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ABSTRACT: The coupled dynamics of turbulent airflow and a spectrum of waves are known to modify air–sea momen-
tum and scalar fluxes. Waves traveling at oblique angles to the wind are common in the open ocean, and their effects may
be especially relevant when constraining fluxes in storm and tropical cyclone conditions. In this study, we employ large-
eddy simulation for airflow over steep, strongly forced waves following and opposing oblique wind to elucidate its impacts
on the wind speed magnitude and direction, drag coefficient, and wave growth/decay rate. We find that oblique wind main-
tains a signature of airflow separation while introducing a cross-wave component strongly modified by the waves. The
directions of mean wind speed and mean wind shear vary significantly with height and are misaligned from the wind stress
direction, particularly toward the surface. As the oblique angle increases, the wave form drag remains positive, but the
wave impact on the equivalent surface roughness (drag coefficient) rapidly decreases and becomes negative at large angles.
Our findings have significant implications for how the sea-state-dependent drag coefficient is parameterized in forecast
models. Our results also suggest that wind speed and wind stress measurements performed on a wave-following platform
can be strongly contaminated by the platform motion if the instrument is inside the wave boundary layer of dominant
waves.

SIGNIFICANCE STATEMENT: Surface waves increase friction at the sea surface and modify how wind forces
upper-ocean currents and turbulence. Therefore, it is important to include effects of different wave conditions in
weather and climate forecasts. We aim to inform more accurate forecasts by investigating wind blowing over waves
propagating in oblique directions using large-eddy simulation. We find that waves traveling at a 458 angle or larger to
the wind grow as expected, but do not increase or even decrease the surface friction felt by the wind—a surprising result
that has significant implications for how oblique wind-waves are represented as a source of surface friction in forecast
models.
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1. Introduction

Coupling between the ocean and atmosphere is driven by
turbulent air–sea fluxes of momentum, energy, heat, and
gases, and influences the evolution of marine weather and cli-
mate patterns. Constraining these air–sea fluxes in numerical
models continues to be a challenge due to our incomplete
understanding of near-surface air/water turbulence that is
strongly modified by surface wave processes (Cronin et al.
2019).

Previous studies have addressed the impacts of surface
waves on the wind profile and drag coefficient Cd (e.g., Moon
et al. 2003, 2004, 2009; Fan et al. 2009; Donelan et al. 2012;
Reichl et al. 2014), often focusing on key wave parameters
such as the wave age and wave slope (e.g., Banner 1990;
Belcher et al. 1993; Donelan et al. 1993; Makin and Kudryavt-
sev 1999; Donelan 2004; Donelan et al. 2006; Edson et al.
2013). In several modeling studies, sea-state-dependent Cd

parameterizations based on full surface wave spectra have
been developed to account for the effects of complex sea
states in high to extreme winds, including conditions in which
Cd saturates or even decreases with increasing wind speed

(Moon et al. 2004; Hara and Belcher 2002, 2004; Fan et al.
2009; Donelan et al. 2012; Reichl et al. 2014). Constraining
parameterizations of Cd, wave growth, and dissipation over a
range of wave spectral conditions, including waves misaligned
with and opposing wind, remains the focus of a very active
area of research.

Several studies have aimed to address the effects of wind-
wave misalignment (the difference between the wave direc-
tion and the wind speed direction u) on wave growth and dis-
sipation (e.g., Tolman and Chalikov 1996; Meirink et al. 2003;
Kudryavtsev and Makin 2004; Ardhuin et al. 2007), as well as
on the wind stress vector and Cd (Geernaert 1988; Geernaert
et al. 1993; Bourassa et al. 1999; Grachev et al. 2003; Suzuki
et al. 2010). Misalignment between wind and dominant sur-
face waves occurs frequently in the open ocean over swells
with low-to-moderate wind conditions (Donelan et al. 1997;
Drennan et al. 1999; Donelan and Dobson 2001; Grachev et al.
2003; Ardhuin et al. 2007; Edson et al. 2007; Högström et al.
2015; Patton et al. 2019) as well as transient high wind condi-
tions coupled to complex seas (Wright et al. 2001; Walsh et al.
2002; Black et al. 2007; Holthuijsen et al. 2012; Fan et al.
2009). Due to the challenges of in situ observations, the
effects of wind-wave misalignment on the wind stress vector,
drag coefficient, wave growth, and dissipation remain poorlyCorresponding author: Nyla Husain, nylahusain@uri.edu
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constrained. Even for typical wave fields with dominant waves
aligned with the wind, real ocean wave spectra always contain
significant contributions from misaligned waves. Therefore,
improved understanding of the interaction between wind and
misaligned waves is essential for developing models of sea-
state-dependent drag coefficient.

In Part I of this study (Husain et al. 2021, hereafter Part I),
we used LES to investigate the turbulent airflow over a steep
wave train (ak 5 0.27, k is wavenumber and a is wave ampli-
tude) following and opposing wind for c=u∗s| | 5 1.4–11 (c is
wave phase speed and u∗s is surface wind friction velocity). In
particular, we have found a rather smooth transition in the
near-surface airflow, from slow waves following wind to slow
waves opposing wind to fast waves opposing wind, of increas-
ingly stronger flow perturbations mainly caused by intermit-
tent flow separations or separation-like patterns. The wave
decay rate rapidly increases as the opposing wave speed
increases, and our results are consistent with the recent LES
study by Cao et al. (2020) and earlier observational and theo-
retical studies. We have also found that the effective rough-
ness length (drag coefficient) rapidly increases as the
opposing wave speed increases.

In Part II of this study, we use an identical LES approach
of turbulent airflow over surface waves to expand on Part I by
considering waves following and opposing wind at oblique
angles (u 5 22.58, 458, 67.58). Previous observational studies
have proposed empirical scaling coefficients of the wave
growth rate such as cos(u) (e.g., Plant 1982; Snyder et al.
1981) and [Ul/2cos(u)2 c]2 (e.g., Donelan 1999; Donelan et al.
2006, 2012). Previous theoretical studies tend to point toward
cos2(u) (e.g., Mastenbroek 1996; Burgers and Makin 1993; Li
et al. 2000; Meirink et al. 2003). The latter two parameteriza-
tions are frequently used in existing wave prediction models.
To our knowledge, the wave decay rate of waves opposing
oblique wind has not been investigated. Furthermore, our
understanding of the effects of obliquely propagating waves
on the mean wind profile and drag coefficient remains limited.

The goal of this study (Part II) is to address how the wave
growth/decay rate, mean wind profile (magnitude and direc-
tion), effective roughness length, and drag coefficient are
modified by steep, strongly forced waves following/opposing
oblique wind ( c| |=u∗s51:4, ak5 0.27).

2. Methods

a. LES setup

We use an LES methodology of turbulent airflow over sur-
face waves that is identical to previous studies (Sullivan et al.
2014; Hara and Sullivan 2015; Sullivan et al. 2018; Husain et al.
2019; Part I), all of which use pressure-driven channel flow
over a wavy surface propagating through a domain with dou-
bly periodic horizontal boundary conditions and a free-slip
flat-top boundary. Here, we define time t, the along-wave x
coordinate, the cross-wave y coordinate, and the vertical coor-
dinate z pointing upward in the positive direction with z 5 0
at the mean water surface. Velocities (u, y, w) are in the (x, y,
z) directions.

We consider a monochromatic wave train propagating in
the x direction (­=­y50) with h(x, t) 5 acos(kx 2 vt), where
a is the wave amplitude, k is the wavenumber, v is the angular
frequency, and c5v=k5

�����
g=k

√
, identical to Part I. In LES,

wind is driven by imposed horizontal pressure gradient
∇p5 ­p=­x,­p=­y

( )
, which is balanced by the surface wind

stress ts| |5u2∗s5 ∇p| |lz, where lz is the domain height. The
total wind stress vector u is always pointed in the direction of
2∇p, the angle of the external negative pressure gradient.
Since we apply the free slip condition at the top boundary, the
total wind stress linearly decreases from the wavy surface to
the top.

For the actual LES, the waves always propagate in the posi-
tive x direction and the pressure gradient force (i.e., negative
pressure gradient) is applied in the directions of 08, 22.58, 458,
67.58, 1808, 202.58, 2258, and 247.58 (measured from the x axis
in the counterclockwise direction; see Fig. 1, left panel). How-
ever, for the data analysis and discussion, the wave direction
for the last two cases is reversed. Therefore, for the eight
wind-wave conditions examined in this study, the wave direc-
tions are (08, 08, 08, 08, 1808, 1808, 1808, 1808) and the wind
stress directions u are (08, 22.58, 458, 67.58, 08, 22.58, 458, 67.58),
respectively (see Fig. 1, right panel).

The subgrid and surface stress parameterizations are identi-
cal to those in Part I. The background surface roughness zob
along the resolved wavy surface is set at a constant kzob 5

2.7 3 1023, which accounts for the form drag of unresolved
waves and the surface viscous stress. As in Part I we focus on
a steep wave train of ak 5 0.27. The wind forcing is set at
c| |=u∗51:4 because we are mainly interested in strongly
forced waves that support the bulk of the air–sea momentum
flux (Donelan et al. 2012; Reichl et al. 2014).

Each simulation is run for approximately 100 000 time steps
and averaged over the last 20 000 time steps after the wind
field has reached a statistically steady state. Sullivan et al.
(2014) and Sullivan et al. (2018) provide a full description of
the LES algorithm and numerical methods used to solve the
governing equations.

b. Data analysis

As in Part I we use a wave-following mapping and a coordi-
nate system moving with the wave such that the wave shape is
frozen and h(x, t) becomes h(j) 5 a cos(kj). For more infor-
mation on the wave-following mapping and the Jacobian
transformation, refer to Hara and Sullivan (2015) and Part I.
In particular, the contravariant vertical velocity perpendicular
to the wave shape and constant z surfaces is defined as

W5
1
J
u

­z

­x
1w, (1)

where J is the Jacobian and is used to define uW and yW as
vertical fluxes of x and y momentum across constant z surfa-
ces due to the advective velocityW.

Using the triple decomposition (separating all relevant vari-
ables c into phase average c̄ and turbulent c′ components,
and separating c̄ into a horizontal mean 〈c〉 and wave coher-
ent component c̃; see Hara and Sullivan 2015; Buckley and
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Veron 2016; Husain et al. 2019; Part I), we can analyze the
partition of the wind stress (momentum budget) in terms of
turbulent and wave-coherent stresses as well as pressure stress
in the along-wave direction. The addition of oblique wind
adds a cross-wave (y) momentum budget to the along-wave
(x) budget. The momentum budget is discussed in more detail
in section 3d.

3. Results and discussion

In general, the flow field transitions smoothly as the wind
stress direction u increases from 08 to 22.58, 458, and 67.58, i.e.,
as the wind-wave misalignment angle increases. Therefore,
the discussions in this section mainly focus on comparing the
flow field of oblique wind (u 5 458) to that of aligned wind
(u 5 08). The results of u 5 22.58 and u 5 67.58 are included
only when their impacts on the wave growth/decay rate and the
equivalent roughness length (drag coefficient) are discussed.

a. 2D phase-averaged airflow

In this section, all flow fields presented are normalized by
u∗s and k. In Figs. 2 (except the rightmost column), 3, 4, and 5,
we display the two-dimensional phase-averaged flow fields
(phase-average denoted by an overbar). In the top (bottom)
two rows waves propagate from left to right (from right to
left) in the positive (negative) x direction. In the first and third
rows wind blows from left to right in the positive x direction.
In the second and fourth rows the pressure gradient force and
the resulting wind stress are in the direction rotated by 458
from the positive x direction. Consequently, the wind

direction is also positively rotated from the x direction (by
more than 458, as discussed later). All the phase averaged
flow fields are presented in the coordinate moving with the
wave so that the flow fields are independent of t.

Figure 2 includes the streamwise velocity [ ū2c( )=u∗s],
spanwise velocity [ ȳ( )=u∗s], vertical velocity (w̄=u∗s), and
pressure (p̄=u2∗s) plotted in rectangular (j–z) coordinates. In
the rightmost column, the surface stress distribution is plot-
ted for the total normal stress (pressure plus the turbulent
normal stress), pressure only, and the along-wave turbulent
tangential stress. Figure 3 includes the TKE magnitude
(ē=u2∗s), the dissipation rate [e=(ku3∗s)], and the horizontal

vorticity magnitude vh= ku∗s( )5
�������������
vx

21vy
2

√
= ku∗s( )

[ ]
. Here,

vx 5 2 ­ȳ=­z
( )

1 ­w̄=­y
( )

and vy 5 ­ū=­z
( )

2 ­w̄=­x
( )

are
dominated by the vertical shear of ȳ and ū, respectively.
Therefore, vh is dominated by the vertical shear of oblique
horizontal wind. Figure 4 shows the horizontal vorticity
magnitude (same as Fig. 3) and the two components of the
horizontal vorticity, vy= ku∗s( ) and 2vx= ku∗s( ). Figure 5
includes the three components of the TKE. All quantities in
Figs. 3–5 are plotted in the rectangular (j–z) coordinate as
well as in the mapped (j–z) coordinate with the vertical axis
in a log scale so that the flow fields very close to the wavy
surface are magnified. Note that the results for waves fol-
lowing and opposing wind (first and third rows) are almost
identical to the results presented in Part I for c=u∗s561:4.

First, we examine the phase averaged velocity and pres-
sure fields in Fig. 2. In the oblique wind cases with waves
following or opposing wind, the along-wave velocity (in the

FIG. 1. Schematic of wind stress, wave phase speed, and surface wave elevation in the j–y coordinate for (left) the
LES simulation and (right) data analysis. For simplicity, only the cases of u 5 08 (solid) and 458 (dashed) are shown.
In LES, the direction of wave phase speed (c) is from left to right both for waves following wind (orange) and oppos-
ing wind (blue) with opposing wind stress directions determined by an external pressure gradient. In our data analy-
sis, we present waves opposing wind (blue) with c directed from right to left and the wind stress in the same direction
as waves following wind (orange).
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x direction) is reduced, but the overall patterns remain very
similar to those of the aligned wind cases (Figs. 2a–d). The
cross-wave velocity (in the y direction) is introduced in
the oblique cases (Figs. 2e,f) and is much stronger than the
along-wave velocity (Figs. 2b,d). We will later show that
even in a fixed coordinate, 〈ȳ〉 is larger than 〈ū〉, that is, the
mean wind direction is rotated from the x direction by
more than 458. This is expected, at least qualitatively,
because waves exert more friction (due to the wave form
drag) and wind speed is more reduced in the along-wave
(x) direction.

With the oblique wind, both the along-wave and cross-wave
velocities are significantly reduced over the leeward face of
the wave (Figs. 2b,d–f), suggesting that intermittent airflow
separations (or separation-like flows) are modifying the
wind fields, as in the aligned wind cases (Figs. 2a,c). The
vertical velocity is slightly weaker in the oblique cases, but
the patterns remain largely unchanged from the aligned
cases (Figs. 2g–j).

As expected, the pressure along the wave phase weakens
with oblique wind as less wind forcing is exerted onto the
wave shape in the x direction (Figs. 2k–n), resulting in weaker

FIG. 2. Normalized phase-averaged flow fields in the j–z coordinate (top two rows) for waves following wind (oblique wind in second
row) and (bottom two rows) for waves opposing wind (oblique wind in fourth row). From left to right: along-wave velocity [ ū2c( )=u∗s],
cross-wave velocity (y=u∗s), vertical velocity (w=u∗s), and pressure (p̄=u2∗s). Rightmost plots show the surface stress distribution for the nor-
mal stress tn=u2∗s (panels labeled A and C; solid line is total normal stress and dotted line is pressure only) and for the tangential stress
tt=u2∗s in the x direction (panels labeled B and D) for waves (top two panels) following wind (orange lines) and (bottom two panels) oppos-
ing wind in aligned (thick lines) and oblique (thin lines) wind conditions.

FIG. 3. (left three columns) Normalized phase-averaged flow fields in the j–z coordinate and (right three columns) the mapped j–z coor-
dinate (top two rows) for waves following wind (oblique wind in second row) and (bottom two rows) for waves opposing wind (oblique

wind in fourth row). From left to right: turbulent kinetic energy (ē=u2∗s), dissipation rate e= ku3∗s
( )[ ]

, and vorticity magnitude [v̄h= ku∗s( )].
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surface pressure and total normal stress than in the aligned
cases (Figs. 2A,C). Interestingly, the surface tangential stress
in the along-wave direction is even more reduced with oblique
winds (Figs. 2B,D), possibly because the horizontally aver-
aged wind vector very close to the surface is rotated by almost
658–688 from the x direction, as discussed later.

Next, we examine the phase averaged fields of TKE, dissi-
pation rate, and horizontal vorticity magnitude in Fig. 3. For
both aligned and oblique cases, regions of enhanced dissipa-
tion and vorticity appear to detach from the crest and extend
downstream above the dead zone of significantly reduced
TKE, dissipation rate, and vorticity on the leeward face of the
wave. The enhanced TKE above the crest appears to be
advected by the high velocity just above the detached high
vorticity layer. These patterns are quite similar between the
aligned and oblique wind cases, and suggest that flow is

intermittently separating from the crest (or exhibiting separa-
tion-like patterns) even in oblique winds.

In general, the opposing and following wave cases in obli-
que winds are similar, except that the faster relative wind
speed in the opposing case tends to limit the vertical extent of
the wave induced flow perturbations closer toward the surface
(cf. Figs. 3b,f,j,d,h,l). The same trend has been observed in the
aligned wind cases in Part I.

One notable difference exists between the oblique and
aligned wind cases. The high vorticity and high dissipation
regions along the wavy surface are mostly confined near the
crest in the aligned wind cases (Figs. 3E,G,I,K). However,
these regions extend upstream all the way to the wave trough
in the oblique wind cases (Figs. 3F,H,J,L). Consequently, the
reduction of dissipation rate and vorticity in the dead zone is
muted with the oblique wind.

FIG. 4. (left three columns) Normalized phase-averaged flow fields in the j–z coordinate and (right three columns) the mapped j–z coor-
dinate for (top two rows) waves following wind (oblique wind in second row) and (bottom two rows) waves opposing wind (oblique wind
in fourth row). From left to right: vorticity magnitude [v̄h= ku∗s( )], cross-wave vorticity [v̄y= ku∗s( )], and along-wave vorticity [2v̄x= ku∗s( )].

FIG. 5. (left three panels) Normalized phase-averaged flow fields in the j–z coordinate and (right three panels) the mapped j–z coordi-
nate for (top two rows) waves following wind (oblique wind in second row) and (bottom two rows) waves opposing wind (oblique wind in
fourth row). From left to right: the along-wave component (0:5u′u′=u2∗s), the cross-wave component (0:5y′y′=u2∗s), and the vertical compo-
nent (0:5w′w′=u2∗s) of TKE.
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To shed more light on these features, we next examine the
along-wave and cross-wave vorticity components separately
in Fig. 4. It is clear that the detached layer of enhanced vortic-
ity is present in both directions (Figs. 4F,I,H,J) in the oblique
cases. The crosswind vorticity simply weakens in oblique
winds, but its patterns remain very similar between the
aligned and oblique cases with reduced vorticity in the dead
zone (Figs. 4E–H). In contrast, the along-wave vorticity
remains strong along the entire surface, and especially along
the windward face and the crest of the wave (Figs. 4I,J). This
enhanced along-wind vorticity appears to be well correlated
with the enhanced dissipation in the same location (Figs.
3F,H). The enhancement of along-wind vorticity and dissipa-
tion rate on the windward side of the crest (between the
trough and following crest) may be related to reattachment of
the separated oblique wind flow. We will later show that the
cross-wave wave-coherent velocity ỹ is also enhanced there.

One interesting feature for waves opposing oblique winds is
the presence of a region of negative cross-wave vorticity near
the trough (Fig. 4H). In Part I, we have shown that for waves
opposing wind a region of negative cross-wave vorticity near
the trough intensifies as waves get faster, and is associated
with separation-like detachment of airflow from the surface.
In such a region wind shear is negative; that is, the wind speed
decreases with height. However, in the case of oblique wind,
the mean wind direction is close to 708 (as explained later) and
the along-wave vorticity remains strong in the same region.
Therefore, the wind speed magnitude increases with height.

In Fig. 5, we separate the TKE into along-wave (0:5u′u′=u2∗s),
cross-wave (0:5y′y′=u2∗s), and vertical (0:5w′w′=u2∗s) compo-
nents. As expected, in aligned winds the TKE is dominated by

the along-wave component (Figs. 5a,c,A,C). One notable excep-
tion is a region on the windward side of the crest near the sur-
face, where the cross-wave component is significantly enhanced
and is larger than the along-wave component (Figs. 5e,g,E,G).
The cause of this enhancement is not clear, but it may be related
to the reattachment of separated flow in this area.

In the oblique case, the along-wave component of the TKE
is drastically reduced and the cross-wave component is signifi-
cantly larger. This is consistent with the fact that both mean
wind speed and mean wind shear are rotated by more than
458 from the x axis, as discussed later. The enhancement of
the cross-wave component on the windward side of the crest
is observed in the oblique wind cases as well (Figs. 5f,h,F,H).
This enhancement is possibly related to the enhanced along-
wind vorticity (Figs. 4I,J) with large ­ȳ=­z in the same area.
Finally, the consistently small vertical component suggests
that the airflow turbulence is dominated by horizontal veloc-
ity variances in the entire wave boundary layer.

b. Instantaneous vorticity fields

To demonstrate the transient character of the flow field
over waves in oblique wind, in Fig. 6 we display instantaneous
snapshots of horizontal vorticity magnitude [vh= ku∗s( )] from
a mapped top-down view (in the j–y coordinate) at kz 5 0.06
(very close to the surface) and at kz 5 0.40 for waves aligned
with wind (left four plots) and waves oblique to wind (right
four plots). For these snapshots, we are using the resolved
fields and appreciate that very near the surface the total vor-
ticity fluctuations are underestimated. Very close to the sur-
face, the waves strongly modify the horizontal vorticity
magnitude. In aligned wind, a pattern of enhanced vorticity is

FIG. 6. Normalized instantaneous vorticity magnitude [vh= ku∗s( )] fields in the j–y coordinate (top) for waves following wind and (bot-
tom) for waves opposing wind in (a)–(d) aligned wind and (e)–(h) oblique wind at heights of kz 5 0.06 in (a), (b), (e), and (f) and kz 5

0.40 in (c), (d), (g), and (h).
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present near the surface along the crest with a sudden reduc-
tion downwind where airflow intermittently separates (Figs.
6a,b). The wave signature diminishes with height (Figs. 6c,d),
but the enhanced vorticity is now observed further down-
stream from the crest, suggesting the advected high vorticity
due to flow separations and being consistent with Figs. 4A
and 4C.

In oblique wind near the surface (kz 5 0.06), the areas of
enhanced vorticity magnitude are significantly expanded from
the crest toward the upwind trough compared with the aligned
wind cases, as expected from Figs. 4B and 4D. The region of
reduced vorticity just downstream of the crest is narrower.
Their pattern is also modified since it is aligned with the obli-
que mean wind direction. Similar to the aligned case, the sig-
nature of advected high vorticity is still visible at kz 5 0.40.

c. Horizontally averaged wind profiles in mapped coordinates

Next, we investigate the vertical profiles of the horizontally
averaged wind variables in the mapped (z) coordinate, includ-
ing mean wind speed, mean wind shear, TKE and its compo-
nents, shown in Fig. 7. In the following subsections profiles
for waves following (opposing) aligned wind are shown as
thick orange (blue) lines, and profiles for waves following
(opposing) oblique wind are shown as thin orange (blue)
lines. All the profiles are displayed up to kz 5 2.

The four panels in the top row of Fig. 7 display vertical pro-
files of the horizontally averaged mean wind speed vector.
The x and y components of the wind vector, 〈u〉=u∗s and
〈y〉=u∗s, are shown in Figs. 7a and 7d, respectively, while their

magnitude, 〈u〉21 〈y〉2
( )1=2

=u∗s, and angle, u 5 arctan(〈y〉/〈u〉),
are shown in Figs. 7g and 7j, respectively. The gray lines in
Figs. 7a and 7d represent the flat wall wind speed profiles with
a background roughness of kzob 5 2.70 3 1023, for aligned
(thick lines) and oblique (thin lines) cases, for linearly
decreasing wind stress (solid) and constant wind stress
(dashed) in kz. In Fig. 7g the thick gray lines apply for both
aligned and oblique cases. The thin dashed gray line in Fig. 7j
represents the angle of the flat wall wind speed profile, u 5

458, which is equal to the angle of the wind stress and the
imposed pressure gradient.

As discussed in Part I, the wind speed magnitude (Fig. 7g)
in the aligned cases (thick orange and blue lines) is signifi-
cantly reduced from the wind profile for a flat wall (thick gray
line) near the top of the domain, indicating that the equiva-
lent surface roughness is increased for both waves following
and opposing wind, with the latter having a slightly higher
roughness length. However, the wind speed magnitude in the
oblique cases (thin orange and blue lines) is very close to that
for a flat wall (thick gray line) near the top of the domain for
both waves following and opposing the oblique wind, which
indicates that the waves do not enhance the equivalent sur-
face roughness above the background roughness (more dis-
cussions follow in section 3f).

If we examine the along-wave and cross-wave wind speeds
separately (Figs. 7a,d) for the oblique cases, it is clear that
both components are significantly modified by the wave. As
expected, the along-wave wind speed is reduced from the flat

wall profile because of the wave form drag. The along-wave
wind profiles for oblique wind are roughly proportional to
those for aligned wind, and are reduced by about 25%–30%
throughout the wave boundary layer. Interestingly, the cross-
wave wind speed is increased near the top of the domain com-
pared to the flat wall wind speed (Fig. 7d). The combined
effect of increased cross-wave wind speed and decreased
along-wave wind speed yields the almost unchanged wind
speed magnitude toward the top.

The opposite wave impacts on the along-wave and cross-
wave wind speeds mean that the angle of the wind speed (u 5

528–548) is significantly misaligned from the angle of the wind
stress (u 5 458) near the top of the domain (Fig. 7j), even
though the wind magnitude is not modified by the wave. The
wind speed angle is much larger closer to the surface, falling
between u 5 658 and 688. From about kz 5 0.1–0.4, the angle
quickly reduces to about u ≈ 558, and reduces more slowly
from there to the top at kz 5 2. It is notable that the wind
speed angle is strongly dependent on height in the wave
boundary layer, and that its misalignment from the total wind
stress angle (u 5 458) appears to persist above the top of the
wave boundary layer.

The second row of Fig. 7 displays vertical profiles of the
normalized mean wind shear. Figures 7b and 7e show the
along-wave and cross-wave shear, ­〈u〉=­z( )

kz=u∗s
( )

and
­〈y〉=­z( )

kz=u∗s
( )

, respectively, and Figs. 7h and 7k show the
wind shear magnitude and the wind shear angle (solid lines),
respectively. The gray lines represent the flat wall wind shear
profiles as in the first row.

The shape of vertical profiles of wind shear magnitude
(Figs. 7h) is quite similar between the aligned and oblique
wind cases, with a reduction near the surface and enhance-
ment at midlevel. However, the wind shear magnitude for the
oblique wind is consistently larger throughout the wave
boundary layer (compare thin orange line with thick orange
line, or thin blue line with thick blue line). This larger wind
shear magnitude is responsible for the larger wind speed near
the top of the domain (Fig. 7g) and the resulting smaller
equivalent roughness length.

The along-wave wind shear profiles (Fig. 7b) for the obli-
que wind cases are roughly proportional to those for the
aligned wind cases (except near the top where they collapse);
they are reduced by about 25%–30%. This suggests that the
same physical processes (i.e., effects of pressure form drag
near the surface and of intermittent airflow separations at
midlevel) take place in oblique wind cases, but their impacts
are reduced. Near the top of the wave boundary layer, the
along-wave wind shear is not much reduced for the oblique
cases, and this contributes to the enhanced wind shear magni-
tude near the top.

In the middle of the wave boundary layer, the cross-wave
wind shear profiles (Fig. 7e) for the oblique wind cases are sig-
nificantly enhanced compared to that for a flat wall case, and
this contributes to the enhancement of the wind shear magni-
tude and far field wind speed as well as the reduced equiva-
lent roughness length. The shear enhancement occurs at
lower elevation with waves opposing (compared to following)
oblique wind, which is consistent with the earlier observation
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FIG. 7. (a),(d),(g),(j) Normalized vertical profiles of horizontally averaged along-wave wind speed (〈u〉=u∗s), cross-wave wind speed
(〈y〉=u∗s), wind speed magnitude, and wind speed angle. (b),(e),(h),(k) Normalized vertical profiles of horizontally averaged along-wave
wind shear [ ­〈u〉=­z( )

kz=u∗s
( )

], cross-wave wind shear [ ­〈y〉=­z( )
kz=u∗s
( )

], wind shear magnitude, and wind shear angle. In (k) dashed lines
show angle of horizontally averaged turbulent stress vector 〈tt13〉, 〈tt23〉

( )
. (c),(f),(i),(l) Normalized vertical profiles of horizontally averaged

TKE magnitude (〈ē〉=u2∗s), the along-wave component (0:5〈u′u′ 〉=u2∗s), the cross-wave component (0:5〈y′y′ 〉=u2∗s), and the vertical compo-
nent (0:5〈w′w′ 〉=u2∗s) of the TKE. In all panels, profiles for waves following (opposing) aligned wind are shown as thick orange (blue) lines,
and profiles for waves following (opposing) oblique wind are shown as thin orange (blue) lines. Gray lines show profiles for flat wall cases
(explained in the main text).
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that waves opposing wind tend to suppress the vertical extent
of the wave induced flow perturbations.

The angle of the mean wind shear is plotted in Fig. 7k (solid
lines), along with the angle of the horizontally averaged tur-
bulent stress (dashed lines; more discussion on the turbulent
stress and momentum budget in the next subsection). Both
the wind shear angle and the turbulent stress angle hover
around u 5 458 above kz 5 1; that is, the mean wind shear
and the turbulent stress are well aligned with the total wind
stress there. This suggests that the direction of the mean wind
speed gradually approaches the wind stress direction (i.e., the
misalignment between wind speed and wind stress gradually
disappears) if the constant stress layer is extended upward
without a top boundary (i.e., in the open ocean condition).

At midlevel, the wind shear angle oscillates around 458 for
waves opposing wind, but it is significantly reduced from 458 at
around kz 5 0.30 for waves following wind, associated with the
enhancement of the along-wave wind shear (Fig. 7b). Toward
the surface, the wind shear angle increases to about u 5 638.

The profiles of the wind shear angle (solid lines) are gener-
ally well correlated with the profiles of the turbulent stress
angle (dashed lines). This observation supports the common
turbulence closure assumption that the angle of the turbulent
wind stress is the same as the angle of the mean wind shear
(i.e., the momentum flux is downgradient). However, toward
the surface the angle of the turbulent stress is consistently
smaller than the angle of the mean wind shear by about 88–98.

The bottom row of Fig. 7 displays vertical profiles of the
horizontally averaged TKE and its three components. With
the oblique wind, the magnitude of TKE remains largely
unchanged (Fig. 7c). However, the profiles of along-wave
TKE and cross-wave TKE significantly differ between the
oblique and aligned cases. In aligned winds, the along-wave
TKE component is much larger and is pronounced at midle-
vel, associated with flow separation (or separation-like) pat-
terns (see also Figs. 4A,C). In oblique winds, the cross-wave
TKE component is larger, and both components show modest
enhancement at midlevel (see also Figs. 4B,D,F,H). The verti-
cal TKE component remains significantly smaller throughout
the wave boundary layer.

d. Horizontally averaged momentum budget in along-
wave and cross-wave directions

As discussed in section 2b, the momentum budget must be
satisfied in both along-wave (x) and cross-wave (y) directions.
Specifically, the normalized x and y momentum equations
may be expressed as

〈tw13〉1 〈tp13〉
ts

1
〈tt13〉
ts

1
­P
­x z

ts
5 cos u( ) (2a)

〈tw23〉
ts

1
〈tt23〉
ts

1

­P
­y z

ts
5 sin u( ) (2b)

where u is the direction of the total wind stress (applied nega-
tive pressure gradient), 〈tw13〉5 〈ũW̃〉 and 〈tw23〉5 〈ỹW̃〉 are the
along-wave and cross-wave components of the wave-coherent

stress, and 〈tt13〉5 〈u′W′〉 and 〈tt23〉5 〈y′W′〉 are the along-
wave and cross-wave components of the turbulent stress
(including both the resolved and parameterized subgrid-
scale stress). The pressure (form) stress is defined as
tp135 1=J

( )
p̄ ­z=­x
( )

(see Hara and Sullivan 2015; Part I) and
is only present in the x momentum equation because the
wave shape does not change in the cross-wave direction.

The horizontally averaged momentum budget (or wind
stress partition) for the along-wave and cross-wave directions
as described in Eq. (2) is shown in Fig. 8. Similar to Fig. 7, the
solid (dashed) gray lines represent the values for the flat wall
case with linearly decreasing (constant) total wind stress in kz.
The total stress (〈ttot13 〉, 〈ttot23 〉), which has been calculated by
adding the wave-coherent stress (〈tw13〉, 〈tw23〉), turbulent stress
(〈tt13〉, 〈tt23〉), and pressure stress (〈tp13〉, 0), is almost identical
to the gray solid lines, indicating that the momentum budget
is well satisfied in both directions.

In Figs. 8a and 8c the vertical profiles of all stress compo-
nents in the along-wave direction are similar between the
aligned and oblique cases; the values in the oblique case are
simply reduced roughly in proportion to the reduction of total
stress. In both cases, the pressure stress magnitude increases
toward the surface, and the wave-coherent stress is positively
(upward momentum flux) enhanced at midlevel (kz ≈
0.3–0.5). The turbulent stress magnitude is reduced near the
surface to compensate the pressure stress, and is enhanced at
midlevel to compensate the wave-coherent stress.

In Figs. 8b and 8d, the pressure stress is zero in the cross-
wave direction with no wave shape, but the turbulent and
wave-coherent stresses are strongly modulated by the wave.
In particular, for waves following oblique wind the negative
wave-coherent stress 〈tw23〉 (downward momentum flux) is sig-
nificantly enhanced around kz 5 0.2–0.3, and the turbulent
stress 〈tt23〉 is reduced to compensate it. This reduction of 〈tt23〉
is reflected in the decrease of the turbulent stress direction at
the same level (Fig. 7k), which is well correlated with the
reduced mean wind shear direction.

In summary, the cross-wave component of the wave-coher-
ent stress is totally different from its along-wave component,
and thus modifies the cross-wave turbulent stress in a distinct
way. Therefore, the wave-coherent stress seems to play an
important role in modifying the magnitude and direction of
turbulent stress and mean wind shear, and modifying the
mean wind profile in a complex manner.

To better understand the wave modulated turbulent and
wave-coherent stresses, we examine the phase-averaged 2D
fields of turbulent stress, wave-coherent stress, and wave-
coherent velocities, ũ, ỹ, W̃ , in Fig. 9. In the along-wave direc-
tion, the 2D pattern of wave-coherent stress tw13 5 ũW̃ is very
similar in all cases (Figs. 9g–j). Strong upward momentum
flux (positive ũW̃) occurs in two areas due to flow separation
and reattachment. Namely, just downstream of the crest the
accelerated fluid (positive ũ) is carried away from the surface
(positive W̃), and just downstream of the trough the deceler-
ated fluid (negative ũ) returns toward the surface (negative
W̃) (Figs. 9m–t). The combined effect introduces large
upward momentum flux if averaged horizontally (Fig. 8c). In
oblique wind, the along-wave wave-coherent velocities and
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stresses are weakened, but their patterns remain qualita-
tively similar. To compensate the upward wave-coherent
stress, the negative turbulent stress tt13 is significantly
enhanced above the windward side of the crest (dark blue
regions in Figs. 9a–d).

A pair of similar but much weaker areas of positive wave-
coherent stress (tw23 5ỹW̃) are observed in the cross-wave
direction as well (red areas in Figs. 9k,l). However, they are
dwarfed by a pair of much stronger downward momentum

flux (negative ỹW̃) regions (blue areas in Figs. 9k,l). This
downward flux is caused by the large perturbation of ỹ along
the wave phase. Namely, ỹ is negative between the leeward
crest and the leeward trough, and is positive between the
windward trough and the following crest. The separating flow
(positive W̃) carries the fluid with negative ỹ away from the
surface, and reattaching flow (negative W̃) brings the fluid
with positive ỹ back toward the surface (Figs. 9m–p,u,v). The
resulting downward flux is particularly strong for waves

FIG. 8. Normalized vertical profiles of horizontally averaged momentum budget terms following wind (orange
lines) and opposing wind (blue lines) for oblique (thin lines) and aligned (thick lines) wind conditions. In the top
row, the along-wave (x) momentum budget includes total wind stress in the x direction (〈ttot13 〉=u2∗s), pressure stress
(〈tp13〉=u2∗s), along-wave turbulent stress (〈tt13〉=u2∗s), and along-wave wave-coherent stress (〈tw13〉=u2∗s). In the bottom
row, the cross-wave (y) momentum budget includes total wind stress in the y direction (〈ttot23 〉=u2∗s), cross-wave turbu-
lent stress (〈tt23〉=u2∗s), and cross-wave wave-coherent stress (〈tw23〉=u2∗s). Gray lines show profiles for flat wall cases
(explained in the main text).
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following oblique wind. This enhanced downward wave-
coherent stress is compensated by the reduced downward tur-
bulent stress (Figs. 9e,f).

The strong wave-coherent velocities ũ and ỹ suggest that
the phase averaged flow magnitude and direction are
strongly phase dependent. In Fig. 10, a top-down view is

FIG. 9. Top four rows show normalized phase-averaged fields of the along-wave turbulent stress (tt13=u
2∗s5u′W′=u2∗s), cross-wave turbulent

stress (tt23=u
2∗s5y′W′=u2∗s), along-wave wave-coherent stress (tw13=u

2∗s5 ũW̃=u2∗s), and cross-wave wave-coherent stress (tw23=u
2∗s5ỹW̃=u2∗s) in

the mapped j–z coordinate. From top to bottom: waves following aligned wind, waves following oblique wind, wave opposing aligned wind,
and waves opposing oblique wind. Bottom four rows show normalized phase-averaged fields of the wave-coherent vertical velocity (W̃=u∗s),
along-wave velocity (ũ=u∗s), and cross-wave velocity (ỹ=u∗s)in the mapped j–z coordinate.
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plotted (in the mapped j–y coordinate) of the phase-aver-
aged velocity vectors ū, ȳ( ) for mapped vertical levels kz 5

0.02 (directly above the surface) and kz 5 0.40 for waves fol-
lowing oblique wind (top row) and waves opposing oblique
wind (bottom row). The mean wind angle uw5 tan21 ȳ=ū

( )
is

plotted below each vector field. In both cases, the effect of
the waves significantly modifies the velocity vectors close to
the surface (Figs. 10a,b), which rapidly diminishes with
height as shown by the almost uniform oblique velocity vec-
tors at kz 5 0.40 (Figs. 10c,d). Near the surface, the vectors
turn rapidly with the wave phase. Near the crest, the wind is
strongest and relatively aligned with the oblique wind forc-
ing direction. Just downstream of the crest where the flow
separates, the wind becomes much weaker and turns rapidly
to the left in the cross-wave direction. In opposing oblique

wind, the vector even turns slightly upwind in the trough.
From the trough to the following crest, the flow accelerates
in the cross-wave direction first, then turns more oblique.
This large cross-wave velocity is responsible for the
enhanced along-wave vorticity (Figs. 4I,J) as discussed
earlier.

e. Energy budget and turbulence closure parameterization

Next, we plot the energy budget inside the wave boundary
layer (Fig. 11). As discussed in Part I, we use the derivation
from Hara and Sullivan (2015) for the equations governing
the wave-fluctuation energy, Ew5 1=2

( )
ũũ1ỹỹ 1 w̃w̃( ), and

the turbulent kinetic energy, ē5 1=2
( )

u′u′ 1y′y′ 1w′w′( ) in
mapped coordinates. If the two equations are combined and
normalized, the result yields:

FIG. 10. Normalized phase-averaged velocity vector fields in the j–y coordinate (top) for waves following oblique
wind and (bottom) for waves opposing oblique wind at (a),(b) kz 5 0.02 and (c),(d) kz 5 0.40. Mean wind angle uw
is plotted below each vector field.
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where the second term is the shear production term (red
lines), the third term is the transport term (light green lines;
Fw and Ft are the vertical transport of Ew and ē, respectively),
and the fourth term is the viscous dissipation term (blue
lines). The first term arises because of the imposed pressure
gradient (i.e., because the stress is not constant in the vertical)
and is plotted in dark green, which is negligible. The sum of
four energy budget terms is plotted as dotted black lines, and
indicates that the energy budget is well satisfied. Thin gray
lines represent the mean shear production (mean wind shear)
over a flat wall for linearly decreasing stress (solid) and cons-
tant stress (dashed) with respect to kz. Here, (Fw 1 Ft) at the

surface is equal to the energy flux into the waves. Refer to
Hara and Sullivan (2015) for more details on the derivation of
the energy budget in mapped coordinates.

In all cases the transport term is relatively small and the
shear production is mostly balanced by the viscous dissipation
at all heights. For waves both following and opposing wind,
the shear production for waves in oblique wind (thin lines) is
significantly enhanced compared to that for waves in aligned
wind (thick lines) throughout the wave boundary layer. The
viscous dissipation for oblique wind (thin blue lines) is also
enhanced and balances the enhanced shear production. As
discussed earlier, the enhanced wind shear magnitude
throughout the wave boundary layer in the oblique wind cases
is responsible for the increased far field wind speed and
reduced equivalent roughness length (to the point of almost
wiping out the wave effect) compared to those in the aligned
wind cases. The energy budget analysis here suggests that the
enhanced wind shear and the reduced equivalent roughness

FIG. 11. (a),(b) Normalized vertical profiles of horizontally averaged energy budget terms. The first (pressure gra-
dient), second (shear production), third (transport) and fourth (dissipation) terms of Eq. (3) are dark green, red, light
green, and blue, respectively, with dotted black lines near zero equaling the sum of all energy budget terms. Thick
(thin) lines are for aligned (oblique) wind. (c),(d) Normalized vertical profiles of horizontally averaged turbulent

stress magnitude 〈tt13〉21 〈tt23〉2
( )1=2

=u2∗s

[ ]
. (e),(f) Normalized vertical profiles of eddy viscosity [K= ku∗s§( )].Waves

(top) following and (bottom) opposing wind.

H U SA I N E T A L . 153JANUARY 2022

Brought to you by University of Colorado Libraries | Unauthenticated | Downloaded 01/19/22 11:08 PM UTC



length with oblique winds are correlated with the enhanced
viscous dissipation throughout the wave boundary layer.

As discussed in Part I, previous modeling studies have closed
the turbulence in the wave boundary layer by parameterizing the
TKE dissipation rate (〈«/J〉) using the turbulent stress (〈tt〉) (e.g.,
Makin and Kudryavtsev 1999; Hara and Belcher 2004). In Fig. 11,
we compare the magnitude of turbulent stress (Figs. 11c,d) with
the magnitude of viscous dissipation (blue lines in Figs. 11a,b).
Their correlation is very strong in the aligned wind cases, but it is
weaker in the oblique wind cases. In particular, if we compare the
oblique cases (thin lines) with the aligned cases (thick lines), the
turbulent stress is enhanced due to oblique wind only near the sur-
face (roughly kz , 0.1) and is slightly reduced further above, while
the viscous dissipation is enhanced everywhere. Therefore, the tur-
bulence closure based on (〈tt〉) would predict enhanced viscous
dissipation near the surface and reduced dissipation above, that is,
significantly underestimate the viscous dissipation integrated over
the wave boundary layer. Then, it would underestimate the inte-
grated mean wind shear and overestimate the resulting equivalent
roughness length. This poses a challenge to existing modeling
efforts of sea-state-dependent drag coefficient.

Since the turbulent stress and the mean vertical wind shear are
well aligned as discussed earlier, it is possible to calculate the eddy
viscosityK (magnitude of turbulent stress divided by magnitude of
mean wind shear), shown in Figs. 11e and 11f. No apparent corre-
lation is observed betweenK and the turbulent stress magnitude.

f. Wave growth/decay rate and equivalent roughness length

As in Part I, we calculate the energy transfer rate b from
wind to waves using the surface stresses shown in Figs. 2A–D,
and use the following common expression to compute the
wave growth/decay rate coefficient cb (positive/negative for
growth/decay) for all conditions:

b5 cb
u∗s
c

( )2 ra
rw

v, (4)

where v is the wave frequency. The coefficient cb is then eval-
uated based on the total energy flux (cbtot), and including the

contributions from the tangential turbulent stress only (cbt),
the normal turbulent stress only (cbn), and the pressure only
(cbp). These quantities are summarized in Table 1. The results
of cbtot and cbp are also plotted against |u| in Fig. 12. Note that
in some literature cb is defined for the aligned wind-wave con-
dition and the impact of misalignment u between waves and
wind stress is explicitly added. Here, our cb includes the mis-
alignment effect.

The reduction of the pressure component only (|cbp|, small
red circles in Fig. 12) due to the misalignment is very close to
the common parameterization of cos2(u) (dot–dash lines) for
both waves following and opposing wind (except for u 5 67.58
with waves following wind, where cbp is slightly below the
parameterization). This also means that the pressure form
drag is reduced by about 50% at u 5 458. If all turbulent stress
contributions are added, the reduction of the total wave
growth/decay rate coefficient |cbtot| (large red circles) due to
wind-wave misalignment does not follow the cos2(u) parame-
terization (dashed line) as closely; it is slightly below the
parameterization at u 5 22.58 but above the parameterization
at u 5 458 and 67.58. Nevertheless, the cos2(u) parameteriza-
tion appears superior to the cos(u) parameterization (dotted
line) or the (Ul/2cosu 2 c)2 dependence (solid line, Donelan
et al. 2012; Reichl et al. 2014), since the latter two significantly
overestimate |cbtot| in smaller u range, where the wave effects
are more significant. Notice that the (Ul/2cosu 2 c)2 depen-
dence predicts a slight increase of cbtot from u 5 08 to 22.58.
This is because our simulations are performed with a fixed
wind stress magnitude, and the along-wave wind speed at a

TABLE 1. List of run conditions and results of roughness
enhancement zo/zob and nondimensional wave growth/decay
coefficient cb for four LES simulations. The letters f and o in the
run name represent waves following and opposing wind,
respectively; the subscripts 22.5, 45, and 67.5 represent oblique
wind runs at their respective angles. The values for cbt, cbn, and
cbp refer to tangential turbulent stress, normal turbulent stress,
and pressure contributions to cb, and cbtot is the total.

Run zo/zob cbt cbn cbp cbtot

1.4f 4.60 2.7 1.6 13.2 17.5
1.4f22.5 2.33 0.9 2.1 11.3 14.3
1.4f45 0.90 0.6 3.2 6.4 10.2
1.4f67.5 0.41 0.2 3.0 0.8 4.0
1.4o67.5 0.46 20.5 22.1 22.0 24.6
1.4o45 1.10 20.9 22.0 26.9 29.8
1.4o22.5 3.40 21.1 21.1 211.3 213.6
1.4o 6.36 23.5 20.5 213.0 217.0

FIG. 12. Wave growth/decay coefficient cb is plotted as a function
of misalignment angle |u| for waves following/opposing wind (top/
bottom) for the current LES study (large red circles: cbtot, small red
circles: cbp). Dot–dashed line shows cos2(u) dependence of cbp.
Dashed, dotted, and solid lines show cos2(u), cos(u), and
[Ul/2cos(u)2 c]2 dependence of cbtot, respectively.
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height of half surface wavelength slightly increases as the
wind stress direction increases, likely due to reduced wave
impact.

As in Part I, we estimate the enhancement of the equivalent
surface roughness zo relative to the background roughness zob
by comparing the wind speed magnitude at the top of the
domain (kz 5 2) with and without waves. The results of the
roughness enhancement zo/zob are summarized in Table 1 and
are plotted against |u| in Fig. 13. As discussed earlier, the
wave enhancement zo/zob almost disappears at |u| 5 458. In
fact, zo/zob monotonically decreases with |u| and becomes sig-
nificantly less than 1 at |u| 5 67.58, that is, a wave train mis-
aligned by 67.58 from wind can “reduce” the equivalent
roughness length and the drag coefficient (compared to the
flat surface case with the same background roughness length).

In summary, the wave form drag and the wave growth rate
are both reduced due to misalignment u between waves and
wind stress, and the common parameterization of the angle
dependence, cos2(u), appears to be approximately valid.
While the wave form drag remains significant (reduced by
only about 1/2 at u 5 458), the wave impact on the equivalent
roughness length almost disappears at u 5 458 and becomes
negative (the equivalent roughness length and the drag coeffi-
cient are reduced) at larger misalignment angles. The latter
finding is one of the most significant and surprising results of
this study. This finding also suggests that existing models of
sea-state-dependent drag coefficient may overestimate the
impact of misaligned waves if the drag coefficient is simply
assumed to increase with increasing wave form drag inte-
grated over the entire wave spectrum.

4. Wind measurements from a moving platform

In the field, wind speed and stress measurements are
often made on a moving platform that follows the up-and-
down motions of the local swell. The wind stress is esti-
mated by first subtracting the platform motion from the
observed wind velocities, and then applying the eddy corre-
lation method. Then the estimated wind stress is equivalent
to (〈u′w′1 ũw̃〉, 〈y′w′1ỹw̃〉) in LES if the wave-following

mapping does not decay with height. The 10-m wind speed
is usually estimated from the observed mean wind speed,
(〈u〉, 〈y〉) in LES, at the instrument height assuming the log
wind profile. To simulate such wind speed and stress meas-
urements, we modify the wave-following mapping to accom-
modate different degrees of vertical decay such that a decay
coefficient s is introduced to the vertical mapping given in
Eq. (3) of Part I:

z5z1 a cos kj( )e2skz· (5)

All previous mapped results in this study have been shown
with s 5 1, with the wave-following mapping gradually decay-
ing to near Cartesian at the top of the domain. In this section,
we use s 5 0.0001 such that the wave-following mapping
barely decays with height, enabling a measurement of the
wind velocities similar to what would be observed in the field
on a wave-following platform, identical to the approach taken
in Hara and Sullivan (2015).

In Figs. 14 and 15, we display the simulated moving plat-
form measurements for wind speed, wind shear, and wind
stress (〈u′w′1 ũw̃〉) with s 5 1 mapping (solid lines) and s 5

0.0001 mapping (dashed lines). Figure 14 shows results for
waves following and opposing waves as shown in Part I, and
Fig. 15 shows results for the aligned and oblique wind results
of Part II.

Overall, the results with s 5 0.0001 (dashed lines) are quite
similar to those with s 5 1 (solid lines), as discussed by Hara
and Sullivan (2015). Therefore, the results and discussions of
the mean wind and wind shear profiles, presented in the previ-
ous sections and in Part I, remain valid, i.e., the wind profile
can significantly deviate from the log profile and the wind
direction can significantly vary in the wave boundary layer
(say below kz 5 1).

Let us now focus on the wind stress measurements. The
simulated measurement (Fig. 14i) indicates that for waves
with low wave ages (slow waves, toward warmer colors) fol-
lowing wind, the wind stress magnitude is significantly under-
estimated below about kz 5 0.5 and almost approaches zero
below kz 5 0.1, as pointed out by Hara and Sullivan (2015).
As the wave age increases (toward blue) the stress magnitude
is underestimated even at higher elevations, roughly up to
kz 5 1. In the lower part of the wave boundary layer below
kz 5 0.2–0.3, the stress magnitude gradually increases and
becomes significantly overestimated near the surface at
c=u∗s511. With the separation of the simulated wind stress into
turbulent (Fig. 14e) and wave-coherent (Fig. 14g) components,
it becomes clear that the magnitude of the turbulent component
is consistently reduced in the wave boundary layer and that the
main reason for the strong wave age dependence of the simu-
lated stress is the pattern of the wave-coherent stress.

Although its occurrence is rare in the field, opposing steep
swell can very strongly contaminate the wind stress measure-
ments as shown in Fig. 14j. The stress magnitude is only
slightly underestimated above kz 5 0.4 but it rapidly
approaches zero near kz 5 0.2 and its direction becomes
opposite (upward momentum flux) below, due to very strong
wave-coherent stress (Fig. 14h).

FIG. 13. Ratio of the equivalent surface roughness to the back-
ground (parameterized) surface roughness zo/zob as a function of
misalignment angle |u| for waves following wind (black line) and
waves opposing wind (red line).
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In Figs. 15c and 15f, the magnitude and angle of the simu-
lated wind stress measurements for the results of Part II are
shown (u 5 458 only). With waves following the oblique wind
(thin orange dashed lines) the stress magnitude is underesti-
mated and the stress angle significantly deviates from the cor-
rect angle (21358) below kz 5 0.5. With waves opposing the
oblique wind (thin blue dashed lines) the stress magnitude is
also underestimated and the stress angle rotates by almost
2908 from kz 5 0.5 to the surface. Note that motions of float-
ing platforms are usually induced by long gravity waves with
relatively large wave ages. Therefore, our results of oblique
waves with wave age 1.4 is not readily applicable for such
conditions.

In summary, the mean wind profile can significantly deviate
from the log profile and the wind stress measurements can be
strongly contaminated by the platform motion if the measure-
ments are made below kz 5 1 of the dominant waves. For
example, if the dominant wavelength is l 5 50 m, we would
expect measurements to be contaminated below a height of
about z 5 8 m above the sea surface.

5. Summary

In this study, we use large-eddy simulation to investigate
turbulent airflow over steep strongly forced waves
( c| |=u∗s51:4, ak 5 0.27) following and opposing oblique wind
(with wind stress direction misaligned from wave direction by

u 5 22.58, 458, 67.58) as well as following and opposing aligned
wind. Our results show that the phase averaged airflow in
oblique wind maintains a signature of intermittent airflow
separations characterized by enhanced vorticity originating
along the windward face and detaching from the crest of the
wave, resulting in reduced wind speed, TKE, vorticity, and
dissipation in the leeward trough. These features in oblique
wind cases appear to be as strong as those in aligned wind
cases (Fig. 3).

These airflow features appear to modify the pressure fields
and the resulting surface form drag due to oblique wind (Figs.
2k–n,A–D), resulting in wave growth/decay rate (cbp, due to
pressure stress alone) and the pressure form drag reduced
from the aligned wind case, closely following the common
cos2(u) dependence. Even with the inclusion of the turbulent
stress components the reduction of cbtot seems to be reason-
ably close to the cos2(u) dependence (except for very large u

values).
With waves following/opposing oblique wind (u 5 458), the

mean wind speed (Figs. 7a,d,g,j) and the mean wind shear
(Figs. 7b,e,h,k) are strongly modified. The directions of mean
wind speed and mean wind shear significantly deviate from
the direction of the wind stress u 5 458 (Figs. 7j,k). Most nota-
bly, we see a significant turning of the wind angles toward the
surface (u 5 658–688 for wind speed, u 5 638 for wind shear).
Toward the top of the wave boundary layer the wind shear
angle becomes close to u 5 458, but the wind angle remains
significantly misaligned (u 5 528–548). Although the direction

FIG. 14. Normalized wind speed, wind shear, and simulated wind stress measurement on a wave-following platform
[ 〈u′w′〉1 〈ũw̃〉( )=u2∗s] for (top) waves following wind and (bottom) waves opposing wind for c=u∗s| | 5 1.4, 2.8, 5.6, 8.2, and 11.0 (dark red,
dark orange, light orange, light green, and blue). Normalized simulated wind stress is also plotted separately as the turbulent component
(〈tt13〉=u2∗s5 〈u′w′〉=u2∗s) and wave-fluctuation component (〈tw13〉=u2∗s5 〈ũw̃〉=u2∗s). Solid lines show results with vertical mapping using s 5 1
and dashed lines show results with s 5 0.0001. Gray lines show profiles for flat wall cases.
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of the mean wind shear varies with height in a complex man-
ner, it is well correlated with the direction of the turbulent
stress throughout the wave boundary layer; that is, the turbu-
lent momentum flux remains mostly downgradient (Fig. 7k).

The momentum budget (partition of the total wind stress
into turbulent, wave-coherent, and pressure stress compo-
nents) in the along-wave direction (Figs. 8a,c) is quite similar
in oblique and aligned wind cases, with enhanced positive
wave-coherent stress (upward momentum flux) at midlevel
due to airflow separations, pressure stress increasing toward
the surface (downward momentum flux), and turbulent stress

balancing the two. An analysis of the momentum budget
in the cross-wave direction (Figs. 8b,d) highlights strong mid-
level downward wave-coherent stress balanced by the
reduced cross-wave turbulent stress. This feature appears
related to the separating and reattaching flows (Figs.
9n,p,u,v), and is responsible for significant turning of the
mean wind shear direction (Fig. 7k).

The most notable finding in this study is that waves oblique
to wind appear to have little impact (at u 5 458) or negative
impact (at u 5 67.58) on the equivalent roughness length and
drag coefficient, even if such waves support significant wave
form drag. We find that in oblique wind cases the wind shear
magnitude is enhanced throughout the wave boundary layer
(Fig. 7h), the far field wind speed is significantly increased
(Fig. 7g), and the equivalent roughness length is reduced.

The energy budget analysis shows that the enhanced shear
production (i.e., enhanced mean wind shear) is balanced by
enhanced viscous dissipation throughout the wave boundary
layer (Fig. 11) in the oblique wind cases. However, the turbu-
lent stress in the wave boundary layer is not enhanced in a
similar manner, which suggests that the existing turbulence
closure schemes, relating the dissipation rate (or the mean
wind shear) with the turbulent stress, may underestimate the
mean wind shear and the far field wind speed and overesti-
mate the equivalent roughness length and drag coefficient in
the presence of misaligned waves.

In this study, we do not propose a new parameterization of
the drag coefficient as a function of wind-wave misalignment.
This is mainly because the total wind stress is expected to be
dependent on integration of the wave form drag due to waves
of all scales and directions, and a simple parameterization of
the drag coefficient over complex seas, such as those with mis-
aligned dominant waves, is not feasible. Instead, the aim of
this study is to advance our understanding of how waves mis-
aligned with wind interact with wind, and how the wave
growth/decay rate, the mean wind profile, and the effective
roughness are modified by such waves. The results from this
study are expected to be beneficial for improving the sea-
state-dependent drag coefficient parameterizations based on
integration of wave form drag over complex seas.

This study focuses on wind over steep strongly forced mis-
aligned waves, mainly because such waves support a bulk of
the air–sea momentum flux, and therefore understanding the
impact of such waves is critically important for improving the
sea-state-dependent drag coefficient parameterizations. How-
ever, our choice of wave parameters is not likely applicable
for conditions of dominant swell misaligned with wind, even
under high wind tropical cyclone conditions. It is highly desir-
able to extend this study to include larger wave ages and
reduced wave steepness in the future.

In this study, we have investigated the effect of oblique waves
by maintaining the wind stress magnitude and altering its direc-
tion relative to the wave direction, because we think this is the
most sensible approach to take as a first step. However, it is cer-
tainly of interest to expand the scope of study by comparing the
aligned wave case with a different oblique wave case. One pos-
sibility would be to maintain the wind speed magnitude (at a
certain elevation) and alter its direction. Another possibility

FIG. 15. Normalized magnitudes and angles of wind speed,
wind shear, and simulated wave-following wind stress measure-
ment [(〈tt131tw13〉21 〈tt231tw23〉2)1=2=u2∗s] for waves following
wind (orange lines) and waves opposing wind (blue lines) for
aligned (thick lines) and oblique (thin lines) wind conditions.
Solid lines show results with vertical mapping using s 5 1 and
dashed lines show results with s 5 0.0001. Gray lines show pro-
files for flat wall cases.
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would be to maintain the along-wave component of wind stress;
that is, to compare the oblique (458) case of wave age 1.4 and
the aligned case of wave age 1:43

������
2

√√
51:66 (given that the

wave age is c| |=u∗s and the wind stress is proportional to u2∗s).
Finally, our LES results from both Part I and Part II suggest

that wind speed and wind stress measurements performed on
a wave-following platform can be strongly contaminated by
the platform motion if the instrument is inside the wave
boundary layer of dominant waves.
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