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Abstract Recent field observations suggest that the air‐sea momentum flux (or the drag coefficient) is
significantly reduced when the dominant wind‐forced surface waves are misaligned from local wind. Such
conditions may occur under rapidly changing strong winds (such as under tropical cyclones) or in coastal
shallow waters where waves are refracted by bottom topography. A recent Large Eddy Simulation (LES) study
also shows that the drag coefficient is reduced by a misaligned strongly forced wave train (with a small wave age
of 1.37). In order to investigate more realistic field conditions, this study employs LES to examine the effect of a
misaligned (up to 90°) surface wave train over a wide range of wave age up to 10.95. For all wave ages
examined, the drag coefficient is reduced compared to the flat surface condition when the misalignment angle
exceeds around 22.5°–45°. The drag reduction may occur even if the form drag of the wave train is positive.

Plain Language Summary This study uses computer simulations to investigate turbulent wind
blowing over ocean surface waves that are misaligned (propagate in different directions) from the wind. The
study focuses on frictional wind forcing (wind stress) imparted on the ocean surface, because the wind stress is
an important boundary condition for ocean, atmospheric, and surface wave models. Surface waves can be
misaligned from wind when the wind field rapidly changes such as during tropical storms or in shallow water
where wave directions are modified by varying water depth. When waves propagate slower than wind in the
wind direction, the waves increase the wind stress compared to flat surface (no wave) conditions. However, this
study finds that the wind stress is reduced, that is, the ocean surface becomes smoother, when the misalignment
angle between wind and waves exceeds about 22.5°–45°.

1. Introduction
Atmosphere, ocean, as well as coupled ocean‐atmosphere models require accurate parameterizations of air‐sea
fluxes of energy, momentum, heat, and gases. In particular, the momentum flux is the main forcing of the up-
per ocean and the key bottom boundary (friction) condition for the atmosphere. The drag coefficient Cd relates the
neutral (stability‐corrected) 10 m wind speed to the surface stress (or friction velocity u∗). When wind and waves
are in equilibrium, that is, when the surface wave field is fully developed, the drag coefficient can be parame-
terized as a function of the neutral 10 m wind speed alone. However, the ocean surface wave fields are frequently
in non‐equilibrium conditions, that is, waves are growing/decaying and/or are misaligned from the local wind
field. It is well documented that a better understanding of sea‐state dependent drag coefficient is needed.

The wave age is often used to describe the development of a wind‐wave field through the ratio between peak wave
phase speed cp to the surface friction velocity u∗. The wind‐driven wave regime is generally thought to be around
cp /u∗ < 15, when the dominant waves propagate slower than the wind and are pushed by the wind. Wave‐driven
wind conditions (or swell) occur roughly at cp /u∗ > 20, meaning that the dominant waves are developed enough to
travel faster than the local wind field above, and can actually “drive” the wind. Many studies have been conducted
to investigate the effect of wave age and wave slope on air‐sea fluxes (Banner, 1990; Belcher et al., 1993;
Donelan, 2004; Donelan et al., 1993, 2006; Edson et al., 2013; Husain et al., 2019; Makin & Kudryavtsev, 1999).

Large Eddy Simulation (LES) is a powerful tool to investigate the wind field over surface waves and the resulting
drag coefficient. Recently, Husain et al. (2019) used LES coupled with laboratory PIV (particle image veloc-
imetry) observations to examine strongly forced conditions (low wave age) over steep waves, and were able to
observe intermittent air‐flow separation events and their impacts on the wind stress and the drag coefficient. More
recent studies investigated the effect of opposing wind over waves (Cao et al., 2020; Husain et al., 2022b). Both
studies found that opposing waves increased wave decay as wave age increased, while the latter study also found
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that the equivalent roughness length (or the drag coefficient) for wind opposing waves was enhanced as the wave
age increased, in contrast to reduction of the roughness length for wind following waves as the wave age
increased.

Misalignment between wind and waves (i.e., the difference between the wave direction and the wind speed di-
rection) can occur in both the wind‐driven wave conditions and the wave‐driven wind conditions. Under the
wave‐driven wind conditions, misalignment occurs when swell from distant storms is misaligned with the local
wind field (Hanley et al., 2010). Patton et al. (2019) found that the equivalent roughness length increased with
misalignment under swell‐dominated conditions.

Under wind‐driven wave conditions, misalignment can occur due to rapidly changing strong wind or due to wave
refraction in shallow coastal water. Potter et al. (2022) found a reduction in the drag coefficient as misalignment
increases in an observational study of near‐shore air‐sea momentum flux. Misalignment is particularly common
under tropical cyclones given their rapidly varying wind structure. Zhou et al. (2022) found that this misalignment
occurs primarily on the left to far front‐right side of the storm (in the northern hemisphere), and found significant
evidence for drag reduction as misalignment increased, which was also reported by Sheng et al. (2022). These
observations clearly suggest that there is need for a better understanding of how wind‐wave misalignment affects
air‐sea fluxes and drag coefficient under wind‐driven wave conditions.

It is well documented that the drag coefficient increases with wind speed at low to moderate wind speeds, but it
becomes constant or even decreases under very high (tropical cyclone) wind speeds (Holthuijsen et al., 2012; Hsu
et al., 2019; Powell et al., 2003). The physical mechanism of the drag reduction in high winds is not fully un-
derstood. However, the recent observations under tropical cyclones (Sheng et al., 2022; Zhou et al., 2022) show
that the drag coefficient further decreases as the wind‐wave misalignment increases, suggesting that dominant
waves play a significant role in modifying the drag coefficient under tropical cyclones.

In Husain et al. (2022a), initial steps were taken to investigate misalignment effects under a low wave age (1.37),
and the results indicated that a reduction in drag occurred for wind over waves at an angle of θ = 67.5°. However,
this wave age is significantly lower than those in the observed field conditions. This study aims to extend the work
of Husain et al. (2022a) and investigate misalignment (0–90°) effects for a wide range of wave age, from strongly
forced to weakly forced conditions (wave age up to 10.95) in order to obtain a more comprehensive understanding
of the effects of misalignment on drag reduction, as well as impacts on the wave form drag and the wave growth/
decay rate. We are particularly interested in the results of the high wave age case, as it is in the range of wave age
that can occur during tropical cyclones. This study also aims to better understand the physical mechanisms that
cause the drag reduction.

2. Methods
2.1. Large Eddy Simulation Set Up

Large Eddy Simulations (LES) are conducted in order to examine the effects of misaligned surface waves on the
drag coefficient. The simulations employ the same methodology as those of the previous studies (Hara & Sul-
livan, 2015; Husain et al., 2019, 2022a, 2022b; Sullivan et al., 2014), which simulate a pressure driven channel
flow over a prescribed periodic wave surface. Since we are focused on studying the air‐flow, the wave motion is
prescribed and decoupled from the air. The physical coordinates are as follows: time t, along‐wave x, cross‐wave
y, and vertical coordinate z pointing upwards and z= 0 is at the mean water surface. The computational domain is
3D rectangular with doubly periodic horizontal boundaries and a free slip flat top boundary condition. We
transform the vertical physical coordinate z to a wave following computational vertical coordinate ζLES:

z = ζLES + h(x, t)(1 −
ζLES

lζ
)

3

(1)

so that the wavy surface z = h (x, t) is mapped to a flat surface ζLES = 0, where lζ is the height of the vertical
computational domain (Figure 1 in Sullivan et al., 2014).

Following Husain et al. (2022a, 2022b), the wave train is prescribed as h (x, t) = a cos (kx − ωt), where a is the
wave amplitude, k is the wavenumber, ω is the angular frequency, and c = ω/k =

̅̅̅̅̅̅̅̅
g/k

√
is the phase speed. The
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linear wave orbital velocities, u = aω cos (kx − ωt) and w = aω sin (kx − ωt), are used as the surface boundary
condition for the LES. We choose the linear wave field since Husain et al. (2022b) found relatively minor dif-
ferences in the wind field if the second‐order nonlinear Stokes wave solution is used at the bottom boundary.
Since the simulations are performed over a single wave train, the wave age is defined as c/u∗ from here on.

The simulations are preformed for three wave ages (c/u∗= 1.37, 5.48, 10.95). Following Husain et al. (2022a), for
the lowest wave age (c/u∗ = 1.37) the domain size is lx × ly × lζ = 5λ × 5λ × λ, where λ = 2π/k is the wave length,
and the domain is discretized with (Nx, Ny, Nζ)= (256, 256, 128) grid points. The horizontal resolution is constant
at 0.01953λ, but the vertical spacing is not fixed in order to allow for a finer resolution near the surface. The first
point off the wavy surface is at ζLES = 0.0065λ and the ratio between neighboring cells is held constant at 1.0028.
For the middle and highest wave ages (c/u∗ = 5.48, 10.95) the LES domain height lζ is increased to 2.435λ and Nζ

is doubled to 256, since the wave‐induced perturbations reach higher as the wave age increases (Husain
et al., 2022b).

2.2. Wind Forcing

The simulations are performed with the fixed wave propagation direction (x) and applying wind in a varying

direction forced by a horizontal pressure gradient∇p = (∂p∂x ,
∂p
∂y). This pressure gradient is balanced by the surface

wind stress τs = u2∗ = |∇p|lζ and the wind stress direction θ is in the same direction as − ∇p (Figure 1). The wind
stress decreases linearly until it reaches 0 at the top. The linearly decreasing stress, which is inherent in a pressure‐
driven channel flow, has been found not to significantly affect the turbulence in the wave boundary layer provided
the channel height is sufficiently large (Husain et al., 2019).

Figure 1. Wind stress direction θ and wave phase speed c shown over wave shape. Wind stress direction θ varies from θ = 0–
90° and is aligned with − Δp. The direction of wave phase speed c remains constant for all cases.
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2.3. Sub‐Grid Scale Parameterizations

While the dominant scale turbulence is explicitly resolved, sub‐grid scale (SGS) energy and fluxes are modeled
using the SGS parameterizations that follow the conventional turbulent kinetic energy (TKE) closure described by
Moeng (1984), Moeng and Sullivan (2015), and Sullivan et al. (2014). Along the bottom boundary the local
instantaneous tangential stress is parameterized based on the local instantaneous wind shear by applying the law
of the wall following Hara and Sullivan (2015) and Husain et al. (2019, 2022b, 2022a). We prescribe a constant
background roughness zob to account for the form drag of SGS waves and surface viscous stress.

2.4. Simulations

The simulations are performed for five wind stress directions (θ = 0, 22.5, 45, 67.5, 90°) and three wave ages (c/
u∗= 1.37, 5.48, 10.95) for a total of 15 cases. For c/u∗= 5.48, 10.95, each simulation is run for about 200,000 time
steps and then averaged over the last 60,000 time steps after convergence has been satisfied, while for c/u∗= 1.37
simulations are run for about 100,000 time steps since less iterations are needed for convergence for the smaller
domain size. These wave ages are identical to the lowest, middle, and highest values in Husain et al. (2022b), who
only investigated wind following and opposing waves (θ = 0, 180°). Husain et al. (2022a) investigated three
misaligned conditions (θ = 22.5, 45, 67.5°) for the lowest wave age only (c/u∗ = 1.37). In this study we expand
upon these previous studies to cover all five directions and all three wave ages. In particular, the highest wave age
(c/u∗ = 10.95) corresponds to typical conditions of misaligned dominant waves seen under tropical cyclone wind
forcing as reported by Zhou et al. (2022).

Since detailed sensitivity studies of varying wave slope, background roughness, and surface drift current velocity
have been conducted by Husain et al. (2019), in this study we set a constant wave slope ak = 0.27 and a constant
background roughness kzob = 2.7 × 10− 3 and assume no surface drift current following Husain et al. (2022a,
2022b).

2.5. Data Analysis

The LES results calculated in the ζLES coordinate are first mapped in the physical z coordinate. We then introduce
a horizontal coordinate ξ = x − ct that moves with the wave phase speed, so that the wave shape is frozen and the
wave phase averaged variables become steady in the (ξ, y, z) coordinates. Next, the vertical coordinate z is mapped
again to the wave‐following coordinate ζ defined as

z = ζ + a cos(kξ)e− kζ (2)

with the Jacobian coordinate transformation J = ∂ζ
∂z as outlined in Hara and Sullivan (2015). This wave‐following

coordinate ζ is preferable to ζLES since it is independent of the LES domain height and exponentially approaches
the z coordinate away from the surface. Constant ζ surfaces are defined such that they resemble the wave shape
near the wave and become flat far away from the surface. This coordinate allows us to investigate the turbulent
wind field very close to the wavy surface.

In the (ξ, y, ζ) coordinates, we next apply the triple decomposition of variables such that horizontal mean (〈ψ〉),
wave coherent (ψ̃), and turbulent (ψ′) components of each variable ψ can be examined:

ψ = ψ + ψ′ = 〈ψ〉 + ψ̃ + ψ′ (3)

where ψ is the phase average. Applying this triple decomposition to the momentum equations also allows us to
derive the horizontally averaged momentum equation

〈τw13〉
u2∗

+
〈τp13〉
u2∗

+
〈τt13〉
u2∗

+

∂p
∂ξζ
u2∗
= cos θ (4)

〈τw23〉
u2∗

+
〈τt23〉
u2∗

+

∂p
∂yζ
u2∗
= sin θ (5)
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where (〈τw13〉, 〈τw23〉) = (〈ũW̃〉, 〈ṽW̃〉) is the wave‐coherent stress, and (〈τp13〉, 0) = ( 〈1Jp
∂ζ
∂ξ〉, 0) is the pressure

(form) stress. The wave‐induced stress comprises these two terms. The turbulent stress (〈τt13〉, 〈τt23〉) =
( ⟨u′W′〉, 〈v′W′〉) is further composed of the resolved turbulent stress and the SGS parameterization. Notice that
the contravariant vertical velocityW is used to define the fluxes such that it is always perpendicular to constant ζ
surfaces:

W =
1
J
u
∂ζ
∂ξ
+ w (6)

For more details, as well as for the derivation of the energy equations, refer to Hara and Sullivan (2015).

3. Results
3.1. Horizontally Averaged Wind Profiles and Equivalent Roughness Length

Since the main objective of this study is to investigate reduction of the equivalent roughness length (or the drag
coefficient) due to misaligned surface waves, we first present the vertical profiles of horizontally averaged wind
speed and wind shear for all cases (five angles and three wave ages) in Figure 2. In this figure misalignment
increases from θ = 0° to θ = 90° as color warms from blue to dark red. All profiles are displayed up to kζ = 4
because the LES results above are influenced by the flat top boundary (at kζ ≈ kz = 6.28 or 15.3). The solid
colored lines in Figure 2 show vertical profiles of wind magnitude (top row), wind direction (second row), wind
shear magnitude (third row), and wind shear direction (bottom row). On each plot, the solid black line represents
the flat wall (no wave) profile with the background roughness of kzob = 2.7 × 10

− 3 corresponding to the linearly
decreasing stress profile. For reference, the dashed black line shows the flat wall profile corresponding to the
constant stress profile. The dashed black line is not visible when it is identical to the black solid line. In the bottom
row, the colored dashed lines show the turbulent stress direction, which will be discussed later.

3.1.1. Wind Speed Magnitude Profile

First let us examine the mean wind speed magnitude. In all cases, the wind magnitude profiles become roughly
parallel to the flat wall profile (solid black line) above around kζ= 1). (We call the region above kζ= 1 “far‐field”
from here on). Since the wind stress is fixed, if the far‐field wind speed is larger (smaller) than the flat wall case,
the equivalent roughness length (and the drag coefficient) has decreased (increased) relative to the flat wall
condition because of the imposed wave train. The far‐field wind speed magnitude is reduced compared to the flat
wall profile at all wave ages if wind and waves are aligned, as discussed in Husain et al. (2022b). As misalignment
increases, the far‐field wind increases at all wave ages. For c/u∗ = 1.37 and 5.48 the far‐field wind at θ = 45°
becomes similar to the flat wall case and becomes larger (drag reduction) at θ= 67.5° and 90°. The drag reduction
occurs at even smaller θ at the high wave age of 10.95.

3.1.2. Equivalent Roughness Length

We summarize the values of zo /zob, that is, the ratio of the equivalent roughness length with the wave train (z0) to
the background roughness length (zob), in Figure 3 and Tables 1 and 2. If this value is larger (smaller) than 1, the
roughness length and the drag coefficient have increased (decreased) due to the imposed wave train. In Figure 3
black lines represent c/u∗ = 1.37, red lines c/u∗ = 5.48, and blue lines c/u∗ = 10.95. The equivalent roughness
length zo has been calculated by horizontally shifting the flat wall wind profile (black solid line in the top panels of
Figure 2) until it matches the far‐field wind speed magnitude with the wave train (colored lines), and then finding
where the shifted flat wall profile reaches 0. Since the far‐field wind profiles with waves are not perfectly parallel
to the flat wall profile, they are matched at two different heights in order to account for the uncertainty of the
calculations. For c/u∗ = 5.48 and 10.95 matching is done at kζ = 3 (solid lines in Figure 3) and kζ = 6 (dashed
lines). Recall that a smaller domain size is used for the lowest wave age, so matching for c/u∗= 1.37 is done at the
smaller kζ values of 2–4.

When wind and waves are aligned, there is an enhancement in the roughness. The enhancement is the most
significant for c/u∗ = 1.37 and decreases as the wave age increases, as seen in Husain et al. (2022b). As
misalignment increases, the roughness decreases such that reduction in the drag compared to the flat wall case is
seen (i.e., the waves are making the surface smoother) roughly at θ > 45° for low and middle wave ages and at
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θ > 22.5° for the high wave age. Husain et al. (2022a) found preliminary results of this drag reduction for θ > 45°
under strongly forced conditions (the lowest wage age of 1.37), and this study demonstrates that the drag
reduction occurs ubiquitously across all wave ages up to 10.95. It is particularly noteworthy that as θ approaches
90° the drag reduction becomes less dependent on the wave age and converges to around 0.3–0.45.

It is not straightforward to translate this reduction of the equivalent roughness length to the reduction of the drag
coefficient, because the drag coefficient over the real ocean depends on a spectrum of waves. Nevertheless, if we

Figure 2. Normalized vertical profiles of horizontally averaged wind variables for c/u∗= 1.37, 5.48, 10.95 (left, middle, right
columns). From top to bottom: mean wind magnitude, mean wind angle, mean wind shear magnitude, and mean wind shear
angle (solid lines) with mean turbulence stress angle (dot‐dashed lines). Results shown for θ = 0, 22.5, 45, 67.5, 90° (blue,
green, orange, light red, dark red). Black lines show flat wall profiles (explained further in text).
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simply apply our result of the roughness reduction zo /zob = 0.3 to a typical value of the drag coefficient 0.003 in
high wind conditions, the drag coefficient is reduced by about 26% by the misaligned wave train. Furthermore, if
we compare the aligned wave case (θ= 0°) and the misaligned wave case (θ= 90°) for c/u∗= 1.37, the equivalent
roughness length decreases by a factor of about 0.1 by turning the wave direction, which is equivalent to about
42% reduction of the drag coefficient.

Zhou et al. (2022) report that the drag coefficient under tropical cyclones (wind speed 25–45 m/s) is almost
independent of wind speed at around 0.0021, but it is significantly reduced as the misalignment angle θ between
wind and dominant waves increases. The wave age values of the observations are mostly between 6 and 13. Using
our LES results we may make rough estimation of how the drag coefficient decreases with increasing θ, if we
assume that the drag coefficient for the aligned condition (θ = 0°) is around 0.0021 and the observed dominant
waves can be represented by a single wave train of a wave slope ak= 0.27 used in the simulations. The results are
shown in Figure 4 and are compared with the observations. Our results are roughly consistent with the observed
drag reduction of 20%–30% up to θ = 67.5°. Our results overestimate the drag coefficient at larger misalignment
angles but the errorbar of the observations is large. We do not compare our results with the shallow water ob-
servations by Potter et al. (2022) because they speculate that their observations are influenced by wave shoaling
and fetch limitations. These effects are not accounted for in our LES simulations. Nevertheless, they also report
drag coefficient reduction of up to 50% as θ approaches 90°, which is comparable to the drag reduction observed
under tropical cyclones.

3.1.3. Wind Direction

Next we examine the misalignment between wind direction and wind stress direction (second row of Figure 2),
which is another quantity of interest over misaligned surface waves. For the lowest wave age of c/u∗ = 1.37, the
wind direction significantly varies with height. The angle of the wind, measured counterclockwise from the wave
direction, becomes much larger than the angle of the wind stress θ (solid black lines) toward the surface at
θ= 22.5°–45°, and to a less extent at θ= 67.5°. Asmisalignment increases to θ= 90°, the angle of thewind is nearly
constant with height and is close to the angle of the wind stress. This is not surprising because the wave phase speed

is relatively small (small wave age) and the wave train appears almost frozen
and perpendicular for the wind above.

As the wave age increases to c/u∗ = 5.48, the angle of the wind is less mis-
aligned from the angle of the wind stress near the surface, but still relatively
height dependent at θ= 22.5° and 45°. At θ= 67.5° the wind is nearly aligned
with the wind stress. At θ = 90° the angle of the wind becomes less than the
angle of the wind stress. This is likely because as the wave phase speed (wave
age) increases, the wave phase speed becomes much larger than the along‐
wave component of far‐field wind, that is, far‐field wind blows increasingly

Figure 3. Roughness ratio zo /zob plotted against misalignment angle θ for c/u∗ = 1.37 (thick black lines), c/u∗ = 5.48 (thick
red lines), and c/u∗ = 10.95 (thick blue lines). Dashed and solid lines show uncertainty of estimates explained further in text.
Thin dashed black line shows value for flat wall case.

Table 1
Roughness Enhancement zo /zob, Calculated at Lower Elevation

θ = 0° θ = 22.5° θ = 45° θ = 67.5° θ = 90°

c/u∗ = 1.37, kζ = 2 4.53 2.16 0.89 0.46 0.45

c/u∗ = 5.48, kζ = 4 3.93 2.37 0.95 0.63 0.39

c/u∗ = 10.95, kζ = 4 1.57 1.07 0.56 0.48 0.36
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backward relative to the moving wave. At c/u∗ = 10.95, the angle of the wind
is relatively constant with height. It is slightly larger than the angle of the
wind stress at θ = 22.5° but becomes significantly less than the angle of the
wind stress at θ = 90°.

3.1.4. Wind Shear Profile

In order to better understand the enhancement of the far‐field wind speed and
the drag reduction, we next examine the vertical wind shear magnitude profile
shown in the third row of Figure 2. When the shear is to the left (right) of the

solid black line, the far‐field wind speed magnitude decreases (increases) compared to the flat wall profile. The
area integral of the shear is roughly proportional to the wind speed magnitude at the top (Hara & Sullivan, 2015).

Previous studies (Hara & Sullivan, 2015; Husain et al., 2019) show that when wind and waves are aligned and the
wave age is small, the wind shear is modified in two different ways. First, the wind shear is reduced toward the
surface where the turbulent stress is reduced and the wave‐induced (pressure) stress is enhanced. Second, the wind
shear is enhanced around kζ = 0.3 − 0.5 where the turbulent stress and the upward wave‐coherent stress are
enhanced due to intermittent flow separation. Since the former modification has a larger contribution to the
overall wind profile, the far‐field wind speed is reduced and the equivalent roughness and the drag coefficient
increase due to the wave train. Husain et al. (2022a, 2022b) then show that these two wind shear modifications are
weakened as the wave age increases or misalignment between wind and waves increases.

A new finding of this study is that there is a third kind ofmodification to thewind shear profile. As themisalignment
angle θ increases and the two aforementioned modifications weaken, the wind shear is gradually enhanced around
kζ= 0.1 − 0.3. This enhanced wind shear is mainly responsible for the overall increase of the far‐field wind speed
and the drag reduction. The results of c/u∗= 1.37 suggest that the shear enhancement around kζ= 0.3 − 0.5 due to
flow separation slowly migrates down to kζ = 0.1 − 0.3 as θ increases. For c/u∗ = 10.95 the two aforementioned
modifications are weak and the only notable shear modification is the enhancement around kζ= 0.1 − 0.3.Wewill
further investigate this wind shear enhancement by the misaligned waves in the following sections.

Lastly, we investigate the wind shear direction (bottom row of Figure 2). Similar to the wind speed direction, the
angle of the wind shear also significantly varies with height at lower wave ages and smaller θ, and it is much larger

than the angle of the wind stress (solid black lines) toward the surface. Unlike
the angle of the wind speed, however, the angle of the wind shear becomes
smaller than the angle of the wind stress at some height before it approaches
the angle of the wind stress in the far‐field.

In common turbulent closure models the turbulent stress is set equal to the
mean wind shear multiplied by the eddy viscosity, that is, the turbulent stress
direction is assumed to be equal to the mean wind shear direction. It is
therefore of interest to examine whether this assumption is valid for wind over
misaligned waves. In the bottom row of Figure 2 the turbulent stress direction
is shown by colored dot‐dashed lines. In general, the vertical profile of the
turbulent stress direction is quite similar to the wind shear direction profile.
The misalignment between the two is not negligible but remains relatively
small (mostly less than 10° or so).

3.2. Horizontally Averaged Wind Profiles Projected in Wind Stress
Direction

In order to better examine the causes behind the enhanced wind shear and the
drag reduction, we introduce a rotated horizontal coordinate (X − Y),

X = x cos(θ) + y sin(θ) (7)

Y = − x sin(θ) + y cos(θ) (8)

Table 2
Roughness Enhancement zo /zob, Calculated at Higher Elevation

θ = 0 θ = 22.5° θ = 45° θ = 67.5° θ = 90°

c/u∗ = 1.37, kζ = 3 4.61 2.02 0.82 0.40 0.40

c/u∗ = 5.48, kζ = 6 3.33 1.93 0.83 0.54 0.33

c/u∗ = 10.95, kζ = 6 1.43 0.89 0.51 0.45 0.30

Figure 4. Drag coefficient Cd under tropical cyclones plotted against
misalignment angle θ. Squares with errorbars are observational estimates
reported by Zhou et al. (2022). The estimates based on the Large Eddy
Simulation results (assuming Cd = 0.0021 at θ = 0°) are shown for c/
u∗ = 1.37 (thick black lines), c/u∗ = 5.48 (thick red lines), and c/u∗ = 10.95
(thick blue lines). Dashed and solid lines show uncertainty of estimates
explained further in text.
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such that the along‐wind (X) and cross‐wind (Y) components of eachwind variable can be investigated.We use the
direction θ of the wind stress (and the applied pressure gradient − ∇p) instead of the mean wind direction because
the latter is height dependent and is difficult to use. The horizontal wind speed vector (u, v) is denoted as (U , V) in
this rotated coordinate. From here on we refer to these variables as along‐wind and cross‐wind components.

3.2.1. Horizontally Averaged Wind Speed and Wind Shear

We show the wind speed and wind shear (the same results of Figure 2) in the rotated coordinate, that is, show the
along‐wind and cross‐wind components instead of the magnitude and direction, in Figure 5. Although the cross‐
wind components are not negligibly small, the profiles of along‐wind wind speed and along‐wind wind shear in
Figure 5 are very similar to those of wind speed magnitude and wind shear magnitude in Figure 2. Therefore, the
new figure clearly suggests that the drag reduction by misaligned waves is mainly caused by the enhancement of
the along‐wind wind shear around kζ = 0.1 − 0.3.

3.2.2. Horizontally Averaged TKE Profiles

We examine the vertical profiles of the horizontally averaged TKE and its three components in Figure 6. The top
row shows the total TKE ( ⟨e〉/u2∗) , and the second to fourth rows show the along‐wind (0.5〈U ′U ′〉/u2∗) , cross‐
wind (0.5〈V′V′〉/ u2∗) , and vertical (0.5〈w′w′〉/u2∗) TKE components, respectively.

One immediately notices that the total TKE profiles (top row) show quite similar patterns as those of the along‐
wind wind shear shown in the third row of Figure 5. In particular, the total TKE is also enhanced around
kζ = 0.3 − 0.5 for c/u∗ = 1.37 and small θ due to flow separation, and this enhancement disappears as the wave
age and/or θ increases. Instead, the total TKE becomes enhanced around kζ = 0.1 − 0.3 (or slightly above) as θ
increases. These wave‐induced modification patterns are almost identical for the along‐wind components of TKE
(second row), and the modifications are weak for the cross‐wind and vertical components (third and bottom rows).

3.2.3. Horizontally Averaged Energy Budget

The energy budget are examined for all cases in Figure 7. Following Hara and Sullivan (2015), Husain
et al. (2022a), the energy budget in the mapped vertical coordinate (ζ) is obtained by combining the

budget equations for the wave‐fluctuation energy (Ew = 1
2(Ũ Ũ + Ṽ Ṽ + w̃w̃)) and the TKE ( e =

1
2 (U ′U ′ + V′V′ + w′w′)) :

− 〈Ũ 1
J
〉
∂P
∂X

κζ
u3∗
+ 〈τtotaw〉

∂〈U〉
∂ζ

κζ
u3∗
−

∂(Fw + Ft)

∂ζ
κζ
u3∗
− ⟨

1
J
ϵ⟩

κζ
u3∗
= 0 (9)

The first term arises due to the imposed pressure gradient and is negligible, the second term is the shear production
term, the third term is the transport termwhere Fw and Ft are the vertical transport of Ew and e respectively, and the
last term is the viscous dissipation. For a more comprehensive derivation of the energy budget equations refer to
Hara and Sullivan (2015).

The dotted lines in the top panels of Figure 7 show that the sum of all four terms is close to zero, suggesting that
the energy budget is reasonably satisfied by the LES. The shear production (bottom row) is equal to the along‐
wind wind shear multiplied by the linearly decreasing total along‐wind stress. Therefore, it is practically identical
to the along‐wind wind shear shown in the third row of Figure 5 except near the top. This shear production is
roughly balanced by the viscous dissipation (solid lines in the top row) because the contribution of the transport
term (middle row) is relatively small. We observe the enhanced viscous dissipation around kζ = 0.3 − 0.5 and
reduced viscous dissipation further below for c/u∗= 1.37 and small θ. These signatures disappear as the wave age
or θ increases. Instead, the enhancement of the viscous dissipation appears around kζ = 0.1 − 0.3 as θ increases.

In summary, the observed modifications (enhancement or reduction) of the along‐wind wind shear is practically
identical to those of the shear production and is very similar to those of the viscous dissipation. The observed
shear enhancement is also well correlated with the enhancement of the TKE (or the along‐wind component of the
TKE). The remaining question is why the shear production, the viscous dissipation and the TKE are all enhanced
around kζ = 0.1 − 0.3 as θ increases. To address this question, we examine the momentum budget next.

Journal of Geophysical Research: Oceans 10.1029/2023JC020593
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3.2.4. Horizontally Averaged Momentum Budget

For the cases of waves aligned with wind (θ= 0) Hara and Sullivan (2015) and Husain et al. (2022b) show that the
enhancement/reduction of the viscous dissipation rate is closely correlated with the enhancement/reduction of the
turbulent stress magnitude, which is caused by the upward/downward wave‐induced stress. Therefore, it is of
interest to examine whether the observed enhanced viscous dissipation around kζ = 0.1 − 0.3 for large
misalignment θ is also correlated with the enhanced turbulent stress magnitude.

Figure 5. Vertical profiles of horizontally averaged wind variables in rotated coordinates for c/u∗ = 1.37, 5.48, 10.95 (left,
middle, right columns). From top to bottom: along‐wind wind speed (〈U 〉/u∗), cross‐wind wind speed (〈V〉/u∗), along‐wind

wind shear (∂〈U 〉∂ζ
κ
u∗
), and cross‐wind wind shear (∂〈V〉∂ζ

κ
u∗
). Results shown for θ= 0, 22.5, 45, 67.5, 90° (blue, green, orange, light

red, dark red). Black lines show flat wall profiles.
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MANZELLA ET AL. 10 of 22

 21699291, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020593 by U
niversity O

f R
hode Island L

ib, W
iley O

nline L
ibrary on [05/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



In Husain et al. (2022a), the momentum budget is analyzed in both the along‐wave and cross‐wave directions
separately. Here, we instead focus on the momentum budget in the along‐wind (X) direction, which is sum-
marized as

〈τwaw〉
u2∗

+
〈τpaw〉
u2∗

+
〈τtaw〉
u2∗

=
〈τtotaw〉

u2∗
= −

∂p
∂Xζ
u2∗

− 1 (10)

Figure 6. Normalized vertical profiles of horizontally averaged turbulent kinetic energy (TKE) for c/u∗ = 1.37, 5.48, 10.95
(left, middle, right columns). From top to bottom: total TKE magnitude ( ⟨e〉/u2∗) , along‐wind component
(0.5〈U ′U ′〉/ (u2∗)) , cross‐wind component (0.5〈V′V′〉/ (u2∗)) , and vertical component (0.5〈w′w′〉/ (u2∗)). Results shown for
θ = 0, 22.5, 45, 67.5, 90° (blue, green, orange, light red, dark red).
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The first term on the left is the wave‐coherent stress 〈τwaw〉 = 〈ŨW̃〉 and the second term represents the pressure
(form) stress 〈τpaw〉 = 〈1Jp

∂ζ
∂X〉. The wave‐induced stress comprises these two terms. The third term represents the

turbulent stress 〈τtaw〉 = 〈U ′W′〉, which is further composed of the resolved turbulent stress and the SGS
parameterization. The right hand side represents the linearly varying stress profile from the imposed horizontal
pressure gradient.

We show the vertical profiles of the horizontally averaged momentum budget in the along‐wind direction in
Figure 8. The top row shows that the LES has converged to satisfy the momentum budget reasonably well. Similar
to Husain et al. (2022a), our results of c/u∗ = 1.37 and small θ show large enhancement of the pressure stress
(negative downward flux) toward the surface and large enhancement of the wave coherent stress (positive upward
flux) around kζ = 0.3 − 0.5 due to intermittent flow separation events. Since the total wind stress is constrained,
the turbulent stress magnitude is significantly reduced toward the surface and is enhanced (becomes larger than
the total wind stress magnitude) around kζ = 0.3 − 0.5. These signatures are well correlated with the enhance-
ment/reduction of viscous dissipation, shear production, and TKE. These modifications gradually disappear as the
wave age and/or θ increases.

For all wave ages, as θ approaches 90°, both the pressure stress and the wave‐coherent stress become small and the
turbulent stress becomes almost the same as the total stress, that is, becomes unaffected by the waves. Therefore,

Figure 7. Normalized vertical profiles of horizontally averaged energy budget terms for c/u∗= 1.37, 5.48, 10.95 (left, middle,
right columns) as explained in text. From top to bottom: dissipation term (solid lines) and sum of all energy terms (dotted
lines), transport term, and shear production term. Results shown for θ = 0, 22.5, 45, 67.5, 90° (blue, green, orange, light red,
dark red). Black lines show flat wall profiles.

Journal of Geophysical Research: Oceans 10.1029/2023JC020593

MANZELLA ET AL. 12 of 22

 21699291, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020593 by U
niversity O

f R
hode Island L

ib, W
iley O

nline L
ibrary on [05/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the previously observed enhancement of the along‐wind wind shear around kζ = 0.1 − 0.3 (which is responsible
for the drag reduction), as well as the enhancement of the viscous dissipation and the TKE, is uncorrelated with
the turbulent stress, that is, it is very different from the wave‐induced modulations in the wind‐wave aligned case.

3.3. 2D Flow Fields

In this section we investigate 2D phase averaged flow fields as well as 2D instantaneous turbulent vorticity fields
to better understand the impact of misaligned surface waves at different wave phases (from crest to trough to next

Figure 8. Normalized vertical profiles of horizontally averaged along‐wind momentum budget terms for c/u∗ = 1.37, 5.48,
10.95 (left, middle, right columns) as explained in text. From top to bottom: total wind stress (〈τtotaw〉), wave‐coherent stress
(〈τwaw〉), pressure stress (〈τpaw〉), and turbulence stress (〈τtaw〉). Results shown for θ = 0, 22.5, 45, 67.5, 90° (blue, green, orange,
light red, dark red). Black lines show flat wall profiles.
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crest). In Figures 9 and 10 the phase averaged results are shown for c/u∗ = 1.37 (1st–3rd rows) and c/u∗ = 10.95
(4th–6th rows) and for θ= 0° (1st and 4th rows), 45° (2nd and 5th rows), and 90° (3rd and 6th rows). The left three
columns are plotted in the physical (ξ − z) coordinates. The same quantities are plotted in the mapped (ξ − ζ)
coordinates in the right three columns with the vertical axis in log scale so that the results near the surface can be
seen more clearly. All results are normalized by u∗ and k.

3.3.1. Phase Averaged Velocities and Pressure

Let us first examine the along‐wind (U /u∗) velocity fields, shown in the 1st and 4th columns in Figure 9 (The
cross‐wind velocity is quite weak and not shown.) As discussed in Husain et al. (2022b) the along‐wind ve-
locity for c/u∗ = 1.37 and θ = 0° (top row) clearly shows signature of flow separation downstream of the crest,
and this signature weakens as the wave age or θ increases. At θ = 90° the along‐wind flow becomes quite
smooth and becomes almost parallel (independent of phase) in the mapped coordinate (4th column, 3rd and 6th
rows). They also show clear enhancement of the mean shear (closer contours) around kζ = 0.1 − 0.3 at all wave
phases (Note that the distance between the successive contours is uniform for the logarithmic wind profile over
a flat surface).

Figure 9. Normalized phase‐averaged flow fields in the physical (ξ − z) coordinate (left three panels) and mapped (ξ − ζ) coordinate (right three panels) for c/u∗ = 1.37
(1st–3rd rows) and c/u∗= 10.95 (4th–6th rows). From left to right: along‐wind velocity (U /u∗) , vertical velocity (w/u∗) , and pressure (p/u2∗). Results shown for θ= 0,
45, 90° (1st/4th, 2nd/5th, 3rd/6th rows).
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The near surface vertical velocity (w/u∗) , shown in the 2nd and 5th columns, is mainly determined by how wind
blows relative to the moving wave. When the wind velocity in the wave direction (x direction) is larger (smaller)
than the wave phase speed, the vertical velocity becomes positive (negative) in the windward side and negative
(positive) in the lee side of the wave crest. The w/u∗ fields in Figure 9 show that the along‐wave component of the
near surface wind speed (relative to the moving wave) decreases from top to bottom. It is positive at the top two
rows (θ = 0, 45°), is almost zero in the third row (θ = 90°), and becomes negative in the bottom three rows (all θ
for c/u∗ = 10.95). These flow fields likely control the behavior of the enhanced TKE as discussed below.

Next, we examine the pressure field (p/ u2∗) , shown in the 3rd and 6th columns. As discussed by Husain
et al. (2022b), for c/u∗ = 1.37 and θ = 0° (top row) the near surface pressure is high along the leeward face of the
wave where the separated flow reattaches, and this signature decreases as c/u∗ or θ increases (second and fourth
rows). The wave‐induced modulation of pressure is very weak for c/u∗= 1.37 and θ= 90° (third row). However, it
becomes very strong for c/u∗= 10.95 and θ= 90°, where the large pressure modulation is almost in phase with the
wave elevation and does not contribute to the wave form drag or the wave growth/decay, as discussed in Sec-
tion 3.4. This nearly in phase signature resembles those observed in opposing wind‐wave cases (see bottom panels
of Figure 2 in Husain et al., 2022b) and appears to be a robust feature when the negative near‐surface along‐wave
(x) velocity (relative to the moving wave) and the resulting w becomes sufficiently strong.

Figure 10. Normalized phase‐averaged flow fields in the physical (ξ − z) coordinate (left three panels) and mapped (ξ − ζ) coordinate (right three panels) for c/u∗= 1.37
(1st–3rd rows) and c/u∗ = 10.95 (4th–6th rows). From left to right: turbulent kinetic energy ( e/u2∗), dissipation rate ( ϵ/ ( ku3∗)), and cross‐wind vorticity (ωcw/ ( ku2∗)).
Results shown for θ = 0, 45, 90° (1st/4th, 2nd/5th, 3rd/6th rows).
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3.3.2. Phase Averaged TKE, Dissipation Rate, and Vorticity

We next examine the TKE, dissipation rate, and cross‐wind vorticity fields in Figure 10. Similar to Husain
et al. (2022a) we see evidence of flow detachment from the crest for c/u∗ = 1.37 at θ = 0, 45° (top and second
rows) with regions of enhanced TKE, dissipation rate, and vorticity extending downstream from the wave crest.
As misalignment increases to θ = 90° (third row), the flow separation signature disappears but a new region of
enhanced TKE appears above the wave crest around kζ = 0.1 − 0.4.

A similar signature of enhanced TKE around kζ= 0.1 − 0.4 is observed for c/u∗= 10.95 and θ= 45, 90°. Its peak
location is slightly shifted to the left from the wave crest at θ = 45° (fifth row) and migrates further to the left as θ
increases to 90° (bottom row). At the same time the enhancement region becomes more diffused horizontally.
These patterns suggest that this enhanced TKE region around kζ = 0.1 − 0.4 originates above the wave crest, and
is advected to the left and horizontally diffused by the negative along‐wave velocity (relative to the moving
wave), which becomes stronger as θ increases as discussed earlier.

It is more difficult to see the wave‐induced modulations of the dissipation rate and the cross‐wind vorticity
without the flow separation effects (3rd to bottom rows), since these variables rapidly increase toward the surface
even without the wave. Both variables seem to be enhanced just above the wave trough for c/u∗= 10.95 and θ= 0,
45° (4th and 5th rows), but are more evenly distributed with wave phase for θ = 90° (3rd and bottom rows).

3.3.3. Turbulent Vorticity Fields

In order to further examine the turbulent eddies that contribute to the enhanced TKE, we plot instantaneous
turbulent cross‐wind vorticity (ω′cw/ku∗) fields in Figures 11 and 12. The turbulent vorticity is calculated at and
above the second LES grid level by subtracting the phase‐averaged velocities from the instantaneous velocities,
which differs from methods used in Husain et al. (2022a, 2022b). For the aligned case (top row) we examine the
vorticity fieldsω′cw = ω′y along the wave. For θ= 90°, we examine the vorticity fields along both the crest (middle
row) and trough of the wave (bottom row) where ω′cw = − ω′x. All results are plotted as a function of the height
above the wavy surface (z − h (x, t)).

We see further evidence of airflow separation in the low wave age aligned case (top panel of Figure 11) with
stretched vortices extending high above the crest. It is immediately clear that the vorticity is less enhanced for the
high wave age aligned case (top panel of Figure 12). While turbulent vorticity fields and TKE are not the same, we
do see similar patterns of enhancement due to misaligned waves (θ = 90°) between the two. For the low wave age
case, the vorticity along the crest (middle panel of Figure 11) is clearly enhanced around k (z − h) = 0.1 − 0.4,
which is roughly consistent with the enhanced TKE at around kζ = 0.1 − 0.4 discussed earlier. The vorticity
enhancement is not as clear along the trough (bottom panel of Figure 11). For the high wave age case (Figure 12),
the vorticity along the trough (bottom panel) is similarly enhanced as the crest (middle panel), matching the TKE
pattern we saw in Figure 10.

Based on the analyses of the LES results in this and previous sections, we may summarize our findings regarding
the mechanism of the drag reduction as follows.

1. Our horizontally averaged (1D) analysis of wind over a misaligned wave train suggests that the drag reduction
by the misaligned wave is mainly caused by the enhanced along‐wind wind shear around kζ = 0.1 − 0.3. The
TKE and the dissipation rate are also enhanced around the same height. Although the wave‐induced modu-
lations of wind shear, TKE, and dissipation rate are strongly correlated with the wave‐induced modulation of
the turbulent stress in the wind‐wave aligned cases (θ = 0°), they are not correlated with the turbulent stress
modulation (which is very weak) in the misaligned cases.

2. Our 2D flow field analysis of wind over a misaligned wave train suggests that the enhanced TKE region
appears first above the wave crest around kζ= 0.1 − 0.4, possibly resulting from interaction between the wave
crest and the along‐crest (cross‐wave) wind just above. This enhanced TKE region appears to be slowly
advected by the along‐wave component of the wind and horizontally diffused. This 2D TKE signature is
consistent with the enhanced TKE signature in the 1D analysis, as well as consistent with the instantaneous
turbulent vorticity fields. We may speculate that this enhanced TKE is related to the enhanced along‐wind
wind shear and the resulting drag reduction.
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3.4. Surface Stress and Wave Growth/Decay Rate

In order to calculate the energy flux (EF) into the waves, both the normal stress and tangential stress (in the wave
direction x) must be considered as explained in Hara and Sullivan (2015) and Husain et al. (2019, 2022b). The
wave growth/decay rate β is then found by dividing EF by the wave energy, and is commonly expressed as
follows:

β = cβ(
u∗

c
)

2 ρa
ρw

ω (11)

where cβ is a non‐dimensional coefficient. We examine the components of the coefficient cβ from the tangential
turbulent stress only (cβt), the normal turbulent stress only (cβn), and pressure only (cβp), as well as the total
(cβtot) from the total energy flux. These values are summarized in Tables 3–5 and Figure 13, where the results of
cβtot, cβp, and cβp + cβn are plotted by large red dots, small red dots, and red stars, respectively. Note that the
tangential stress contributes to the energy flux (wave growth/decay) but does not contribute to the wave form
drag. Therefore, the total normal stress contribution, cβp + cβn, can be interpreted as a measure of the wave form
drag.

Figure 11. Normalized turbulent cross‐wind vorticity (ω′cw/ (ku∗)) fields for c/u∗ = 1.37 for θ = 0° (top panel) and θ = 90°
(bottom two panels). For aligned case (top row) vorticity is shown along the wave and for θ= 90° vorticity is shown along the
crest of the wave (middle row) and trough of the wave (bottom row). Black lines represent mean water surface.
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Let us examine the pressure, the normal turbulent stress, and the tangential turbulent stress (in the x direction)
along the wave surface shown in Figure 14. As discussed earlier, there is a strong positive peak of the surface
pressure in the windward side of the crest for c/u∗= 1.37 at θ= 0°, which is mainly responsible for the large wave
growth rate and the wave form drag. The tangential stress shows a negative peak near the wave crest and con-
tributes to the wave growth, as shown in the left panel of Figure 13. These features become weaker as θ increases
to 45°, and at θ = 90° both the total normal stress and the tangential stress are near zero. The wave growth
coefficients become close to zero.

For c/u∗ = 10.95 at θ = 0°, the normal stress weakly contributes to positive wave growth and wave form drag.
However, the tangential stress now shows a negative peak near the wave trough and significantly reduces the wave

growth rate (right panel of Figure 13). As θ increases to 90°, the pressure
modulation becomesvery strong and is negative near the crest andpositive near
the trough of the wave. Since it is almost in phase with the wave elevation and
out of phasewith the vertical wave orbital velocity, its contribution to thewave
decay is modest. The tangential stress exhibits the opposite behavior with a
positive peak near the crest and a negative peak near the trough, and its
contribution to thewave decay is as large as the normal total stress contribution.

Lastly, we examine whether the existing parameterizations of cβ predict the
same dependence on the misalignment angle θ as our LES results. The growth

Figure 12. Same as Figure 11 for c/u∗ = 10.95.

Table 3
Wave Growth/Decay Coefficient at c/u∗ = 1.37

θ = 0 θ = 22.5° θ = 45° θ = 67.5° θ = 90°

cβt 2.73 2.63 1.92 0.57 − 0.24

cβn 1.54 2.12 3.17 3.02 0.05

cβp 13.23 11.36 6.40 0.83 − 0.84

cβtot 17.50 16.11 11.49 4.41 − 1.03
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rate parameterization based on the wind stress normally assumes that the
growth rate decreases like cos θ or cos2θ as θ increases. In Figure 13 the de-
pendencies of cos θ and cos2 θ of cβtot are shown by dashed and dotted lines.
We also test the growth rate parameterization employed by Donelan
et al. (2012), Reichl et al. (2014) shown by a solid line, which is based on the
wind speed magnitude uλ/2 and direction θw at a half wave length height (solid
line),A (uλ/2 cos (θw) − c)|uλ/2 cos (θw) − c|, whereA= 0.11 for uλ/2 cos (θw)> c
and A = 0.01 for 0 < uλ/2 cos (θw) < c.

The result of c/u∗ = 1.37 (left panel) is similar to the result of Husain
et al. (2022a) with the addition of the θ = 90° case. All three parameteriza-

tions seem to capture the decrease of the growth rate reasonably well. For c/u∗ = 5.48 (middle panel) the cos θ
dependence significantly overestimates the growth rate at large θ, but the other two parameterizations are still
reasonable. For c/u∗ = 10.95 (right panel) all parameterizations fail to capture the large wave decay rate and the
large negative form drag at θ = 90°. Although the wind speed based parameterization correctly predicts negative
growth rate and negative form drag at large θ, their magnitude is significantly underestimated.

4. Concluding Remarks
The previous LES study of wind over a misaligned wave train by Husain et al. (2022a) at wave age 1.37 (a
strongly forced condition) has shown that the equivalent roughness length and the drag coefficient decrease, that
is, the wave train makes the surface smoother, when the misalignment angle θ (between the wind stress direction
and the wave propagation direction) exceeds about 45°. Recent field observational studies suggest that the drag
coefficient may be significantly reduced when the dominant surface waves are significantly misaligned from
wind. Such conditions are common under tropical cyclones (where wind changes rapidly) or in coastal waters
(where waves are refracted by the depth change). These observations, however, correspond to much larger wave
ages than 1.37 studied by Husain et al. (2022a).

Motivated by these recent observations, this study has extended the study of Husain et al. (2022a) by per-
forming simulations at three different wave ages from 1.37 to 10.95 and with five different misalignment angles
(θ) from 0 to 90°. The highest wave age of 10.95 has been chosen because it corresponds to a typical wave age
of misaligned dominant waves under tropical cyclone winds. At wave ages 1.37 and 5.48 the equivalent
roughness length and the drag coefficient become less than the (background) flat surface values when θ exceeds
about 45°. The drag reduction occurs at smaller misalignment angles, roughly above 22.5°, at wave age 10.95.
Therefore, this study has demonstrated that the drag reduction due to misaligned waves occurs ubiquitously
over a wide range of wave age, including typical conditions of misaligned dominant waves under tropical
cyclones.

Our 1D (horizontally averaged) analysis suggests that the drag reduction is mainly caused by the enhanced along‐
wind wind shear around kζ= 0.1 − 0.3 above the wavy surface. The TKE and the viscous dissipation rate are also
enhanced around the same height. Although the wave‐induced modulations of the wind shear, TKE, and dissi-
pation rate are strongly correlated with the wave‐modulated turbulent stress in the wind‐wave aligned case, they
are not correlated with the turbulent stress in the misaligned cases. This finding suggests that the existing tur-
bulence closure models based on the enhanced/reduced turbulent stress, which work well for wind‐wave aligned
cases, are not applicable for misaligned cases; they would fail to predict the enhanced dissipation and enhanced

wind shear due to misaligned waves.

Our 2D flow analysis suggests that the enhanced TKE region in the mis-
aligned case originates above the wave crest, possibly due to interaction
between the wave crest and the along‐crest wind above. The enhanced TKE
region slowly migrates and is horizontally diffused. We may speculate that
this enhanced TKE may be related to the enhanced mean wind shear and the
drag reduction. The wave growth rate and the wave form drag decreases as θ
increases for c/u∗ = 1.37 and 5.48 and is roughly consistent with the existing
growth rate parameterizations. However, they become significantly negative
at θ = 90° for c/u∗ = 10.95, which the existing parameterizations fail to
predict.

Table 4
Wave Growth/Decay Coefficient at c/u∗ = 5.48

θ = 0 θ = 22.5° θ = 45° θ = 67.5° θ = 90°

cβt 0.10 − 0.13 − 0.47 − 0.84 − 1.31

cβn 1.32 1.28 0.90 0.14 − 0.28

cβp 13.94 12.67 8.59 1.53 − 1.80

cβtot 15.37 13.83 9.02 0.84 − 3.40

Table 5
Wave Growth/Decay Coefficient at c/u∗ = 10.95

θ = 0 θ = 22.5° θ = 45° θ = 67.5° θ = 90°

cβt − 2.47 − 2.49 − 2.49 − 2.68 − 3.68

cβn − 0.07 − 0.23 − 0.33 − 0.50 − 0.56

cβp 7.49 5.10 1.30 − 1.55 − 3.94

cβtot 4.96 2.38 − 1.52 − 4.73 − 8.19
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The existing models of sea‐state dependent drag coefficient assume that the positive wave form drag contributes
to increasing the drag coefficient (Chen, Ginis, & Hara, 2020; Chen, Hara, & Ginis, 2020; Donelan et al., 2012;
Reichl et al., 2014). However, our LES results show that the drag reduction may occur even if the wave form drag
is positive (e.g., c/u∗ = 1.37 and θ = 67.5°). Even when the wave form drag is negative (e.g., c/u∗ = 10.95 and
θ = 90°), its magnitude is too small to explain the significant drag reduction. Therefore, the existing models need
to be substantially modified to correctly predict the drag reduction by misaligned surface waves.

One possible way to interpret the wind‐wave misaligned conditions is to redefine the wave age based on the
along‐wave component (component in the wave propagation direction) of the wind speed instead of the wind
speed magnitude (or the wind stress magnitude). Then, as the misalignment angle increases, the wave age in-
creases and wind‐driven wave conditions transition to wave‐driven wind conditions. This modified wave age is
useful for understanding the wave form drag. In fact, the form drag parameterization of Donelan et al. (2012) is
based on this idea. However, this modified wave age is not likely as useful for understanding the drag coefficient
because the drag reduction can occur even when the modified wave age is small enough to make the wave form
drag positive. Furthermore, Patton et al. (2019) show that in wave‐driven wind conditions the drag coefficient
increases as swell becomes more misaligned from wind (from 0° to 90°). In this case, as the modified wave age
increases, the drag coefficient increases, which is opposite to our finding in this study. It suggests that the wind‐
driven wave regime and wave‐driven wind regime are very different, whether aligned or misaligned.

It is not straightforward to quantitatively compare our LES results to the recent observational studies of drag
reduction by misaligned dominant waves. This is because our LES is ran over a single wave train while the drag
coefficient in the real ocean depends on a spectrum of waves, which is often quite complex. Nevertheless, the
physical processes associated with the drag reduction, found in this study, may be responsible for the drag
reduction in field conditions as well.

We also note that previous engineering studies report reduction of the drag coefficient over spanwise surface
perturbations compared to over a flat surface (Klumpp et al., 2010). However, in these studies the turbulence
modifications mainly occur inside or near the viscous sublayer (which we do not resolve), and they do not find the
wind shear enhancement further above, which is the main signature of our results. Therefore, we speculate that the
mechanism of drag reduction in this study is different from those reported in the engineering literature.

Finally, in this study we have investigated different wind directions and different wave ages but have used fixed
values of the wave slope, the background roughness, and the surface drift velocity. We have also used a linear
wave shape for the bottom boundary condition. It is desirable to conduct more comprehensive sensitivity studies
varying these variables before a new parameterization of the drag coefficient over misalignment waves is
developed.

Figure 13. Wave growth/decay coefficient estimates for c/u∗ = 1.37 (left panel), 5.48 (middle panel), and 10.95 (right panel). Wave growth/decay coefficient cβ is
plotted as a function of misalignment angle θ (large red circles: cβtot, small red circles: cβp, and small stars: cβp + cβn). Dashed, dotted, and solid lines show cos(θ),
cos2(θ), and A (uλ/2 cos (θw) − c)|uλ/2 cos (θw) − c| dependence of cβtot (see text for more information).
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