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ABSTRACT: We use the Weather Research and Forecasting (WRF) Model coupled with moving waves to conduct
large-eddy simulations (LESs) of wind over broadband waves with different propagating directions and spreading widths.
Our results show that wind-opposing waves can double the form drag, and the wave propagating direction affects the mean
wind velocity, velocity variances, and pressure stress. On the other hand, waves with wider spread tend to reduce the form
drag in the streamwise direction. Results further indicate that the wave direction can impact the bulk drag coefficient by as
much as 25%, while the wave directional spreading width can change it by 5%. Based on our wave-phase-resolved simula-
tions, we demonstrate that the parameterization of sea surface roughness is significantly influenced by the direction of
wave propagation relative to the wind, a factor that the commonly used Charnock relation does not account for.
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1. Introduction

The interaction between wind and ocean surface waves
plays a critical role in shaping the dynamics of coastal envi-
ronments. Airflow near the air—sea interface is constantly in-
fluenced by surface waves through wave-induced drag and
terrain-induced flow modification (Belcher and Hunt 1998).
The transfer of momentum and scalars at the air—sea inter-
face, such as heat and gases, serves as a visible manifestation
of the intricate coupling between Earth’s atmosphere and ocean
(Sullivan and McWilliams 2010). Comprehending wind-wave
interaction is crucial to understanding and modeling the energy
and mass transfer mechanisms at the air-sea interface as well as
their broader implications for weather forecasting, climate model-
ing, coastal processes, and various engineering applications.

In large-scale modeling, previous studies have been focused
on characterizing the mean wind profile, the sea surface
roughness length, and the drag coefficient, based on wave
properties such as the wave age (Charnock 1955; Johnson
et al. 1998; Moon et al. 2004; Drennan et al. 2005), wave
height, and wave steepness (Belcher et al. 1993; Taylor and
Yelland 2001). Here, the wave age is defined as c/u, or ¢/Uj,
where c is the phase speed of the wave, u, is the friction veloc-
ity of the wind, and Uy is the wind speed at 10 m above the
sea surface. Wave steepness is defined as ka, where k is the
wavenumber and a is the wave amplitude.

At scales smaller than O(1) km, direct numerical simulations
(DNSs) and large-eddy simulations (LESs) have been widely
used to study the effect of waves on the wind. These studies
can be generally categorized into two types: one-way coupled
model, where surface waves are prescribed, and two-way coupled
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model, where wave dynamics and airflow are fully coupled. In
one-way coupled model, prescribed waves serve as the lower
boundary to study their effects on airflow. DNS and LES stud-
ies of wind over monochromatic waves have shown that surface
waves significantly influence airflow characteristics, such as
mean wind flow, vertical momentum fluxes, velocity variances,
pressure distributions, wave-induced drag, and momentum
transfer across the air—water interface. These effects are strongly
dependent on wave age and steepness (e.g., Sullivan et al. 2000;
Shen et al. 2003; Kihara et al. 2007; Yang and Shen 2010;
Druzhinin et al. 2012; Hara and Sullivan 2015). Recently, wave-
phase-resolved drag models have been developed within wall-
modeled LES for real-world applications (Aiyer et al. 2023;
Ayala et al. 2024). On the other hand, two-way coupled simula-
tions allow airflow to influence wave dynamics, making them
well suited for studying the impacts of wind on wave evolution.
For example, DNS studies have demonstrated that wind can
generate broadband surface waves when it blows over a calm
water surface (Li and Shen 2022, 2023). Additionally, LES studies
have investigated the long-term evolution of broadband sur-
face waves interacting with air turbulence, providing insights
into complex wind-wave interactions (Hao and Shen 2019).

In these studies, the wind and waves are aligned and travel-
ing in the same direction. However, this rarely occurs in the
real ocean due to the limited fetch and duration of the wind,
and most of the time wind and waves are misaligned based on
a 40-yr global reanalysis dataset (Hanley et al. 2010). Site-
specific studies have also demonstrated the prevalence of
wind-wave misalignment. Donelan et al. (1985) summarized
from data measured in Lake Ontario and a large laboratory
tank that the misalignment between waves at the spectral peak
and the mean wind can be up to 50°, depending on the gradient
in fetch. Fischer et al. (2011) analyzed data measured at the
Dutch North Sea and observed that for wind speed lower than
10 m s~ !, wind—-wave misalignment reached almost 120°, while
for wind speeds higher than 20 m s™!, the misalignment angle
decreases to roughly 30°. Using 10 years of field measurements
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in the German Bight of the North Sea, Hildebrandt et al. (2019)
concluded that wind and waves are aligned with *+15° deviation
just 25% of the time, the strongest misalignment of 90° (£15°)
occurs 10% of the time, and 65% of the time the misalignment
angle is in between. Another scenario of wind-wave disequilib-
rium occurs when the wave is aligned with but travels in the op-
posite direction as the wind. Wind-opposing waves can occur
under storm conditions, where wind direction changes rapidly,
or under moderate weather conditions (Bowers et al. 2000;
Wright et al. 2001; Ardhuin et al. 2007). These findings highlight
the importance of understanding the effect of wind-wave dis-
equilibrium on the wind to better characterize the atmospheric
boundary layer in realistic scenarios.

Understanding wind-wave misalignment has a wide range
of engineering applications, including the design, construc-
tion, and maintenance of offshore infrastructure, work vessel
operations, and offshore wind power extraction (Hildebrandt
et al. 2019). For wind energy specifically, although wind—-wave
misalignment has negligible effects on the power generation
of floating offshore wind turbines, it significantly affects the
motion and the structural load of wind turbines (Li et al.
2020). Wind and wave loads acting simultaneously from differ-
ent directions also intensify fatigue damage on fixed offshore
wind converters (Koukoura et al. 2016). Active research is be-
ing conducted on performance evaluation and design optimiza-
tion of offshore wind turbines under conditions of misaligned
wind and waves (e.g., Fischer et al. 2011; Kalvig et al. 2014; Wei
et al. 2017). Therefore, a thorough understanding of the interac-
tions between nonequilibrated wind and waves will greatly ben-
efit the development of offshore wind energy.

Nonequilibrated wind and waves have gained attention
in more recent studies. Cao et al. (2020) and Husain et al.
(2022a) employed LES over monochromatic wind-opposing
waves and showed enhanced pressure drag compared to
wind-following waves. The change in airflow dynamics due
to varying wave age is smoother for wind-opposing waves
than wind-following waves (Husain et al. 2022a). Husain et al.
(2022b) investigated the influence of very young (small wave
age), steep (ka = 0.27), monochromatic waves misaligned
with the wind at different angles and found that the pressure
drag decreases as the angle between the wind and the wave
increases, roughly following a cos®6 trend based on theoretical
studies (e.g., Burgers and Makin 1993; Li et al. 2000). Mis-
aligned waves also lead to enhanced wind shear throughout
the wave boundary layer and enhanced wind speed farther
from the surface (Husain et al. 2022b). Deskos et al. (2022)
conducted DNS over wind-following, wind-opposing, and mis-
aligned monochromatic waves and found marginal differences
in wave-induced velocity for misaligned waves compared to
aligned waves but large differences for wind-opposed waves,
consistent with Cao et al. (2020). To our knowledge, the only
study on misaligned broadband waves is that of Patton et al.
(2019), using LES and a wave field of combined seas and
swell. Their analysis focuses on swells and showed that mis-
aligned swells change the angle between wind and stress vec-
tors and increase the surface pressure drag, with an angle of
180° (wind-opposing waves) having the largest effect. These
effects are smaller as the wave age decreases.
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In this study, we investigate the influence of misaligned
broadband waves with different angles and degrees of spread-
ing on the atmospheric boundary layer. Wave directional
spreading is the angular distribution of waves relative to the
main wave-propagating direction. The wave spreading width
quantifies the deviation of wave directions from a single prop-
agation direction. This parameter is essential for assessing
real-world oceanic conditions where waves often propagate in
a spectrum of directions. Idealized studies commonly assume
unidirectional wave fields, providing important foundational
insights on wind-wave interactions (e.g., Hara and Sullivan
2015; Cao et al. 2020). However, realistic wave fields involve a
spectrum of directions, making the wave spreading angle cru-
cial for understanding natural ocean dynamics. Despite the
prevalence of misaligned seas in nature (e.g., Hasselmann
et al. 1973; Donelan et al. 1985; Hanley et al. 2010), the effect
of the propagating direction of the spectral peak wave relative
to the wind and the degree of directional spreading has not
been explored. We use LES in the Weather Research and
Forecasting (WRF) Model to couple the wind to a prescribed
wave field. WRF is a mesoscale numerical weather prediction
model that has been extensively utilized in atmospheric re-
search and operational applications (Skamarock et al. 2019).
An LES capacity is also provided in WRF with a number of
subgrid-scale turbulence options. In Zhu et al. (2023), the
ability of WRF-LES to simulate wind over moving waves is
described along with a validation of the moving wave imple-
mentation with monochromatic waves. In this paper, the mov-
ing wave capacity is further extended to broadband waves.
Because the effects of misaligned waves on mean wind and
wind stress are much smaller for angles smaller than 90°
(Patton et al. 2019), we initialize broadband wave fields with
dominant propagating directions of 0°, 90°, and 180° relative
to the positive streamwise direction and each with spreading
widths of 20°, 40°, and 90°.

This paper is organized as follows. Section 2 describes the
numerical method of WRF coupled with moving wave and
the simulation setup. Section 3 discusses the characteristics of
the wind over the broadband wave fields of different degrees
of misalignment and directional spreading, including the mean
wind, wind stresses, turbulent statistics, and wave growth rate.
Finally, section 4 summarizes the major findings and discusses
potential future work.

2. Method
a. WRF-LES over moving waves

WREF solves the compressible Navier-Stokes equations
and transport equations for temperature, moisture, and
tracers. WRF supports simulations of flow over complex
terrain with moderate slopes and flow over multiple scales
from turbulence resolving to synoptic, using a pressure-
based curvilinear coordinate. We use WRF v3.8.1, where
the pressure-based curvilinear coordinate system is de-
fined by

P, — P
T:t’gz,@n:y’g:%’ (1)
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FIG. 1. A schematic of the vertical coordinate in WRF over broadband waves, showing the low-
est 50 m in a domain with a height of 100 m.

where 7 is the time in the transformed coordinate system;
(& m, ¢) are the spatial coordinates; the subscript 2 denotes
hydrostatic variables; w = pjs — Pnop i the difference be-
tween the hydrostatic pressure at the surface p, and the hy-
drostatic pressure at the top of the domain pj p; and u
represents the dry air mass per unit area. Figure 1 shows a
schematic of the vertical coordinate in WRF over broadband
waves.
The governing equations in WRF are written in conserva-
tive flux form, with conservative fluxes defined as
U=pu=(U,V,W), 2)
where u is the Cartesian velocity vector. The cross-coordinate
flux is defined as

d
Q=p.?f.

®)

At the bottom [z = A(x, y, t), where h is the water surface
elevation], the cross-coordinate flux satisfies ) = 0. The mo-
mentum equations in the pressure-based curvilinear coordi-
nate system are given by

FI/A 9 9 ap  apad
o + (9_‘§(Uu) + (E(Vu) + (Q(Qu) + Ma@ + acag v
(4a)
v 9 9 9 ap  opad
ar + a—g(Uv) + %(Vv) + a—g(ﬂv) + pors + atam v
(4b)
W o 9 9 op B
o + a—g(UW) + %(Vw) + &(Qw) - g(Q - p,) = [y,
(4c)

where ¢ = gz is the nonconservative geopotential; « = 1/p is
the inverse density; and Fy, Fy, and Fy are the forcing terms
that include turbulent mixing, Coriolis force, buoyancy, and

model physics (e.g., microphysics of clouds, radiation, and
planetary boundary layer models). In this paper, the forcing
terms are given by

ad & 1dP
F = . ok 70
v ag, PTijsGs ax]_) pydx’ (5a)
4 %,
F, = E(MTZJ',SGS £)7 (5b)
9 &
Fy, = @ KT3i5Gs é} (5¢)

where (&, &, &) = (€ m, {); T scs is the subgrid scale (SGS)
stress; and py 'dP/dx is the constant pressure gradient forcing.
The governing equation for mass conservation is given by

o U
By

it d&

k1%
an

Q)
ialn 6
ag b ( )
and the kinematic condition or the geometric conservation
law (GCL) is given by

aierl(Ua—qurVai)+Qai)fgW:0- (7

it p\ dé am a¢

The lower boundary (z = h) satisfies the no-normal flow
condition and can be derived from Eq. (7) as

oh oh oh

W=p—+U—=+V_—. 8

Far " Yo" om ®)

As for boundary conditions over a rough wall, we adapt

the quadratic drag law to a moving bottom by computing the

stress based on the relative velocity between the air and the
water, which is given by

)

u =u-—u,
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where u,, is the velocity of the water at z = h. The horizontal
components of the stress by the water on the flow are given
by (e.g., Yang et al. 2013; Sullivan et al. 2014; Hao and Shen
2019)

T3 = Cdlur|u”, (10a)

Ty = Cd|“r|vu’ (10b)

where the components of velocity parallel to the water surface
are given by

_u + w,(0h/o€)
A @hPE? + 1 7

+
— w, (0h/dn) (11b)

AJ@Rm)? + 1

and the drag coefficient C, is determined such that the hori-
zontal velocity in the bottom-most grid cell (at z = & + Az/2)
satisfies the log law:

u (11a)

c -]« F 12
- lnAz/(ZzO)] ’ (12)

where k = 0.4 is the von Karman constant and z, is the
background roughness length. We use a typical background
roughness value for the open ocean, zop = 0.0002 m, in
wave-phase-resolved wall-modeled LES (Sullivan et al.
2008; Jiang et al. 2016; Hao and Shen 2019). The details of
the implementation of the coupled WRF-LES and moving
waves can be found in Zhu et al. (2023). Our model directly
solves the compressible LES equations with an explicit moving
wave boundary in a wave-surface-fitted grid to resolve wind—
wave interactions. A sensitivity analysis of different back-
ground surface roughnesses on the mean wind statistics and
wave growth rate is provided in section b of the appendix.

b. Synthetic wave field

We initialize the broadband wave field using the Joint
North Sea Wave Project JONSWAP) spectrum (Hasselmann
et al. 1973). It is empirically derived from a field campaign
that obtained months of ocean surface wave and wind data
(Hasselmann et al. 1973) and captures the spectrum of early
stage seas under limited fetch. The JONSWAP spectrum is

expressed as
_5(@)
4\ w

where w, is the wave frequency at the spectral peak, i.e., the
peak wave frequency, and is determined from the wind input
with

o8

E, (k) = ?exp Y (13)

@, =22

5 1/3
sz’ (14)
10
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with Uy being the wind speed at a height of 10 m above the
sea surface and F being the fetch. The peak wave frequency is
related to the peak wavenumber k,, through the dispersion re-
lation for deep-water waves:

w, = |8k, (15)
The other parameters in Eq. (13) are defined as
(0~ w,)’
r = exp —ng , (16a)
0.22
a, = 0.076 U—%O (16b)
J . gF ’
where y = 3.3 and
007, o= ©,, .
771009, 0>, (17)

The directional spectrum is generally assumed to be the
JONSWAP spectrum multiplied by a spreading function D(6)
(Longuet-Higgins 1963). We use a directional spreading func-
tion of the form:

>

2 w6 6,
6COSZ[TO], 10— 6, <

D(§) = (18)

N[O N

0, |6 — 6, >

5

where 6 is the primary propagation direction and @ is the di-
rectional spreading width. For example, 6, = 0° and ® = 20°
imply that the wave spectrum lies from —10° to 10° in
frequency-angle w—0 space and is centered around 0°. In the
present study, we choose broadband wave fields with primary
propagation directions of 0°, 90°, and 180° relative to the posi-
tive streamwise direction (the positive x direction) and each
with spreading widths of 20°, 40°, and 90°. Figure 2 displays
spectra in w—6 space for the cases in which the primary propa-
gation direction is 0° and 90°. The corresponding wave fields
are shown in Fig. 3.

Similar to Sullivan et al. (2014) and Patton et al. (2019), we
advance the waves synthetically in time by assuming a linear
superposition of different wave components with

h(x, £) = 2 a(k)cos[k-x — w(k)t + p(K)],
k

(19)

where k = |k| is the amplitude of the wavenumber vector and
¢(k) is a random phase. The amplitude of each wave compo-

nent is given by
a(k) = \JE,(k)D(0)dk dk,.

The assumption of linearly superimposed waves is consis-
tent with the nature of one-way coupling of the wind and the
waves, by which the wind is affected by the waves, whereas

(20)

Unauthenticated | Downloaded 06/23/25 05:18 PM UTC



JUNE 2025

@ s \ (b)

@

(e)

1049

FIG. 2. Wave spectra in w—6 space with (a) 6, = 0°, @ = 20% (b) 6, = 0°, @ = 40°% (c) 6, = 0°, @ = 90% (d) 6y = 90°, ® = 20°%
(e) 6p = 90°, ® = 40° and (f) 6y = 90°, ® = 90°, normalized by their maximum values. The contours display the logarithm of the normal-

ized spectra. The radial direction is the wave frequency normalized by the peak frequency w/w,,.

the waves are not affected by the wind. Previous studies have
shown that the two-way coupling of wind and waves plays a
minor role in the influence of waves on wind turbulence.
Yang and Shen (2009) compared one- and two-way coupled
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wind and waves using DNS to resolve the wind and a high-
order spectral (HOS) method to resolve the waves. They found
that the difference in the airflow vortical structures between the
two types of coupled models is negligible. Cao et al. (2023) also
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FIG. 3. Surface plots of the wave height initialized with the JONSWAP directional spectrum with (a) 6, = 0°, ® = 20°% (b) 6y = 0°,
O = 40° (c) 6, = 0°, © = 90% (d) 6 = 90°, © = 20 (e) f = 90°, ® = 40°; and (f) 6y = 90°, © = 90°.
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Zoomed-in view of the grid

FIG. 4. Instantaneous snapshot of wind over broadband ocean surface waves. Contours plotted in the vertical planes
represent the streamwise velocity of the airflow, and contours in the horizontal plane show the surface wave height.
Both the wind and the waves propagate in the x direction. The zoomed-in view on the right illustrates the surface-

fitted grid above the ocean surface waves.

showed that the fundamental mode of the airflow perturba-
tion arises mainly from the linear components of the wave.
On the other hand, Hao and Shen (2019) examined long-term
wave evolution using two-way coupled LES simulations over
broadband JONSWAP wave fields. They observed that the
downshift of the peak spectral frequency over roughly 3000
peak wave periods is less than 10%, and the shape of the wave
spectrum remains largely unchanged. As illustrated in Zhu
et al. (2023), one-way coupled models are also computation-
ally more efficient than two-way coupled models. These find-
ings suggest that it is reasonable to use a one-way coupled
model to study the effect of waves on the wind. In this study,

we do not account for flow separation in our analysis be-
cause the wave steepness is relatively small. The grid resolu-
tion and wave properties in the present study indicate that
such effects are negligible in our simulations. As highlighted
in previous studies (e.g., Buckley and Veron 2016), flow sep-
aration tends to occur with larger wave steepness, generat-
ing a region of reduced air velocity on the downwind side of
the wave crest.

¢. Model setup

The WRF-LES simulations in this study have a computa-
tional domain of 300 m X 300 m X 100 m, with 128 X 128 X 80

(@) g0 (6 g0 (©) 100
1071 4 1071 4 1071 4
102 ] 1072 ] 1072
15 20 25 30 35 15 20 25 30 35 15 20 25 30 35
(uu « (u)u~ (u)ux

FIG. 5. Mean streamwise velocity normalized by u, for wave propagation directions: (a) 6 = 0°, (b) 6, = 90°, and (c) 6, = 180°. The col-
ors black, red, and cyan represent wave spreading widths of ® = 20°, 40°, and 90°, respectively. The magenta line with circles is the fitted

log profile.
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grid points in the streamwise (x), spanwise (y), and vertical (z)
directions. The horizontal grid spacing is Ax = Ay = 2.3 m, re-
sulting in about 11 points per peak wavelength. The horizontal
grid resolution related to peak wavelength is consistent with
previous studies of wall-modeled LES of wind over waves (e.g.,
Hao and Shen 2019; Aiyer et al. 2023; Ayala et al. 2024). The
vertical grid spacing is Az = 0.5 m at the bottom and then grad-
ually stretched as the height increases. This vertical grid spacing
near the wave surface is finer than the 1-m spacing used by
Sullivan et al. (2008) and the 7.8-m spacing used by Yang et al.
(2014). Additionally, it is comparable to the 0.39-m vertical
spacing reported by Hao and Shen (2019). We further conduct
a sensitive analysis on the grid resolution by running an addi-
tional case with a 256 X 256 X 160 grid. The details of this analy-
sis are provided in the appendix. For the JONSWAP spectrum,
weset Ug=4ms !and F = 66 km, resulting in a broadband
wave field with k, = 0.25 m™". The flow is forced by a constant
horizontal pressure gradient with the same value for all cases,

leading to a friction velocity u, = \/Hp,'dP/dx = 0.53ms™!,
where H is the domain height. The turbulent eddy viscosity is

computed with the Smagorinsky turbulence closure scheme. The
time step of the model is 0.009 s based on the CFL constraint in
terms of the sound speed, as WREF resolves sound waves explic-
itly [see details in Zhu et al. (2023)]. We ran the simulations for
three wave-propagating directions, 6, = 0°, 90°, and 180°, and
three wave spreading widths, ® = 20°, 40°, and 90°, for each of
the directions. To study the effect of wind—wave misalignment,
an angle of 6, = 90° is chosen because the effect of waves propa-
gating at an angle of 45° is much smaller than that of waves prop-
agating at an angle of 90°. The wave spreading widths are
sampled to represent waves with narrow spreading (® = 20°), in-
termediate spreading (@ = 40°), and wide spreading (® = 90°).
All runs reached turbulence equilibrium after 70-80 eddy turn-
over periods (H/u, = 188s = 47Tp, where T, = 27/w),), and we
compute turbulence statistics using data from 30 eddy turnover
periods after equilibrium is reached. As for gravity waves, wave-
number components with different wavenumber magnitudes
propagate at different speeds. We have run each case over
4300 peak wave periods, and our sampling duration spans over
1300 wave periods of the peak waves. Given this extended simu-
lation and sampling duration, the influence of initial phases
of different wave components in the initialization of the
wave field becomes negligible. We have conducted an addi-
tional run with a different wavefield initialization while
keeping all physical parameters the same. The results show
negligible differences in turbulence statistics between the
two runs. Figure 4 shows an instantaneous flow field from
our simulation of wind over broadband waves.

The Coriolis force is not included to reduce the computa-
tional cost of the simulations. The Ekman layer thickness
(based on u,/f,, where f, is the Coriolis parameter) is O(1000) m
or greater, which would require a much larger computational
domain. Furthermore, the time scale for transient inertial os-
cillations to decay, which would be many inertial periods
ft= O(10%) s, would significantly increase the computation
time needed to reach equilibrium. Although Coriolis effects
would produce the Ekman spiral and wind stress that is
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FIG. 6. Mean streamwise velocity normalized by u, for wave prop-
agation directions of 6, = 0° (black), 6, = 90° (red), and 6, = 180°
(cyan). All three cases have the wave spreading width of @ = 20°.

misaligned with the pressure gradient forcing, those effects do
not change the overall findings of this investigation.

3. Results

To compute the turbulence perturbation, we decompose a
physical quantity f with

f=NQ+fEn Lo, 21
where (f) is the average in time and the horizontal and f is
the turbulent fluctuation. Note that the wave-induced pertur-
bation cannot be separated from the turbulent perturbation
with the triple decomposition employed in studies with mono-
chromatic waves (e.g., Yang and Shen 2009; Cao and Shen
2021; Zhu et al. 2023). The triple decomposition requires the
reference frame to be shifted to a wave-following frame,
which cannot be achieved when the waves are broadband.
Therefore, the turbulent perturbation presented here includes
wave-induced effects.

Figure 5 shows the mean streamwise velocity profiles for all
nine cases. The spreading width ® has a small effect on the
mean wind magnitude, although it increases slightly with ® for
6o = 0° and 180°. This trend can be explained by the compari-
son of total drag and the pressure drag among all cases which
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FIG. 7. Correlation between the streamwise velocity « and the wave height / for wave propagation directions: (a) 6y = 0°, (b) 90°, and
(c) 180°. The colors black, red, and cyan represent wave spreading widths of ® = 20°, 40°, and 90°, respectively. The black dashed lines in-

dicate the trend of e %*

is discussed later. As for the effect of the wave-propagating di-
rection, Fig. 6 compares the mean streamwise velocity across
different propagating directions 6, with fixed ® = 20°. As ex-
pected, the wind-opposing waves (6, = 180°) lead to the low-
est mean wind due to the highest drag from the waves on the
wind. Waves propagating in the y direction (6, = 90°) do not
apply strong drag to the wind in the x direction, along which
the wind is forced by a constant pressure gradient, and there-
fore lead to the highest mean wind. The comparison across
wave-propagating directions is similar for cases with @ = 40°
and 90° (not shown).

The correlation between the streamwise velocity « and the
wave height 4 is presented in Fig. 7 to show the effect of
waves on the wind. The correlation is defined as

('h)

U, h) = s
corr(u TR

; (22)

where u’ is computed using Eq. (21). Figures 7a—c show that
for all combinations of propagating direction and wave
spreading width, the correlation between u and /4 decays ex-
ponentially with height over a length scale dictated by the
peak wavelength. This behavior aligns with the trend of e %,
as previously reported by Hao and Shen (2019). The wave
spreading width has little effect on corr(u, /), while the propa-
gating direction has a significant effect. At the bottom, u and
h are strongly correlated for 6, = 0° and 6, = 180°, with 30%
and 60% correlation, respectively. This indicates that the
wind is heavily influenced by the waves for waves aligned with
the wind, and the effect of waves is mostly confined below a
height of one peak wavelength A, = 27/k,. For 6, = 90°, the
correlation between u and /4 is very low as expected. How-
ever, the correlation between the spanwise velocity v and the
wave height /4 for this case is strong, as shown in Fig. 8.

, where kj, represents the peak wavenumber.

We next investigate the effects of the propagation direc-
tion 6, and the wave spreading width ® on velocity varian-
ces. Figure 9 compares velocity variances for different 6,
values with ® fixed at 20°. The velocity variances (u’?) and
(v'?) are negligibly affected by the propagating angle 6.
However, (w’?) has similar values for both 6, = 0° and 180°
but decreases by up to two-thirds for 6, = 90° compared to
the wind-following and wind-opposing cases. This is ex-
pected because waves perpendicular to the wind interact
less with the wind and cause less perturbation in wind veloc-
ity. Figure 10 further illustrates (w’?) for varying 6, and ©.
For 6, = 0° and 6, = 180° (Figs. 10a,c), <w’2> decreases as ©
increases, which supports the above analysis. When the
waves are perpendicular to the wind (6, = 90°), the larger
the waves spread, the more aligned they will be with the
wind, thus resulting in larger vertical velocity variance, as
shown in Fig. 10b.

With the definition of the turbulence perturbation, averag-
ing the streamwise momentum in Eq. (4a) gives the momen-
tum budget in the streamwise direction:

() + (h3) + (AF5) = 7, (23)

-

Defining Us = w — u(3z/0€) — v(9z/dm) as the contravariant
velocity normal to the ¢ surfaces, the Reynolds stress is de-
fined as

() = —(W'U3), 24)

the pressure stress (the form drag is (7;) evaluated at z = 0)

is defined as
, 3
() = <‘;’a—§> (25)
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FIG. 8. Correlation between the spanwise velocity v and the
wave height 4, for wave propagation direction of 6, = 90° and
wave spreading widths of ® = 20° (circles), 40° (pluses), and
90° (triangles).

the SGS stress is defined as

4 (%4
GS\ _
<7§3 )= _<Tl3‘SGS T Tuses 5y TlZ,SGS@>’ (26)
and the total stress in the streamwise direction is
z
Ty = ué(l - ﬁ). (272)

A detailed derivation of Eq. (23) can be found in Hara and
Sullivan (2015) and Zhu et al. (2023).

Figure 11 shows the profiles of Reynolds stress (71;), SGS
stress (1;5°), and pressure stress (7);) for different wave-
propagation directions 6,. The Reynolds stress and SGS stress
exhibit only slight differences for different propagating direc-
tions (Figs. 11a,b) and are unaffected by the spreading width
(plots not shown). However, the spreading width has a more
prominent effect on the pressure stress (77;). The pressure
stress is roughly doubled in the wind-opposing case (6, = 180°)
compared to the wind-following case (6, = 0°) and near zero in
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the case with 6, = 90°. The pressure stress is balanced by
the SGS stress at the bottom. Consequently, the case with
6o = 90° has the largest SGS stress at the bottom and the
wind-opposing case has the lowest. In contrast, the wave-
propagating direction 6, has a negligible influence on the
Reynolds stress (7). Figure 12 further shows the profiles of
pressure stress (7;) for different wave propagation direc-
tion 6y and wave spreading width ® combinations. For
6 = 0° and 180° (Figs. 12a,c), the pressure stress at the bot-
tom, or the form drag, decreases with increasing 0, and the
form drag for ® = 90° is roughly 15% smaller than for
©® = 20°. The reduction in the form drag can be explained by
the fact that as the waves spread, the spanwise component
of the wave slope ([ph/dy|) increases, while the streamwise
component (|9h/dx|) decreases. In the case where 6, = 90°,
the wave height varies mostly in the spanwise rather than
the streamwise direction, resulting in the form drag that is
one order of magnitude lower than the cases in which the
wave-propagating direction is aligned with the streamwise
direction (Fig. 12b). Contrary to the cases where 6y = 0° or
180°, as wave spreading width O increases, the waves spread
more toward the streamwise direction and |0h/0x| increases,
causing enhanced form drag. Although there is a spanwise
pressure stress driven by the waves perpendicular to the
wind, without a spanwise pressure gradient forcing, the
mean spanwise velocity and stress components in the span-
wise momentum budget are negligible compared to those in
the streamwise direction. The contribution of form drag
(Tf3)],—, to the total drag in our simulations, denoted as nor-
malized form drag (71133>|Z:0/u§, is approximately less than
10%, consistent with values reported in the literature (e.g.,
Yang and Shen 2010). Prior studies have shown that the nor-
malized form drag decreases with increasing wave age c/u.
and can become negative at higher wave ages. Due to the
grid resolution and the wave age considered in our simula-
tions, the form drag is relatively weak.

To analyze the contribution of each wavenumber compo-
nent of the waves to the form drag, we compute the cospec-
trum of pressure and wave slope and the cumulative sum of
the cospectrum as in Sullivan et al. (2014). The cospectrum of
form drag in the x direction is defined as

v 0h
P, onioe k) = Pk )o(K), (28)
where * denotes the Fourier coefficient, p,, is the modified
pressure p/py, and the superscript * denotes the complex con-
jugate. The cross correlation between the pressure and the
wave slope is defined as

M+ ),

- 29)

LY
Rpmah/ax(g) = J;) Pm(f)

where & is the distance in the horizontal direction between
the pressure at the bottom (z = /) and the wave slope. By
Eq. (29) and the definition of the Fourier transform, the co-
spectrum is the Fourier transform of the cross correlation.
The sum of all wavenumber components of P, can be
written as
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F1G. 9. Velocity variances of (a) u, (b) v, and (c) w for wave propagation directions: 6, = 0° (black), 90° (red), and 180° (cyan), normalized
by u2. All three cases have the wave spreading width of ® = 20°.

kz: Ppmah/ﬁx(kx) = g’ Ppmah/r')x (kx)exp(lkvc : O)’

X x

P

P, ohiox

which is the form drag. Therefore, the cumulative sum of
at the largest wavenumber equals the form drag, and

the cumulative sum at other wavenumbers shows the contri-

— -1 ’
=7 (P p,,,r’ih/ax)(g =0), bution of different wavenumbers to the total form drag. The
- R @) cospectrum can be computed in the y direction in a similar
Plox> 72 manner. The cospectra between the surface pressure and the
(P — wave slope are given in Figs. 13-15 for 6, = 0°, 90°, and 180°,
= J ' pm(g)%(g) de, (30)  respectively. The distribution of the cospectrum across wave-
0 ax numbers is similar for 6, = 0° and 6, = 180°, except in the
(@0 (0); (©1.0
| 1 — 0=20°
] — 0=40° ]
0.8 - —— 6=90 0.8
4 00 =90° E
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T T | T |
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FIG. 10. Velocity variance (w’?) for wave propagation directions: (a) 8, = 0°, (b) 90°, and (c) 180°, normalized by 2. The colors black, red,
and cyan represent wave spreading widths of ® = 20°, 40°, and 90°, respectively.
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FIG. 11. Profiles of (a) Reynolds stress, (b) SGS stress, and (c) pressure stress for wave propagation directions: 6, = 0° (black), 90° (red),
and 180° (cyan), normalized by u?. All cases have the wave spreading width of ® = 20°.

latter, i.e., the wind-opposing case, and the magnitude of the
cospectrum and its cumulative sum are almost doubled com-
pared to the former, consistent with the form drag (Fig. 11).
This difference in magnitude can also be clearly observed in
Fig. 16, which compares the effect of the propagating direc-
tion on the cospectrum with O fixed at 20°. In both the wind-
following and wind-opposing cases, the sharpest increase in
the cospectrum and its cumulative sum occurs at the spectral
peak wavenumber k,, where the wave energy is most concen-
trated and contributes the most to the form drag. On the
other hand, small-scale waves with k > 1.5k, or A < 16.7 m,

contribute significantly more to the form drag than larger-
scale waves with k < 0.5k, or A > 50 m. This is consistent
with the fact that longer waves travel at a faster speed accord-
ing to the dispersion relation, which is closer than shorter
waves to the speed of the wind. Figure 14 shows the cospec-
trum between the surface pressure and the spanwise wave
slope for 6, = 90°. Unlike the wind-following and wind-
opposing cases, the streamwise component of the form drag
in this case is negligible, whereas a nonnegligible mean flow is
developed in the spanwise direction. The cospectrum and its
cumulative sum are negative, indicating that the waves exert a

(@1.0 (b) 1.0 (c)1.0
] — 0=20° \ — 9=20° ] — 0=20°
1 — ©=40° 1 — 0=40° 1 — 0=40°
0.8 - — 0=90 08 —— ©=90° 0.8 —— ©=90°
] 8, = ] 8o = 90° ] 8, = 180°
0.6 - 0.6 0.6
0.4 - 0.4 0.4
0.2 - 0.2 0.2
004 —m——_ o.o—lM,, 004 —m——0of
0.00 0.02 0.04 0.06 0.000 0.002 0.004 0.00 0.05 0.10 0.15
(Th3)/u% (Th3)/u? (Th3)/u?

FIG. 12. Profiles of pressure stress for wave propagation directions: (a) 8, = 0°, (b) 90°, and (c) 180°, normalized by u?. The colors black,
red, and cyan represent wave spreading widths of @ = 20°, 40°, and 90°, respectively.
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FI1G. 13. (a) Cospectrum of pressure at the bottom and the wave slope and (b) the cumulative
sum of the cospectrum, normalized by u2 for wave propagation direction 6, = 0° and different

spreading widths ©.

positive force on the wind. This is because there is no forcing
or mean wind in the spanwise direction, and the “drag” from
waves in the spanwise direction drives the spanwise wind.
Faster waves exert more drag on the wind, and thus longer
waves with k < 0.5k, contribute dominantly to the drag.
Similar to the effect of ® on the vertical velocity variance
(Fig. 10f) and the pressure stress (Fig. 12f), the effect of @
on the cospectrum and its cumulative sum for the perpendicu-
lar wave is the opposite from the wind-following or wind-
opposing waves. The wider the waves spread, the more they
deviate from the spanwise direction, which leads to less drag
in the spanwise direction. This effect is more prominent for
longer waves, which contribute to most of the drag. For
shorter waves, the difference in the cospectrum and its

cumulative sum due to different spreading widths diminishes.
The case with ® = 20° has the largest form drag, while cases
with ® = 40° and 90° result in smaller form drag magnitudes
that are nearly indistinguishable.

The interaction between the wind and the waves can also
be quantified with the wave growth rate B8, which is defined
for flow over a monochromatic wave as (Li et al. 2000)

B 2L, @31
(ak)*’
where F), is the normalized form drag:
1 ("1, oh
» = /\_ui N ;PL hadX, (32)
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FIG. 14. (a) Cospectrum of pressure at the bottom and the wave slope and (b) the cumulative
sum of the cospectrum, normalized by u? for wave propagation direction 6, = 90° and different

spreading widths ©.
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FI1G. 15. (a) Cospectrum of pressure at the bottom and the wave slope and (b) the cumulative
sum of the cospectrum, normalized by u? for wave propagation direction 6, = 180° and different

spreading widths ©.

and A is the wavelength. To compute the wave growth rate for
broadband waves, we adopt the method in Liu et al. (2009),
for which

p

1
pu, ak (33)

B:

sinA#f,

where A6 is the phase difference between the pressure and
the wave amplitude. Equation (33) can be derived by consid-
ering one wavenumber component of broadband waves
h(k) = a cos(kx — wt + 6,) and the corresponding pressure at
the surface p(k) = p cos(kx — wt + Op), where 6, and 6, are
the phases of the wave elevation and the pressure. Substituting
h(k) and p(k) into Eq. (32), we obtain F,= 1/(2pu")pak cosA6.
Then, by the definition of B [Eq. (31)], we arrive at Eq. (33). A

similar expression for B in the spanwise direction can be ob-
tained by performing a Fourier transform in the spanwise direc-
tion and replacing k, in the denominator of Eq. (33) with k,.

In Fig. 17, we show 3 as a function of the nondimensional
wave phase speed c/u, within the wavenumber range of
0.5k, < k, < 1.5k,. The choice of this range is based on the
grid resolution analysis in the appendix to better resolve
waves. In the present study, the wave age ¢, /u,, defined as the
ratio between the wave phase speed of the peak frequency c,
and the air friction velocity u., is 11.8, as indicated by the
black dashed line in Fig. 17. For each propagating direction
6o, the growth rate is not affected by the spreading width O,
while 6y has a significant influence on B. For 6, = 0° and 180°,
B is positive and decreases smoothly with ¢/u... The magnitude
and trend of B for 6, = 0° as a function of c/u, are consistent

Kx/Kp
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IS — 60=0°
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o —— 9p=180"
2
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FIG. 16. (a) Cospectrum of pressure at the bottom and the wave slope and (b) the cumulative
sum of the cospectrum, normalized by u2 for wave spreading width of ® = 20° and wave propa-
gation directions: 6, = 0° (black), 90° (red), and 180° (blue).
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F1G. 17. Wave growth rate 8 vs nondimensional wave phase speed
c/u,, for all nine cases.

with the literature (e.g., Kihara et al. 2007; Grare et al. 2013;
Hao and Shen 2019). For 6, = 180°, since the form drag is dou-
bled from the case with 6, = 0° and the growth rate is propor-
tional to the form drag [Eq. (31)], the growth rate is also
doubled. For 6y = 90°, c/u, is computed for the spanwise direc-
tion. The negative form drag leads to a negative growth rate,
whose magnitude also decreases with increasing c/u,.. These re-
sults are consistent with the results of the cospectra between
the surface pressure and the wave slope and their cumulative
sums (Figs. 13-15).

To quantify the influence of wave-propagating direction
and spreading width on the total drag, we computed the bulk
drag coefficient C, based on the expression:
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atmospheric modeling to estimate the drag at the air-sea in-
terface (e.g., Drennan et al. 2005; Andreas et al. 2012; Patton
et al. 2019). The bulk drag coefficient can then be computed
with

2

u
c =
UlO

(35)

Figure 18 shows C, as a function of © for different wave
propagation directions. We performed an additional run with
a flat bottom surface while keeping all other parameters, in-
cluding grid resolution and turbulence model, unchanged.
This flat case serves as a baseline reference for evaluating the
impact of explicitly resolved waves on the computed C, value.
The C, value obtained from this additional run is denoted as
the dashed line in Fig. 18. In our wall-modeled setup, the
choice of zp = 0.0002 m ensures that the magnitude of C, is
0O(1073), consistent with the measurements from the Coupled
Boundary Layers Air-Sea Transfer field campaign (Edson
et al. 2007), which reports C, values at z = 10 m mostly falls
within the range 0.001-0.003. As expected, the flat bottom surface
case yields the smallest drag coefficient, as the phase-resolved
ocean surface waves in other cases introduce additional surface
roughness. In the present simulations, the specified wave age pro-
vides that the calculated form drag accounts for only about 10%
of the total drag, with the remaining drag coming from the
prescribed roughness length z in the wall-modeled approach.
The absolute value of C, is highly dependent on the chosen
value of z,. The case with 6, = 180° has the largest drag coeffi-
cient and the case with 6, = 90° has the smallest, consistent
with the fact that wind-opposing waves tend to slow down
the wind more and waves perpendicular to the wind generate
the least drag (Manzella et al. 2024). For ® = 20°, the differ-

Tip = u? = CdU%O’ (34) ence between C4 at 6y = 180° and 90° is approximately 25%.
The wave spreading width has a smaller effect on the drag co-
where U, = <”10>2 + <vm>2 is the velocity magnitude at efficient. The C, decreased by roughly 3% as @ increases for
z = 10 m, a height that is often used in large-scale 6y = 0° and roughly 5% for 6, = 180°.
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FI1G. 18. Drag coefficient C, vs wave spreading width ® for all nine cases. The dashed line indi-
cates the drag coefficient calculated from the flat surface case.
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FIG. 19. The effective roughness length zo . (m) vs the wave-propagating direction 6, for all
nine cases.

The most common roughness length parameterization in at-
mospheric models is the Charnock relation (Charnock 1955):

@
Zoeft "‘Ev

(36)

where a = 0.018 is the Charnock parameter for offshore con-
ditions. The Charnock parameterization is widely used for
wave-parameterized models where the air-sea interface is
modeled as a flat surface; in our wave-phase-resolved simula-
tion, we explicitly incorporate the wave’s deformation and
movement into the model by solving the compressible LES
equations in a dynamically evolving sea surface wave-fitted
grid. This approach allows us to naturally capture wind-wave
interactions. We compare the Charnock parameterization to
our model results in Fig. 19 by computing the effective rough-
ness length zg . using the drag coefficient C, from Eq. (35)
and inverting Eq. (12), to give

Z0eff zrcfexp(i'(/\/cid)’

where z,.f = 10 m. In the present simulations, we set the back-
ground surface roughness z, to 0.0002 m and set the wave age
of broadband waves cp/u* to 11.8. For all wave spreading
widths, z e is the largest at 6, = 180° and the smallest at
6, = 90°, while for all propagating directions, zo ¢ decreases
with increasing spreading widths, trends that are consistent
with the variation in C,; shown in Fig. 18. The Charnock rela-
tion does not account for wave-propagating direction or
spreading width and gives zg e = 0.00061 for all nine cases,
which is very close to the value of z( ¢ from wind-opposing
waves with a spreading width of 20°. The value of zger can
vary by up to 25% as the spreading width changes and up to
57% as the propagating direction changes. These changes are
significant and indicate the importance of wave-propagating
direction and spreading width on the effective roughness
length. Not only are these effects not captured by the

(37)

Charnock relation, but the relation also generally overpre-
dicts the roughness length, particularly when the waves are
perpendicular to the wind, for which the Charnock relation
overpredicts the roughness by more than a factor of 4. A few
studies proposed new parameterization schemes for zg s or
the bottom drag that account for the misalignment between
the wind and waves (e.g., Patton et al. 2019; Porchetta et al.
2019). However, these parameterizations are based on data-
sets in parameter regimes that preclude comparison to our re-
sults or the Charnock relation.

4. Conclusions

In this work, we extended the implementation of the cou-
pled wave and WRF-LES model to simulate the ABL over
broadband waves. We use the JONSWAP spectrum to gener-
ate wave fields with different propagating directions and wave
spreading widths to investigate their influence on the overlying
wind. Nine cases are analyzed with propagating directions
6o = 0° 90° and 180°, each with wave spreading widths
0 = 20°, 40° and 90°. To the best of our knowledge, this is the
first study in which broadband wave fields with different prop-
agating directions and spreading widths are employed in LES
of the ABL. Additionally, the waves are physically oriented
with an angle to the streamwise direction, which is different
from previous studies that apply pressure gradient forcing in
both the streamwise and spanwise directions to achieve wind—
wave misalignment (Husain et al. 2022b; Deskos et al. 2022).

Our results show that for all cases, the wind and waves are
strongly correlated, and the influence of waves on the wind
extends to a height of roughly one peak wavelength. The
propagating direction of the waves has significant effects on
the mean wind, wind turbulence, and pressure stress, while
the effect of the spreading width is smaller. Wind-opposing
waves doubled the form drag compared to the wind-following
waves. For wind-following and wind-opposing waves, the
wider the waves spread, the smaller the form drag in the
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streamwise direction and the reverse applies to waves perpen-
dicular to the wind. The analysis of the cospectrum between
the surface pressure and the wave slope reveals that shorter
waves contribute more to the form drag than longer waves.
Finally, we found that the bulk drag coefficient can vary by up
to 25% with different wave-propagating directions, whereas
the effect of the spreading width on the bulk drag coefficient
is less than 5%. These effects are more pronounced for the ef-
fective roughness length based on the present research, where
the background roughness is set to 0.0002 m. The effective
roughness length is modified relatively by up to 57% due to
wave propagation direction and 25% due to the wave spread-
ing width. Comparison to the commonly used Charnock rela-
tion shows that it generally overestimates the roughness
length, indicating that many coupled ocean—atmosphere mod-
els could be overestimating the ocean-atmosphere drag.
While our study demonstrates the importance of wave direc-
tion and spread, more studies are needed over broader pa-
rameter spaces to develop general parameterizations for
ocean—atmosphere drag, including varying wave ages and ap-
plications to realistic meteorological conditions including Co-
riolis, heat, and moisture effects.
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APPENDIX

Sensitivity Analysis
a. Grid resolution in WRF simulation

We conduct a numerical experiment to investigate the ef-
fect of grid resolution on the simulation of wind over
broadband waves. The physical parameters for this experi-
ment are the same as the previous simulation in which the
dominant propagating direction of the broadband wave
field 6, is 0° relative to the positive streamwise direction,
and the spreading width © is 20°. In the previous simula-
tion, we use a grid with 128 X 128 X 80 points in the
streamwise, spanwise, and vertical directions. In the higher
resolution case, we use a 256 X 256 X 160 grid. This resolu-
tion represents a doubling of grid points in each direction
compared to the other simulations conducted in this study.
The time step is reduced to 0.0042 s due to the CFL con-
straint in terms of the sound speed. Simulation results show
that the mean streamwise velocity profiles agree between
different resolutions, as shown in the blue and purple lines
of Fig. Al.
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FIG. Al. Mean streamwise velocity normalized by . for surface
roughness zop = 0.0001 m (red), zo = 0.0002 m (blue), and
Zo = 0.0004 m (cyan). Solid lines are cases with a grid of 128 X 128 X
60 points. The dashed purple line represents the higher resolution
case with zp = 0.0002 m and a grid of 256 X 256 X 160 points. Both
cases have 6y = 0° and © = 20°.

We further compare the wave growth rate 8 as a function
of streamwise wavenumber k, between the two simulations.
As shown in Fig. A2, the wave growth rate 8 within the range
of 0.5k, < k, < 1.5k, is the same for both resolutions. This is
because in the coaser simulation case, the peak wave compo-
nent is resolved with 11 points per wavelength, and the wave
with a wavenumber of 1.5k, is resolved with roughly seven

1
509 i
1 por- =
|
i
259 !
@ ! A
0] #
i ! —B- 6p=0°,0=20°,N,=128
25 @ i —o— 6,=0",0=20", N, =256
1 2 3 4 5 6
Kylkp

FIG. A2. The wave growth rate B vs the streamwise wavenumber
k. normalized by the peak wavenumber k,. The green line and the
red line represent cases with grids of 128 X 128 X 80 and 256 X 256 X
160 points, respectively. All cases have 6, = 0° and © = 20°.
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FIG. A3. The wave growth rate 8 vs the nondimensional wave
phase speed c/u, for different background surface roughness
lengths zo. The red, blue, and cyan lines show the cases with sur-
face roughness lengths z, of 0.0001, 0.0002, and 0.0004 m, respec-
tively. The dashed line indicates the wave age c /u.. All cases have
0o = 0°, ® = 20°, and the wave age cp/u» = 11.8. Other results in
literature are plotted for comparison: >, experiments by Grare
et al. (2013); A, Reynolds averaged Navier—Stokes (RANS) simu-
lations by Mastenbroek (1996); <], RANS (Li et al. 2000); V, DNS
(Sullivan et al. 2000); ¢, DNS (Kihara et al. 2007); 0, DNS (Yang
and Shen 2010); and X, LES (Hao and Shen 2019).

points. Shorter waves have fewer than four points per wave-
length and thus are not well resolved. On the other hand,
there are 12 peak wavelengths in the streamwise direction of
the domain, while only six wavelengths with k,/2. The statistics
are thus more reliable for waves having more ensembles in
the streamwise direction.

b. Sensitivity analysis of background surface
roughness length

In the present study, the background surface roughness
length zo accounts for the effects of smaller unresolved
waves and viscous stress [see discussions in Sullivan et al.
(2014), Manzella et al. (2024)], which is necessary for the
wall-modeled approach in LES. The roughness effects of re-
solved waves are directly obtained through the interactions
between the wind and the resolved waves. The z, value of
0.0002 m is a typical value that has been wildly used in
wave-phase-resolved simulations (e.g., Sullivan et al. 2014;
Jiang et al. 2016; Hao and Shen 2019). Here, we investigate
the effects of background surface roughness length zo on
the airflow statistics and wave growth rate by varying the
roughness length. We conduct additional simulations using
Zo values of 0.0001 and 0.0004 m using a 128 X 128 X 80
grid. The other physical parameters of wind and waves
remain the same as in the case with a wave primary propa-
gation direction relative to the wind 6, = 0° and a wave di-
rectional spreading width ® = 20°. We adopt the surface
roughness length zo = 0.0002 m in the original simulations.
Figure A1l compares the mean streamwise wind velocity
among the cases with different z, values and shows that the
increase in surface roughness length can reduce the mean
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streamwise velocity of the wind, which is consistent with
Husain et al. (2019). We further compare the wave growth
rate B for these cases. As shown in Fig. A3, the wave
growth rate [ decreases with increasing nondimensional
wave phase speed c/u,, which is consistent with other numeri-
cal simulations in literature (e.g., Mastenbroek 1996; Li et al.
2000; Sullivan et al. 2000; Kihara et al. 2007; Yang and Shen
2010; Hao and Shen 2019). Experiments by Grare et al.
(2013) also report higher wave growth rates at smaller wave
ages. The wave growth rates at the wave age ¢ /u. = 11.8 are
close to eight for all three cases, with a standard deviation of
only 6% of the mean. This indicates that the background sur-
face roughness length plays a minor role in determining the
wave growth rate at the peak wave frequency in this study.
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