wave
momentum spectra on the west, center, and east of the G5 (Fig. 12) show
that directional coverage of momentum flux and ite maximum decrease
approaching the west side of the current, which 1= consistent with the
total estimated flux in Fig. 11b. The peak value at the eastern location is
attributable to the reflected part of the wave spectrum with large de-
viations from the assumed local wind direction. Although results shown
here are for only one IWD (150°), results for other FC and CC directions
confirmed that the GS substantially modulates parameters contributing
to boundary layer dynamies in the presence of surface waves.
Meodification of surface drag and wave momentum flux by currents
can have important implications in predicting the intensity of a tropical
cyelone (TC) when it passes over the GS. Based on the observational
classification of swells under a tropical storm (Wright =t al | 2001) and
emploving observational data of surface drag under a TC, Holthuijze=n
etal (2012) euggested that surface roughness under a TC iz azimuthally
dependent and substantially inereases under the TC s left front side due
to the destructive effect of cross-swells on the oceanic spray foam layer
gpreading of 45°-55° that also modulates the wave-atmosphere mo-
mentum flux. Interaction of TC-induced wave fielde with a relatively
wide WBC like the GS can produce more complicated spectral patterns
(Hegermiller et al., 2019) with more spatial variations of directional
gpreading under the TC that can contribute to a more complex pattern of
gea roughness spatial vanation. The maximum potential intensity of TCs

Wave Momentum Flu::ﬁmﬂl‘sl'dqﬂ_

Wave Momantum Fluxim®/sidag)

iz a function of the ratio between the enthalpy coefficient and sea drag
(Emanuel, 1995; Bryan and Rotunne, 2009); therefore chanpes in the sea
surface momentum flux and sea drag indueed by the GS can affect TCs
intensity prediction over the current.

4.2 2  Effect of modulation of waves by curments on wave energy resource
aszezzment

Wave energy characterizations enable identification of hot spots of
converters (WECz). Modeling studies have characterized wave energy
for various ocean regions, including high-resolution modeling studies in
U.S. waters (Ahn et al, 2021; Neary et al., 2020; Wu et al, 2020; Yang
etal, 2017). However, most of these studies did not include the effect of
background ecurrents on wave characteristice, and thereby on
regions of high-veloeity currents like the GS and other WBCz may not be
technically feazible, the effect of G5 on wave energy parameters in
offehore and coastal regions can nevertheless be assessed using results
from thie study.

To address the effect of a GS-lhike WBC on wave energy quantities, six
International Electrotechnical Commission parameters ([EC, 2015;
Allahdadi =t al., 2012a) that are used as the basic parameters for
quantifying wave energy were caleulated using the spectral outputs from
the simulations with and without currents (see appendix B for details on
IEC parameters). The parameters include significant wave height (Hy),
encrgy period (Te), ommi-directional wave power (Jomni), spectral width,
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direction of maximum wave power, and directionality coefficient of
maximum wave power. Each parameter has a specific implication in site
selection and the short-term/long-term operation of WEC facilities.
Calculations show that depending on the characteristics of the incident
wave, variations of the parameters across the GS and its eastern and
western regions can be significant (Table 2). The parameters were
calculated using the spectral data obtained from simulations for incident
waves withH; 2mand T, 11 sand three IWDs (FC direction 135,
CC direction 45 , and through-current direction 90 ). For most IEC pa-
rameters, the FC case (135 ) resulted in the largest variations. It is most
pronounced for Hg (18.18%), Jomni (36.36%), and the directionality
coefficient (15.58%). For the CC case (45 ), variations for parameters
are 3 12%. The smallest variations are mostly related to the
through-current case (90 ). The six IEC parameters were also compared
for an FC wave with IWD 150 to those from a no-current case
(Fig. 13). Notable changes occur to the IEC parameters as a result of
current modulation compared to the no-current case not only over the
GS but also over the offshore and coastal regions. Thus modulation of
waves by currents can significantly affect the accuracy of energy char-
acterization, especially on the coastal side of the GS or any other WBC.

5. Summary and conclusions

Modulations of wave properties by ambient currents have been
demonstrated through earlier observational, analytical, and numerical
studies. Ocean currents can cause major spatial variabilities experienced
by wave fronts within a broad spectrum of spatial scales. In the present
study, we focused on the variations of swell properties induced by a Gulf
Stream-like current. Compared to the study by Holthuijsen and Tolman
(1991; herein HT91), which used 14 km spatial resolution, the present
study resolved the GS-induced wave modulation at the much higher 1
km spatial resolution. As our analyses have shown, this higher resolution
is crucial for resolving variations for regions with high spatial gradients
of current speed. Our model setup utilized an idealized, fully 2D model

Table 2

Brief results of IEC parameters calculated using simulated wave spectra
including the GS effect with H;  1.99m, T, 11.1s, and three wave directions.
Maximum and minimum values and percent variation across the model cross-
section are given.

SE (135)

Max. Min. Variations (%)
Hs(m) 2.2 1.8 18.18
Te(s) 10.4 10.2 1.96
Jomni(kw,/m) 22.0 14 36.36
Spectral width 0.2202 0.2065 6.18
Dir Coefficient 0.89 0.77 15.58
ThetaMax(deg) 145 127 12.41
E(90)

Max. Min. Variations (%)
Hs(m) 2.05 1.98 3.4
Te(s) 10.30 10.06 2.3
Jomni(kw,/m) 19.6 18.2 7.14
Spectral width 0.2143 0.2093 2.32
Dir Coefficient 0.972 0.971 0.10
ThetaMax(deg) 95 85 10.5
NE (45 )

Max. Min Variations (%)
Hs(m) 2.09 1.90 9.10
Te(s) 10.30 10.0 3.0
Jomni(kw/m) 20.9 18.4 11.96
Spectral width 0.2155 0.2076 3.84
Dir Coefficient 0.97 0.92 5.15

ThetaMax(deg) 47 44 6.38
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of the GS and offshore/coastal regions, with the GS flowing south to
north and having a Gaussian current profile with a maximum current
speed of 1.5 m s !. Swell parameters along the open (north, east, and
south) boundaries were generally the same as in HT91, but more inci-
dent wave directions (IWDs) were examined for both following-current
(FC) and counter-current (CC) cases. The much-higher spatial resolution
of our model allowed us to discover several new and important details
on modulation of waves by currents:

1. Our simulations showed that wave propagation over the GS from a
FC direction such as 135 was associated with reflection from the
current as a result of intense refraction of high-frequency wave
components (or spectral components with large clockwise deviations
from the IWD). This reflection took place on the east side and across
the right half of the GS, causing a moderate to substantial increase in
wave height (7 25%). This increase was not clearly detected in HT91
due to their low model resolution. This wave height amplification
was different from the analytical quantification of the wave ampli-
fication factor across the GS that only considers the effects of
refraction, straining, and radiation stress work. The wave profile
resulting from the analytical solution was almost symmetrical rela-
tive to the GS centerline, since it did not include the asymmetrical
wave reflection effect. One important alteration of wave height
across the model domain caused by the GS was the substantial
decrease of wave height west of the GS, where wave height dropped
up to 80% depending on the IWD. This is an important finding that
was not made in HT91since they only examined IWD 135, for
which the wave height drop outside of the GS was less than 5%.

2. Variations of wave height across the GS for CC cases were consistent
with analytical results, since both model and analytical solutions
share common mechanisms contributing to wave height amplifica-
tion. Our results showed that although refraction can strongly
decrease wave height over the GS for CC cases, both straining and
radiation stress work compensate for this reduction, so the resultant
amplification factor is greater than 1 and wave height increases. In
more direct counter-current cases (IWDs of 0 - 15 ), this wave
amplification can be up to 33%. The GS rotated wave orthogonals
clockwise and increased (decreased) DSPR for FC (CC) cases.

3. Both frequency and frequency-directional spectra across the model
were affected by the GS. For the frequency spectra, CC case results
agreed with analytical results for both spectral peak and peak fre-
quency. The dominant straining effect increased the spectral peak of
energy and decreased peak frequency in the center of the GS. The
spectral energy peak decrease in the mid-GS for FC cases was also in
agreement with analytical solutions, although reflection was also in
play in addition to straining. For FC cases, the model and analytical
results consistently showed slight increases of the peak frequency at
this location. The 2D spectra for the CC cases showed additional
components in the spectra at all locations across the model. The
energy peak from these additional components was almost in the
direction of current and accounted for spurious energy diffusion,
which was filtered out in the calculation of wave parameters for all
cases. Unlike the CC cases, the additional wave energy added to the
spectrum for the FC cases at the locations on the eastern side and
right half of the GS were realistic and accounted for the reflected
energy over these regions. The reflection coefficients for each of the
FC cases across the GS were calculated by separating and integrating
this reflected energy portion. Reflection occurred only over the
eastern half of the GS and the offshore regions outside of the GS with
maximum reflection coefficients of 0.05 0.2 for IWDs of 120 -160 .

4. With realistic ranges of water depth and maximum measured swell
peak period in the GS region, bottom dissipation likely does not
interact with current-modulated waves. Simulations with variable
water depths showed that for a current flowing over water as shallow
as 100 150 m, the simultaneous effect of current and bed dissipation
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can act az a combination of low- and high-pass filters on the fre-
quency specira.

Further analyses showed that GE modulation of swell parametric and
spectral properties has several implications in occan-atmosphere
modeling and engineering. At the ocean-atmosphere boundary layer,
waves play an important role in momentum exchange and in defining
surface roughness. Simulated swell properties over the GS showed that
modulation of swells by the current can inerease the roughness length at
the boundary layer three-fold. Including current-induced changes of
swell propertics can therefore improve the accuracy of dissipation
quantification in wave models, which wse spectral properties of swells to
include the dissipation of wave profile caused by interaction with ocean
turbulence.

One engineering application that can be strongly affected by GS
modulation of swells 1z wave enersy characterization and assessment.
wave energy converters are altered moderately to mgnificantly by the GS
depending on the characteristics of the still-water swells. For the case of
swells from the southeast (IWD = 135°) with peak period of 11 &, the
variations of omni-directional wave power from 50 km on the east side
of the GS to 50 km down-wave (offshore and coastal regions and the GS
area) wae as large az 36%. The vanations of other IEC parameters were
ae high az 18%. Considering these significant variations and the expense
and effort of generating high-resolution wave model hindeasts to sup-
port accurate wave energy resource characterization and assessment
gtudies (eg. Allahdadi et al., 201 9a and Allahdadi et al., 202] for the U.
5. East Coast and Gulf of Mexico), the present study demonstrates the
importance of including currents in these wave hindeast models.

The present study investigates how an idealized GE modulates
propertics of waves that propagate through 1. No wind and the related
generation source termes were included in this study to simplify pro-
cesses. In reality, winds moving in the opposite direction of the GS may
produce waves that are trapped inside the current, leading to locally
process will be reported in a future correspondence.
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Appendix A

Definitions of terms used herein, as they apply to the idealized Gulf Stream along the east coast of the U.S. in this paper (Fig. 2).

Following-current (FC) wave: An incident wave that has a component in the direction of the current. FC directions include incident waves
between 90 to 180 relative to model north.

Counter-current (CC) wave: An incident wave that has a component that opposes the current. CC directions include incident waves between
0 and 90 relative to model north.

Western border of the GS: The border of the Gulf Stream facing the coast. In the model configuration and results presented herein, the western
border of the Gulf Stream corresponds to x 200 km.

Eastern border of the GS: The border of the Gulf Stream facing the offshore region. In the model configuration and results presented herein, the
eastern border of the Gulf Stream corresponds to x 300 km.

Middle of the GS: The location exhibiting the largest Gulf Stream current speed. In the model configuration and results presented herein, the
middle of the Gulf Stream corresponds to x 250 km.

Upstream: In the model configuration in this paper, upstream of each location represents a location with a smaller Y coordinate.

Downstream: In the model configuration in this paper, downstream of each location represents a location with a larger Y coordinate.

Appendix B

Based on the International Electrotechnical Commission (IEC) 2015 standards, the following six parameters derived from the frequency-directional
wave spectra are required for evaluation of the wave energy resources and design of wave energy converter (WEC) facilities:

Significant wave height H, 4 my

Energy period T. 7t

Omni-directional wave power J g ciSj fi
ij

Spectral width ¢ % 1
1
Direction of maximum wave power jmax

Directionality coefficient of maximum wave power d J’%
where m, is the nth-order spectral moment, is water density, g is the acceleration due to gravity, c, is the wave group velocity, S; is spectral energy
corresponding to a spectral component with ith frequency and jth direction, and f; and ; are spectral resolutions.
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