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ABSTRACT

This study utilizes a large-eddy simulation (LES) approach to systematically assess the directional vari-
ability of wave-driven Langmuir turbulence (LT) in the ocean surface boundary layer (OSBL) under tropical
cyclones (TCs). The Stokes drift vector, which drives LT through the Craik–Leibovich vortex force, is ob-
tained through spectral wave simulations. LT’s direction is identified by horizontally elongated turbulent
structures and objectively determined fromhorizontal autocorrelations of vertical velocities. In spite of a TC’s
complex forcing with great wind and wave misalignments, this study finds that LT is approximately aligned
with the wind. This is because the Reynolds stress and the depth-averaged Lagrangian shear (Eulerian plus
Stokes drift shear) that are key in determining the LT intensity (determined by normalized depth-averaged
vertical velocity variances) and direction are also approximately aligned with the wind relatively close to the
surface. A scaling analysis of the momentum budget suggests that the Reynolds stress is approximately
constant over a near-surface layer with predominant production of turbulent kinetic energy by Stokes drift
shear, which is confirmed from the LES results. In this layer, Stokes drift shear, which dominates the
Lagrangian shear, is aligned with the wind because of relatively short, wind-driven waves. On the contrary,
Stokes drift exhibits considerable amount of misalignments with the wind. This wind–wave misalignment
reduces LT intensity, consistent with a simple turbulent kinetic energy model. Our analysis shows that both
the Reynolds stress and LT are aligned with the wind for different reasons: the former is dictated by the
momentum budget, while the latter is controlled by wind-forced waves.

1. Introduction

The interaction of wave-induced Stokes drift and the
vorticity of turbulent currents results in the Craik–
Leibovich (CL) vortex force, which drives an oceanic
turbulent process called Langmuir turbulence (LT)
(Craik and Leibovich 1976). Recent studies show that
LT plays an important role in the upper-ocean mixing
under tropical cyclones (TCs) (Sullivan et al. 2012; Rabe
et al. 2015; Reichl et al. 2016a,b; Wang et al. 2018). For
instance, LT enhances turbulent entrainment, resulting
in greater mixed layer deepening and sea surface cool-
ing, which critically affects the air–sea heat fluxes that

drive the development of the TC. Most TCs feature
extreme, transient winds, which generate nonequilibrium
waves with widely distributed wind–wave misalignments
(Fan et al. 2009). The wind–wavemisalignments are found
to reduce LT intensity and change the orientation of the
Langmuir cell (LC), which illustrates the important role of
the wind–wave misalignment in LT’s development and
parameterizations (Van Roekel et al. 2012; Sullivan
et al. 2012; Rabe et al. 2015).
LT intensity is often characterized by the depth-

averaged vertical velocity variance (VVV), which is gen-
erally small in the purely shear-driven turbulence (ST) but
can be significantly increased by LT-enhanced vertical
turbulent transport (Polton and Belcher 2007; Li et al.
2005; Harcourt and D’Asaro 2008). Rabe et al. (2015)Corresponding author: Dong Wang, dongwang@udel.edu
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shows that the great wind–wave misalignment under the
TC can reduce the enhancement of VVV by LT toward
levels of ST alone. It has been shown that wind–wave
misalignment contributes to vorticity transport across
Langmuir cells, thereby reducing LT (Van Roekel et al.
2012). Wind–wave misalignment also decreases the
production of turbulent kinetic energy (TKE) due to
waves (VanRoekel et al. 2012; Sullivan et al. 2012; Rabe
et al. 2015). The TKE production due to nonbreaking
surface waves is mathematically represented by the dot
product of the Reynolds stress vector and Stokes drift
shear vector (McWilliams et al. 1997; Grant and Belcher
2009). Thus, the profile of Reynolds stress is another
important factor that critically influences LT intensity
and structure in addition to the Stokes drift shear that is
imposed as a wave forcing.
For steady flow, the Reynolds stress profile in the

ocean surface boundary layer (OSBL) is often described
by an Ekman balance between the Coriolis force and
divergences of the turbulent Reynolds stresses. This
balance leads to downward spiraling and decaying cur-
rent structure (Price et al. 1987; Polton et al. 2013).
However, in TC conditions, the forcing is highly transient,
so that deviations from steady-state dynamics are expected
(Sullivan et al. 2012). Furthermore, LT-enhanced mixing
and the interaction of Stokes drift and Coriolis force
causes a reduced decay of the Ekman spiral with depth
(McWilliams and Sullivan 2000). With LT, the direction
of Reynolds stress is found to be more aligned with the
Lagrangian current shear than the mean Eulerian current
shear (McWilliams and Sullivan 2000; McWilliams et al.
2012; Reichl et al. 2016b). Note that the Lagrangian cur-
rent is the sumofEulerian current and Stokes drift vectors.
The relationship between current shear and Reynolds
stress is critical for Reynolds stress parameterizations. It
is traditionally assumed that the direction and magni-
tude of the Reynolds stress is directly related to the
Eulerian shear (Pope 2010).
In addition to reducing LT intensity, the wind–wave

misalignment also impacts LT direction. The direction
of LT is a crucial parameter in quantifying the effects of
wind–wave misalignment on LT intensity since only the
TKE and vorticity productions along LT direction con-
tribute to the growth of LT (Van Roekel et al. 2012;
Leibovich 1983). LT direction is often identified by its
horizontally elongated turbulent structures, which are
generated by strong downwelling flows (Kukulka et al.
2010; Van Roekel et al. 2012; Sullivan et al. 2012). For
moderate winds, LT direction changes with wind–wave
misalignment and is approximately between the wind
and wave directions (Van Roekel et al. 2012). Theo-
retical studies indicate that LT is directed to maximize
the wave–current interaction andminimize the cross-LC

shear. This requires the LT direction to be along the
Lagrangian current shear, which also controls the gen-
eration of the along-LC vorticity (Gnanadesikan and
Weller 1995; Holm 1996). Thus, the Lagrangian shear is
the key factor that determines LT direction, which is a
function of depth.
In TC conditions, LT direction has been examined at

the depth of maximum vertical velocity variance and
compared to the direction of the Lagrangian shear at the
same depth. This comparison suggests these directions
are nearly aligned, although the full three-dimensional
LT structure for a wide range of conditions has not yet
been investigated (Sullivan et al. 2012). In fact, previous
studies identify LT direction at a single depth layer, ig-
noring any depth variation of LT direction that has been
observed in extreme swell conditions (McWilliams et al.
2014). This also motivates a critical examination of
using a depth-averaged Lagrangian shear to predict LT
direction (Van Roekel et al. 2012). Furthermore, Sullivan
et al. (2012) shows that LT direction is approximately
aligned with the wind direction in spite of TC’s sub-
stantial wind–wave misalignments. This result stands in
contrast with the early finding that LT direction is be-
tween the wind and wave directions.
TC winds drive breaking waves, which substantially

affect turbulence dynamics in a relatively thin near-surface
layer that ismuch smaller than the ocean surface boundary
layer and characterized by a predominant balance of
TKE transport and dissipation (Craig and Banner 1994;
Terray et al. 1996; Noh et al. 2004; Sullivan et al. 2007).
The breaking wave affected layer is often assumed to
scale with significant wave height, which is much smaller
than the ocean surface boundary layer (OSBL) depth
and, thus, usually assumed to not greatly impact the
dynamics of the deeper OSBL, which is in agreement
with previous LES studies with explicit breaking wave
effects (Noh et al. 2004; Sullivan et al. 2007; Kukulka and
Brunner 2015). Consistent with our previous studies
(Reichl et al. 2016b; Wang et al. 2018) and other LES
studies under TC (e.g., Sullivan et al. 2012; Rabe et al.
2015), we do not explicitly include breaking waves in our
LES approach.
This study investigates the influence of wind–wave

misalignment on LT intensity and direction for a wide
range of TC conditions. Our results play a key role in
understanding misalignment effects in complex forcing
conditions, scaling LT, and for developing comprehen-
sive turbulence closure schemes of the OSBL. In section
2, we briefly review the methods in our study, which
follows the same numerical approaches as Reichl et al.
(2016a,b) and Wang et al. (2018). In the results section,
we first examine important factors that control LT in-
tensity and direction (sections 3a–c) and then assess the
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effects of the wind–wave misalignment on LT, illus-
trating that TC’s wind–wave misalignment reduces LT
intensity (section 3d) but does not affect LT direction
(section 3e).

2. A synopsis of OSBL turbulent models

a. Wind and wave models

This study is a follow-up study of our previous in-
vestigations on the response of LT to TCs. We use the
same wind and wave models and setups as in our previous
studies (Reichl et al. 2016a,b; Wang et al. 2018). The wind
field is prescribed from the TC-tunedHolland wind model
(Holland 1980, 2008). This wind is used as the input for
the third-generation wave model WAVEWATCH III
(Tolman 2009) to simulate the wave field. The TC wind
translation speed is set to 5ms21 moving from east to
west, themaximumwind speed is set to 65m s21 (at 10-m
height), and the radius of maximum wind (RMW) is set
to 50km.
The output of the wind model is the wind vector at

10-m height U10 and for the wave model it is the two-
dimensional wave height spectrum F(v, u) where v is
radian frequency and u is the wave propagation di-
rection. The wind and wave forcing that we use to drive
theOSBLmodel are the wind stress vector t0 and Stokes
drift vector us, respectively. The wind stress vector t0 is
parameterized through t05 CdrajU10jU10, where ra is the
air density and Cd is the drag coefficient depending on
jU10j (Sullivan et al. 2012). The wind stress vector t0 is also
used to obtain the water friction velocity u* in the OSBL
model following jt0j5 r0u

2
*, where r0 5 1024kgm23 is

the reference density. The depth-dependent us is obtained
by integrating the wave spectra following:

u
s
(z)5 2

ð‘

0

ðp

2p

kvF(v, u)e2jkjz du dv , (1)

where k is the horizontal wavenumber vector and z is the
vertical coordinate (z 5 0 at the mean sea surface and
z , 0 in the ocean) (Kenyon 1969). Other details of the
computational parameters and setups of the wind and
wave models are described inWang et al.’s (2018) study.
In TC conditions, us at z525m varies spatiotemporally
due to the transient wind forcing (Fig. 1). For instance,
the wave forcing is generally stronger on the right of the
TC track (Northern Hemisphere) because waves prop-
agate with the TC and experience greater wind forcing,
creatingmore favorable conditions for wave’s growth. In
addition, the wind–wave misalignment is ubiquitous
under the TC and can be more than 908 in some regions,
particularly on the left of the TC track (misalignment is
illustrated by the angle between the black and gray

arrows, Fig. 1), which plays an important role in influ-
encing LT’s development.

b. Ocean surface boundary layer model

The upper-ocean response to the TC forcing is simu-
lated by a large-eddy simulation (LES) model based on
the grid-filtered CL equations (Craik and Leibovich
1976; McWilliams et al. 1997; Skyllingstad and Denbo
1995; Kukulka et al. 2010). LT is generated by a vortex
force in the CL equations, that is the cross product of the
Stokes drift us and vorticity. When there are no waves
(us5 0), this vortex force is zero and the grid-filtered CL
equations are identical to the grid-filtered Navier–Stokes
equations that only simulate shear-driven turbulence (ST).
In this study, we use the same LES experiments and
setups as in Reichl et al. (2016b) andWang et al. (2018),
including simulations with and without LT at 18 stations
along theY direction, which is perpendicular to the TC’s
propagation direction X (Fig. 6). The range of Y ex-
plored here is from 2200 to 200 km, where Y0 5 0 is at
the TC’s center and Y. 0 and Y, 0 denote stations on
the right and left of the TC’s eye, respectively. Each
simulation has a physical duration time t5 72h, and the

FIG. 1. The magnitude of Stokes drift at z 5 25m over the TC
domain. The directions of wind and us are indicated by black and
gray arrows at select locations. The longest black and gray arrows
correspond to the maximum wind speed of 65m s21 and the max-
imum jusj of 0.5m s21, respectively. The red circles marked by the
capital letters A, B, and C indicate the three locations that are
examined in section 3. Note that the x axis represents the trans-
lating distance of the TC relatively to where the TC’s eye passes
(X0), and the y axis denotes the distance of each station from the
TC’s eye (Y0). Both distances are normalized by the radius of the
maximum wind (RMW), which is 50 km.
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TC eye passes each station at t0 5 36h. Since the forcing
and response are in quasi-steady state with respect to the
TC translation, we can transform the evolution time into
moving distance using X 5 V(t 2 t0), where V is the
translation speed (here 5ms21). Therefore, X , 0 and
X. 0 correspond to time periods before and after the TC
eye passes, respectively, withX0 5 0 corresponding to t0.
In addition to the simulations presented in Reichl

et al. (2016b) and Wang et al. (2018), we conduct an-
other set of LES experiments at a subset of stations
ranging from 2150 to 150 km along transect Y, per-
pendicular to the storm translation direction, to examine
in detail the spatial structure of LT (Table 1). For these
experiments, the LES domain is 300m3 300mwide and
250m deep with 228 3 228 horizontal grid points and
256 vertical grid points. The horizontal spatial coordinate
in the LES domain is denoted by (x, y), of which positive
directions are along east and north, respectively. Consis-
tent with Wang et al. (2018), we prescribe a horizontally
uniform initial temperature profile, characterized by a
10-mmixed layer depth with a uniform temperatureT5
302.4Kand a constant stratification of dT/dz5 0.04Km21

below. A constant heat flux of 25Wm22 is imposed to
accelerate the initial spinup of turbulence. Along with
the frequently saved [per O (102) s] horizontally averaged

profiles of simulation results, fully three-dimensional
turbulence fields are saved hourly. Sensitivity tests in-
dicate that the smaller horizontal and vertical domain
sizes and higher resolution does not significantly influ-
ence our results but high resolution enhances the visual
representation of flow fields.

3. Results

To understand the impact of wind–wavemisalignment
on LT intensity and direction, we first examine the
profiles of Reynolds stress (t), Stokes drift shear (›us/›z),
and Lagrangian shear [›(us 1 u)/›z]. These quantities
combine to control LT production and determine LT di-
rection (sections 3a–c). We then assess the wind–wave
misalignment effects in TC conditions on LT intensity
(section 3d) and direction (section 3e) and discuss how
wind–wave misalignment under complex TC conditions
affects LT intensity and LT direction.

a. Layer with substantial stress

We first examine t at the depth z 5 20.2HB to esti-
mate what happens to the profile down to a greater
depth relative to the surface, where HB is a boundary
layer depth (defined to be the depth where the turbulent
stress decays to 5% of its surface value). The Reynolds
stress t is aligned with the wind in most of the TC do-
main except regions near the TC eye, where the wind
decays and turns rapidly (left panel, Fig. 2 and Fig. 1).
In addition, the magnitude of t decays little within 0.2HB

TABLE 1. Locations of nine stations with outputs of 3D flow field.

Station number 19 20 21 22 23 24 25 26 27

Y 2 Y0 (km) 150 80 30 10 0 220 270 280 2150

FIG. 2. (left) Themisalignment between the wind direction uw and the direction of Reynolds stress ut at depth z5
20.2HB. (right) The normalized Reynolds stress by u2

*r at z520.2HB. In the right panel, the normalizedReynolds
stress exceeds one inside the RMW, where the color is saturated. The two horizontal dashed black lines denote two
LES transects at (Y2Y0)/RMW5 1 and (Y2Y0)/RMW521.2, and the dashed black circle indicates the radius of
maximumwind. The solid black line is the path of the TCmoving from right to left. The solid magenta line denotes
the range of Reynolds stress and mean current shear profiles that will be examined in Fig. 5.
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since jtj normalized by u2
*r at z520.2HB is close to one.

These results suggest that there exists a near-surface layer
where t is nearly constant in the vertical.
Figure 3 shows the evolution of Reynolds stress pro-

files for two transects: one is on the right of the TC track
at (Y2 Y0)/RMW5 1 and the other one is on the left at
(Y2 Y0)/RMW5 21.2 (black dashed lines in Fig. 2). For
both transects, t does not decay significantly within upper
0.2HB and remains nearly constant [jtj/(u2

*r). 0:8] (top
panels, Fig. 3). However, t remains aligned with the wind
direction down to a much greater depth than the layer with
substantial stress. This alignment is especially true for the
right-side transect, where thewind-aligned t approaches the
boundary layer base (bottom panels, Fig. 3). This in-
dicates that t does not simply follow the Ekman spiral
structure for which t decays and rotates at the same
rates with depth. Thus, it is clear that the spatiotem-
poral variation of TC’s wind forcing may also signifi-
cantly impact the stress profile.
To facilitate understanding of the stress profile and

quantitatively specify the depth of the layer with sub-
stantial stress Ht, we assess t through the horizontally

averaged momentum equation after subtracting geo-
strophic currents without using parameterized turbu-
lent eddy viscosity:

›hui
›t

1 f ẑ3 (hui1 u
s
)5

1

r

›t

›z
, (2)

where u5 (u, y) is resolved horizontal Eulerian current
vector with components along east and north direc-
tions, h!i denotes the horizontal spatial average in the
LES domain, ẑ is a unit vector in the z direction, and f5
6.81 3 1025 s21 is the Coriolis parameter. To indicate
the variation of the dominant forcing in Eq. (2), we
compute the ratio RM of the depth-integrated current
acceleration rate [first term on the lhs of Eq. (2)] to the
depth-integrated Coriolis force [second term on the lhs
of Eq. (2)] following

R
M
5

""""
ð0

2H

›hui/›t dz
""""

""""
ð0

2H

f ẑ3 (hui1 u
s
) dz

""""

, (3)

FIG. 3. (top) Normalized Reynolds stress jtj/(u2
*r) and (bottom) the misalignment between Reynolds stress’s di-

rection and the wind direction for the transect on (left) (Y2 Y0)/ RMW5 1 and (right) (Y2 Y0)/ RMW521.2. The
solidmagenta line denotes the depth of the layer with substantial stress (Ht) and the dashed black line is the upper 20%
of boundary layer depth (0.2HB). Note that Ht 5 0.2HB only in the strongly wind-forced subregion (refer to Fig. 4),
which corresponds to the range (X2X0)/RMW, 1 in the left panels and (X2X0)/RMW,21 in the right panels. The
vertical dashed red line denotes the range of mean current shear and stress profiles that will be examined in Fig. 5.
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where H is the depth of the LES domain (Fig. 4).
Physically, RM characterizes the ratio of the inertial
period to the time scale of the mean current change.
When RM is about 1, the momentum balance is mainly
between the acceleration of the mean currents and the
Coriolis force, indicating inertial oscillation. We iden-
tify strong inertial currents for 0.8 , RM , 1, which
corresponds to regions on the right-side after the TC’s
passage (shown as green regions in the right panel, Fig. 4).
We expect that the profile of t varies with different

dominant forcing. However, t is always close to the wind
stress sufficiently close to the surface. We define the
depth of the layer with substantial stress as Ht for all
three forcing regimes. Note that we mainly introduce a
constant stress layer for scaling purposes, so that the
stress is only approximately constant with depth in this
layer. The proper scaling ofHt depends on the particular
forcing subregion, which is investigated next.
When RM . 1 the primary momentum balance is

between the acceleration of the mean currents and the
divergence of t (regions with RM . 1 in the left panel,
also shown as yellow regions in the right panel, Fig. 4). In
this case, the mean currents change faster than the in-
ertial oscillation and thus are also substantially forced by
the wind. This scenario yields a profile of t that is
mostly aligned with wind throughout HB (as shown for
(X 2 X0)/RMW , 1 in the bottom-left panel and for
(X2X0)/RMW,21 in the bottom-right panel, Fig. 3).
To estimate a depth to which t is approximately con-
stant (Ht), we assume a steady mean current shear
within HB, and as such

0’
›

›t

#
›hui
›z

$
5

1

r

›2t

›z2
, (4)

yielding a linearly decaying profile of t.
To assess this assumption, we examine the profiles

of mean Eulerian current shear and t between
(X2X0)/RMW521.8 and (X2X0)/RMW520.7 at
station (Y 2 Y0)/RMW 5 1, which are located in the
strongly wind-forced region for both the LT and ST cases.
To illustrate the direction of the mean Eulerian current
and its shear relative to the wind, both the current and
shear are projected into the along-wind and crosswind di-
rections denoted by subscripts // and ?, respectively.
For both the LT and ST cases, the along-wind part of

themean Eulerian current (black solid and black dashed
lines, Figs. 5a,e) and shear (Figs. 5b,f) are predominant
compared to the crosswind part (red solid and red
dashed lines, Figs. 5a,e,c,g) since the Coriolis effect is
not significant in the strongly wind-forced region. In
spite of the rapidly growing TC winds and significantly
increased along-wind mean Eulerian currents (cf. black
dashed to black solid lines, Figs. 5a,e), the shear profiles
rarely change (Figs. 5,b,c,f,g), which supports our steady
mean shear assumption. Note that shear in Fig. 5 is
plotted as function of z/HB and that HB changes with
time; however, the boundary layer deepens relatively
slowly, about 0.003ms21, and is relatively deep with an
average depth of about 80m, so that changes in HB do
not significantly affect the temporal shear evolution
shown in Fig. 5. As expected, t decreases linearly for
both the LT and ST cases (Figs. 5d,h). For this regime,

FIG. 4. (left) The ratioRM of depth-integratedmean current acceleration rate to the depth-integratedCoriolis force.
(right) The strongly wind-forced (yellow region), inertial oscillation (green region), and Ekman layer (blue region)
regimes based onRM. The red contour line in the right panel denotesRM5 1.Other line styles are the same as inFig. 2.
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we set Ht 5 0.2HB, so that t decays to 80% of surface
value at z5Ht (solidmagenta lines in the strongly wind-
forced subregion, which is for (X2X0)/RMW, 1 in the
left panels and for (X 2 X0)/RMW , 21 in the right
panels, Fig. 3).
For RM , 0.8, the primary momentum balance is be-

tween the Coriolis force and the divergence of t, which
forms the classic Ekman layer with a spiral structure of
current and t (regions with RM , 0.8 in the left panel,
also shown as blue regions on the left side of the TC in
the right panel, Fig. 4). We consider t changes little
vertically within Ht and is scaled by u2

*r, which reveals

f (jhui1 u
s
j);

u2
*

H
t

. (5)

Since depth-averaged jusj over H is smaller than the
depth-averaged jhuij on the left side of the TC (refer to
Fig. 7 in Wang et al. 2018) and hui is still significantly
forced by the winds, the depth-averaged Lagrangian
currents (hui 1 us) can be approximately scaled by u*,

resulting in Ht ; u*/f . We find that Ht 5 0:025u*/f best
captures the depth of the layer with substantial stress
(solid magenta lines for (X 2 X0)/RMW . 1, Fig. 3).
Note that here Ht 5 0:025u*/f is obtained through
scaling the momentum equation and is not the Ekman
depth scale, which is also suggested by the relatively
small coefficient 0.025 compared to the typical co-
efficient (0.25) in the Ekman depth scale (McWilliams
et al. 1997). In addition, t is not exactly constant within
Ht so that the divergence of t is not zero and can still
balance the relatively weak Coriolis force due to the less
energetic inertial currents on the left side of the TC.
In summary, the characteristics of the stress profile vary

with the dominant forcing under the TC and thereby
leading to different scalings for Ht. For a conservative
estimate in our study, Ht 5min(0:2HB, 0:025u*/f ),
which should also include the inertial oscillation case
because the inertial oscillation does not influence t’s
profile (solid magenta lines, Fig. 3). In the next section,
we first investigate the Lagrangian shear, which critically
determines LT direction. We then examine the Stokes

FIG. 5. (a),(e) The along-wind (black lines) and crosswind (red lines)meanEulerian currents at (X2X0)/RMW521.8 (solid lines) and
at (X 2 X0)/RMW 5 20.7 (dashed lines) for the (top) LT and (bottom) ST cases. (b),(f) The along-wind mean Eulerian current shear
profiles and their mean, (c),(g) the crosswindmean Eulerian current shear profiles and their mean, (d),(h) the Reynolds stress profiles and
their mean between (X2X0)/RMW521.8 and (X2X0)/RMW520.7 for the (top) LT and (bottom) ST cases. Gray lines denote each
single profile, and the black line is the mean in (b), (c), (d), (f), (g), and (h).
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drift shear, which predominantly contributes to the La-
grangian shear and controls Stokes drift shear pro-
duction with the Reynolds stress.

b. Wind-aligned Lagrangian shear and Stokes
drift shear

Earlier studies show that LT direction is determined
by a depth-averaged Lagrangian shear (DALS):

DALS5

%
›hui
›z

&

0:2HB

1

%
›u

s

›z

&

0:2HB

, (6)

where the symbol [!]0:2HB
denotes the depth average within

the upper 0.2HB. The DALS direction a is defined by

tan(a)5
[›(hyi1 y

s
)/›z]0:2HB

[›(hui1u
s
)/›z]0:2HB

, (7)

where (us, ys) 5 us are components of the Stokes drift
vector along east and north directions (VanRoekel et al.
2012; Sullivan et al. 2012). In spite of TC’s substantial
wind–wave misalignments (refer to Fig. 1), DALS
exhibits a good alignment with the wind in most of the
TC domain except for regions near the TC eye, which
suggests wind-aligned LT under the TC (left panel,
Fig. 6). To further understand the wind-aligned DALS,
we examine [›hui/›z]0:2HB

and [›us/›z]0:2HB
, which are

two components of the DALS [Eq. (6)]. The ratio of
j[›us/›z]0:2HB

j to jDALSj is greater than 0.8 inmost of the
TC domain except in regions on the lhs before the TC
eye passes (right panel, Fig. 6), where fast propagating,

wind-misaligned long waves are predominant with rel-
atively small Stokes drift shear [refer to the bottom left
panel of Fig. 1 in Wang et al. (2018)]. This indicates that
[›us/›z]0:2HB

determines DALS in most regions under
TC. Thus, the wind-aligned DALS is controlled by the
wind-aligned [›us/›z]0:2HB

. Note that [›us/›z]0:2HB
em-

phasizes surface Stokes drift contributions; however,
›us/›z is potentially depth dependent, which will be
examined below.
To illustrate the directional profile of ›us/›z, we com-

pare it to the wind direction at the same two transects in
section 3a (denoted by two dashed black lines in
Fig. 2). For both transects, ›us/›z is found to be well
aligned with the wind at z . 2Ht before the TC’s pas-
sage [(X 2 X0)/RMW , 0; top panels, Fig. 7]. During
maximum winds, the wind-aligned Stokes drift shear
even extends to a depth that is greater than 50m due to
the strongly wind-forced, mature waves with longer
wavelengths (0 , (X 2 X0)/RMW , 1, top left panel,
Fig. 7). The pronounced misalignment mostly occurs
before and after the TC’s passage at z , 2Ht. This is
because most wind-misaligned swell waves occur during
those stages and become more pronounced in a deep
layer [(X 2 X0)/RMW , 21 and (X 2 X0)/RMW . 2;
top panels, Fig. 7].
Considering the layer with substantial stress (Ht) de-

scribed in section 3a, our results show that the Reynolds
stress and the Lagrangian shear, which approximately
equals ›us/›z, are both along the wind direction within
depth Ht. However, both are aligned with the wind for
different reasons: the Lagrangian shear is controlled by

FIG. 6. (left) The cosine of misalignment angle between the directions of wind and surface layer-averaged
Lagrangian shear. (right) The ratio of the magnitude of surface layer-averaged Stokes drift shear to the magnitude
of surface layer-averaged Lagrangian shear. The surface layer average is conducted within the upper 0.2HB. Letters
A, B, and C denote three locations as in Fig. 1, and other line styles are the same as in Fig. 2.
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wind-forced waves, while the Reynolds stress is dictated
by the momentum budget, irrespective of the Lagrang-
ian shear direction. This finding is particularly in-
teresting in light of recent parameterizations of the
Reynolds stress (e.g., McWilliams et al. 2014; Reichl
et al. 2016a), whose direction is assumed along the La-
grangian shear in the presence of LT. Is this directional
dependence causal or is a more comprehensive ap-
proach necessary to parameterize the Reynolds stress,
for example, one that includes nonlocal transport?
One characteristic of nonlocal momentum transport is

the presence of relatively weak Lagrangian mean shear
and substantial vertical momentum flux, so that mo-
mentum is not simply transported downgradient along
the Lagrangian mean shear. As an example, we examine
themagnitude of the normalized along-wind Lagrangian
shear in the presence of LT at (Y 2 Y0)/RMW 5 1 and
compare it to the ST case (Fig. 8). The crosswind
Lagrangian shear is much weaker than the along-wind
part for both cases and is not shown here. As expected, the
magnitude of the Lagrangian shear is most pronounced
near the surface and bottom due to the predominant sur-
face Stokes drift shear and bottom Eulerian current shear,

respectively (Fig. 8). The bottom Eulerian current is rela-
tively weak before the TC passes [(X2X0)/RMW,21],
resulting in a small bottom Lagrangian shear at that
stage. The magnitude of the normalized Lagrangian
shear for the LT case is quite weak in a middle layer
(20.4HB , z,2Ht) compared to the ST case, where t
is still significant. If the turbulent flux is parameterized
based on the downgradient assumption, such rela-
tively weak shear results in a relatively large, that is,
enhanced, eddy viscosity (McWilliams and Sullivan
2000; Reichl et al. 2016b). Previous studies suggest
that such an enhancement may also capture nonlocal
transport (Smyth et al. 2002; Kukulka et al. 2012;
Sinha et al. 2015). Additional evidence for nonlocal
transport is presented in section 3e, indicating that
dominant Langmuir cells contribute to a significant
portion of momentum transport.
For a comparison to the directional profiles of ›us/›z,

we also assess the directional profile of us, which shows
considerable misalignment with the wind within Ht,
particularly before and after the TC’s passage (bottom
panels, Fig. 7). This is because ›us/›z is weighted more
by the wind-aligned short waves with greater wavenumber

FIG. 7. (top) The cosine of themisalignment between the Stokes drift shear direction gss and thewind direction uw
and (bottom) the misalignment between the Stokes drift direction gs and the wind direction uw on the (left) rhs
transect and (right) lhs transect. The solid blue line indicates the depth of maximum hw02i Hhw02i(max), and the solid
magenta line denotes the depth of Ht. The vertical dashed red line denotes the range of mean current shear and
stress profiles examined in Fig. 5.
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that tend to bemore alignedwith the wind than us [refer to
Eq. (1)]. Though the wind-misaligned long waves barely
affect the direction of wind-aligned ›us/›z, it can generate
pronounced, wind-misaligned us at greater depth because
of its relatively slow decay rate. Thus, we emphasize that
the directional variability of us is different from ›us/›z. It is
the misalignment between the wind and us within Ht that
accounts for the reduced LT intensity, which will be shown
in section 3d.
We next filter the wind-forced wave components from

the original wave spectrum to examine whether rela-
tively short waves that are directly forced by the wind
contribute to the alignment of Stokes drift shear with
wind. We employ a wave-age criteria for the filter:

0,
c

jU10j cos(Du)
, 1:2, (8)

where c is the phase speed andDu isDu5 u2 uw (Portilla
et al. 2009; Kukulka et al. 2017). This criterion is

applied to each wave component in the directional wave
spectrum F(v, u). We can thus compute the corre-
sponding depth-averaged Stokes drift shear [›uw

s /›z]0:2HB

for the wind-forced wave spectra and compare it to
[›us/›z]0:2HB

to estimate how much the wind-forced
waves contribute to the Stokes drift shear profile in the
upper 0.2HB. We find that the ratio of [›uw

s /›z]0:2HB
to

[›us/›z]0:2HB
is close to one in most regions under the

TC except regions near the TC eye, where rapidly turn-
ing, decaying winds rarely generate any significant wind-
alignedwaves (not shown here). In addition, [›uw

s /›z]0:2HB

is as well aligned with the wind throughout most regions
of the TC domain. This analysis indicates that the wind-
forced waves predominately contribute to the wind-
aligned Stokes drift shear in the upper 0.2HB.

c. Upper layer with predominant Stokes drift
shear production

The preceding sections have systematically investi-
gated the profiles of Reynolds stress (t) and Stokes drift

FIG. 8. Transects of the normalized along-wind Lagrangian shear magnitude at
(Y 2 Y0)/RMW 5 1 for the (top) LT case and (bottom) ST case. The Lagrangian shear is
normalized by u*/HB, where u* is water friction velocity and HB is the boundary layer depth.
The red dashed line indicates Ht, and the black dashed line denotes the depth of 0.4HB.
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shear (›us/›z). These profiles illustrate the layer with
substantial stress and the alignment between the Stokes
drift shear and the wind in the upper 0.2HB. These re-
sults facilitate our investigation of the Stokes drift shear
production PS 5 t/r›us/›z, which critically influences
LT intensity.
To assess the profile of PS, we compute the depth-

accumulated PS,
Ð 0
2zPS dz

0, and normalize it byÐ 0
2HPS dz

0, whereH is the depth of the LES domain. We
define a depth HPS

, at which the normalized
Ð 0
2zPS dz

0

equals 0.95, specifying the upper layer with predominant
PS (Fig. 9). We find that HPS

varies with the wind-wave
forcing and is significantly greater on the right-side transect
at (Y2 Y0)/RMW5 1 due to stronger waves and LT. For
both transects on each side of the TC eye (Fig. 9), Ht is
greater than HPS

, which suggests that most PS is concen-
trated within the layer with substantial stress. The ratio of
HPS

to Ht is smaller than one throughout most of the TC
domain, except for the regions on the right side, at (Y 2
Y0)/RMW . 2 with a ratio greater than 1.3 (left panel,
Fig. 12). In those regions, the wind-wave forcing is weak
and PS below Ht is negligible.
Therefore, it is reasonable to conclude that the pre-

dominant PS mostly concentrates within the layer with
substantial stress. As such, the depth-integrated PS is
given by

ð0

2HB

P
S
dz5

ð0

2Ht

t

r

›u
s

›z
dz5 u2

*jus
(0)j cos[u

w
2 g

s
(0)] ,

(9)

where gs is the direction of us. Thus, for uw ’ gs(0)
(surface waves are mostly wind-forced waves, refer to
section above), Eq. (9) indicates that the depth-integrated
PS is independent from the wind–wave misalignment and

is only determined by themagnitude of the surface Stokes
drift and the wind stress, although us and the wind can be
substantially misaligned at greater depth. Note that the
direction ofus is different from its shear direction, and can
exhibit considerable amount of misalignments with the
wind in the upper Ht (see, for example, center panel,
Fig. 10). This stands in contrast with the intuitive idea that
the misalignment between wind stress and Stokes drift at
greater depth can reduce the total PS, thereby, reducing
LT intensity.
To highlight the last point and also to illustrate the effects

of the wind–wave misalignment on LT intensity, we in-
vestigate LT intensity at two specific locations with signifi-
cantly different wind–wavemisalignments (locations A and
B in Fig. 1). Both locations are at (Y 2 Y0)/RMW 5 22,
but location A is at (X 2 X0)/RMW 5 0 (during the TC
eye’s passage), and location B is at (X2 X0)/RMW5 2.5
(after the TC’s passage).
LT intensity is often characterized by the depth-

averaged VVV:

VVV5
1

H
B

ð0

2HB

hw02 dzi (10)

(Van Roekel et al. 2012; Rabe et al. 2015; Reichl et al.
2016b). To compare LT intensity at different locations, we
use ju2

*us(0) cos[uw 2 gs(0)]j
2/3

to normalize VVV, which
relates VVV to the depth-integrated TKE production due
to Stokes drift shear (Grant and Belcher 2009). We also
checked for both locations A and B that TKE production
is indeed dominated by Stokes drift shear (e.g., Van
Roekel et al. 2012; the projected surface layer number is
small in both cases). Such normalized VVV does not de-
pend on total TKE production due to Stokes drift shear,
but may still be reduced due to Stokes drift contributions

FIG. 9. (top) Depth-accumulated PS that is normalized by the depth-integrated PS throughout the computation
depth for the transect on (left) (Y2 Y0)/RMW5 1 and (right) (Y2 Y0)/RMW521.2. The dashed red line is the
depth of predominant Stokes drift shear production layer HPs, and the solid magenta line is the depth of the layer
with substantial stressHt. The vertical dashed red line denotes the range of mean current shear and stress profiles
examined in Fig. 5.
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of shorter waves (e.g., Kukulka andHarcourt 2017) or due
to deeper misaligned waves as discussed in detail next.
Figure 10 (left panel) suggests that faster Stokes drift de-
cay with depth due to greater contribution of shorter
waves does not contribute to reducedVVV (right panel in
Fig. 10). We find that it is the misaligned Stokes drift at
greater depth (middle panel) that mainly causes the VVV
reduction apparent in Fig. 10. If the total Stokes drift shear
production is the only factor that determines theVVV,we
expect that the normalizedVVVwill be the same for both
locations with different wind–wave misalignment. How-
ever, we still find a reduced normalized VVV for the case
with greater wind–wave misalignment (location B, red
line in the center panel, Fig. 10). Therefore, the total
Stokes drift shear production alone is not sufficient to
explain the reduced VVV, which motivates further in-
vestigation of the mechanism by which the wind–wave
misalignment reduces LT intensity.

d. Reduced LT intensity due to wind–wave
misalignment

To conceptually illustrate the wind–wave mis-
alignment effect on LT intensity, we employ a simple
TKE model based on a balance between Stokes drift
shear production PS5 t/r›us/›z and turbulent dissipation
«, which does not necessarily rely on a local balance (Grant
andBelcher 2009;Kukulka andHarcourt 2017;Wang et al.
2018). To make further progress, we employ a local as-
sumption to parameterize « following previous approaches
as « 5 q3/l (Kukulka and Harcourt 2017). Here, q 5
(2TKE)1/2 and l is a mixing length, which is taken to be
linearly related to depth here for simplicity. Since we seek
to develop a scaling for VVV, which is predominant in the

near-surface layer (z . 20.4HB) and mostly de-
termined by the Stokes drift shear production, it is
reasonable for scaling purposes to only consider the
leading order TKE balance between the Stokes drift
shear production and dissipation (e.g., Harcourt and
D’Asaro 2008; Grant and Belcher 2009; Kukulka and
Harcourt 2017).
To associate this simple TKE model to the VVV, we

consider a LT-velocity scale wL based on the vertical
average ofq3, which satisfies (assuming TKE production
and dissipation are balanced)

w3
L ;

1

H
B

ð0

2HB

q3 dz5
1

H
B

ð0

2HB

l
t

r

›u
s

›z
dz , (11)

andw3
L ;VVV3/2. In Eq. (11), l reducesPS contributions

near the surface, where l and turbulent eddies are
smaller, but emphasizes PS contributions at greater
depth within HPS

, where l and turbulent eddies are
greater. After integration by parts, Eq. (11) yields

w3
L ;

%
lt ! u

s

H
B
r

&0

2HB

2
1

H
B
r

ð0

2HB

t ! u
s

›l

›z
dz

2
1

H
B
r

ð0

2HB

lu
s

›t

›z
dz . (12)

As l5 0 at the surface and us diminishes at the boundary
layer base, the first RHS term of Eq. (12) is negligible.
Our examinations of the profiles of t and PS show that
most of PS concentrates in the layer with substantial
stress Ht (refer to sections 3a–c). As such, Eq. (12) can
be further simplified as

FIG. 10. (left) The normalized vertical profile of jusj by its surface magnitude jus(0)j, (center) the cosine of the misalignment between
the wind and us, and (right) the normalized vertical velocity variance by jus(0)u2

* cos[uw 2gs(0)]j
2/3

at location A (solid black lines)
and location B (solid red lines).
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w3
L ;2

1

H
B

ð0

2Ht

u2
*jus

j cos(g
s
2 u

w
)
›l

›z
dz . (13)

The value of w2
L/u

2
* is approximately linearly related to

VVV/u2
*, which suggests that the simple model Eq. (13) is

a useful starting point for understanding VVV scaling re-
lations (Fig. 11). Note that the scaling Eq. (13) is consistent
with previous work that empirically relates the normal-
ized VVV to a surface-layer projected Langmuir number
(Reichl et al. 2016b), which is approximately proportional
to (w2

L/u
2
*)

23/4
. The outliers in Fig. 11 are mostly from

locations in the TC eye region, which are also found in
Reichl et al. (2016b) and are possibly associated with the
history effects of strongly forced and decaying turbulence
under transient forcing (Rabe et al. 2015). Equation (13)
also suggests that the wind-projected Stokes drift is the
key factor in determining LT intensity and addresses the
effects of the wind–wave misalignment on LT intensity.
We further illustrate the effects of the wind–wave

misalignment in Eq. (13) through the relation

ð0

2Ht

ju
s
j cos(g

s
2 u

w
) dz5 cos(u

s
2 u

w
)

"""""

ð0

2Ht

u
s
dz

""""" ,

(14)

where us is the direction of [us]Ht
[refer to appendix A in

Wang et al. (2018) for the relation between gs and us].
Thus, the impact of the wind–wave misalignment on
LT intensity is addressed by the misalignment between
the wind and [us]Ht

, which shows a strong spatiotem-
poral variation (right panel, Fig. 12). The misalign-
ment is small in the regions on the right side of the TC at
(X2 X0)/RMW.21, where LT is also strong [refer to
Fig. 9 in Reichl et al. (2016b), indicated by small LaSLu].
For regions on the left side at (Y 2 Y0)/RMW , 21,
the misalignment is great and can be more than 908 [at
(X 2 X0)/RMW , 21 and (X 2 X0)/RMW . 2],
suggesting a significant reduction of LT intensity due to
wind–wave misalignment. Overall, the misalignment be-
tween the wind stress and [us]Ht

varies significantly under
the TC, and thereby, plays an important role in affecting
LT intensity (e.g., VanRoekel et al. 2012; Rabe et al. 2015;
Reichl et al. 2016b). However, in the following section an
outstanding question emerges: Langmuir cells are found to
be uniformly aligned with the wind direction in spite of
TC’s great wind–wave misalignment, suggesting that the
wind–wave misalignment only reduces LT intensity but
does not affect LT direction.

e. Wind-aligned LT

In this section, we assess the directional variability of
LT in TC conditions, particularly, the impact of the

wind–wave misalignment on LT direction. First, we in-
troduce an objective method to identify LT direction
under transient TC forcing. LT is characterized by co-
herent vortex pairs that form approximately parallel
bands of relatively strong upwelling and downwelling
flows (top-left panel, Fig. 13). To identify the direction
of such horizontally elongated coherent Langmuir cells
in complex wind and wave forcing conditions, we in-
troduce the two-dimensional, horizontal two-point
autocorrelation function (Sullivan et al. 2012):

R
ww

(Dx,Dy, z, t)5
hw(x, y, z, t)w(x1Dx, y1Dy, z, t)i

hw(x, y, z, t)w(x, y, z, t)i
,

(15)

where Dx and Dy are spatial lags in x and y coordinates.
With LT, the autocorrelation function features an

elliptic pattern due to elongated turbulent structures
(bottom-left panel, Fig. 13) (McWilliams et al. 1997).
The orientation of the major axis of the elliptic pattern
objectively defines a direction of LT in complex wind
and wave conditions. We estimate this direction uLT
based on the regression Dy5 tan(uLT)Dx, where Dx and
and Dy are weighted byRww (black arrows in Fig. 13). In
the ST case, parallel elongated structures are less pro-
nounced and smaller (top-right panel, Fig. 13), which is
reflected in Rww with its more circular pattern and
greater decay away from the center (bottom-right panel,
Fig. 13). The analysis of autocorrelation is performed

FIG. 11. Normalized vertical velocity variance (VVV/u2
*) vs

normalized w2
L/u

2
* from Eq. (13), with linear regression (solid

black line).
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over the full spatial TC extent, which is on a subset of
stations and time points for which three-dimensional
LES output has been saved (Table 1).
Consistent with earlier studies, LT orientation is

aligned with the DALS direction throughout the TC’s
spatiotemporal domain (Fig. 14). In spite of complex
wind and wave conditions under TC, we find that uLT is
surprisingly constant over a depth of 0.2HB with a
standard deviation of less than 48 (not shown). This is
because the Lagrangian shear, which determines the
LT direction, is uniformly aligned with the wind in
the upper 0.2HB (refer to section 3b). Therefore, the
DALS, which determines LT direction, has the same
direction as the Lagrangian shear at each depth above
z 5 20.2HB.
Given that coherent structures in the form of domi-

nant Langmuir cells (short LCs) are an important feature
of LT, it is interesting to examine the Lagrangian shear
across the dominant LCs, which plays an important role in
setting the LT direction. This is because the along-LC
vorticity has itsmaximumvalue at the cell center and, thus,
the Lagrangian shear at the cell center plays an important
role in generating the along-LC vorticity through the
vorticity tilting and stretching (Van Roekel et al. 2012).
To find the vortex center of dominant LCs under

complex wind–wave conditions, we examine the full
three-dimensional structure of dominant LCs with
conditional averages following McWilliams et al. (1997)
and Kukulka et al. (2010). As strong downwelling jets
are common features of LCs (left panel, Fig. 15), we
specify a vertical velocity threshold w,22hw02i1/2 at
a depth of maximum hw02i [Hhw02i(max)] to identify LC

events. For any variable F(x, y, z, t), the conditional
average {. . .} is defined as

fFg(x, y, z, t)5 1

n
!
n

i51
F(x2 x

i
, y2 y

i
, z, t), (16)

where n is the number of LC events and (xi, yi) specifies
the horizontal locations of LC events. For the condi-
tional averaged field {F}, we define the deviation from
the horizontal average as {F}0, which represents the co-
herent turbulence due to dominant LCs.
We discuss in detail only results for location C at

(X2X0)/RMW521.4 (Y2Y0)/RMW520.4 (letter C
in Fig. 1), which are similar to results for other locations
(not shown). The map view of {w} at Hhw02i(max) shows
strong downwelling jets that coincide with convergent
horizontal anomalies ({u}0, {y}0) flowing toward the central
downwelling region (left panel, Fig. 15). To better illus-
trate the flow structure, the horizontal velocity anomalies
are projected into a plane normal to LT direction, yield-
ing fyg0LT (dashed blue line, left panel, Fig. 15), and into
an along-LT component, fug0LT. In the cross section of
dominant LCs, we observe a pair of counterrotating flows
for z . 215m (indicated by red arrows, middle panel,
Fig. 15). In the center of these two cells there is strong
coupling leading to downwelling flow, demonstrating the
classic structure of LCs. Our result shows that the center
of dominant LCs locates nearly at Hhw02i(max) and the co-
herent structures extend to a greater depth than 0.2HB,
which contributes to the uniform LT direction in the up-
per 0.2HB. Therefore, the Lagrangian shear at Hhw02i(max)

likely influences the direction of dominant LCs.

FIG. 12. (left) The ratio of the predominant Stokes drift shear production layer depth HPs to the substantial
Reynolds stress layer depthHt; (right) themisalignment between wind uw and depth-averaged Stokes drift over the
upper Ht (us). The red contours in the right panel denote HPs/Ht 5 1 and HPs/Ht 5 1:3. Other line styles are the
same as in Fig. 6.
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We find that Hhw02i(max) is generally shallower than
z 5 20.2HB, above which the Stokes drift shear is uni-
formly aligned with the wind (solid blue lines, Fig. 7).
This is also true in most of the TC domain except for the
region on the right side about twoRMWbefore the TC’s
passage (Fig. 16). In this region LT rarely occurs because
of the great wind–wave misalignment and weak Stokes
drift (refer to Fig. 1). Consequently, the Stokes drift
shear atHhw02i(max) is also alignedwith thewind inmost of
the TC domain. As Stokes drift shear predominantly
contributes to the Lagrangian shear, we expect that the
Lagrangian shear at Hhw02i(max) is also aligned with
the wind, controlling dominant LCs to be aligned with
the wind. Thus, this result shows the consistency be-
tween the LT direction and the dominant LCs’ direction

and contributes explaining why the use of Lagrangian
shear at Hhw02i(max) also well indicates LT direction
(Sullivan et al. 2012; Van Roekel et al. 2012).
To provide further evidence for the presence of non-

local transport in the LT case (see section 3b), we ex-
amine the momentum transport due to dominant LCs
hfug0LTfwgi and hfyg0LTfwgi, which are computed within
the span of central downwelling region with a width of a
Langmuir cell. We find that dominant LCs substantially
transport momentum in the depth ranges between 5 and
20m (20.3HB , z , 20.05HB), where the peak mo-
mentum transport contributes to over 40% of the total
momentum transport (right panel, Fig. 15). Previous
studies show that this contribution can be more than
50% (e.g., Kukulka et al. 2010). This further indicates

FIG. 13. (top) The horizontal cross section of normalized w at the depth of the maximum vertical velocity var-
iance and (bottom) its correspondingRww for both the (left) LT case and (right) the ST case at locationC, which is at
(X 2 X0)/RMW 5 21.4, (Y 2 Y0)/RMW 5 20.4. Note that the horizontal space shows the high-resolution LES
space, the magenta arrows in the left panels indicate LT direction, and the black arrow in the top-left panel denotes
the wind direction, which is about 78 misaligned with LT direction.
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the important role of LT in inducing nonlocal transport
in the upper OSBL, which needs to be considered for
more comprehensive parameterizations of Reynolds
stresses in larger-scale ocean models.

4. Conclusions

In this study, we have investigated the impact of wind–
wave misalignment on LT directional variability and

intensity that is characterized by the depth-averaged
vertical velocity variance (VVV) under complex
tropical cyclone wind and wave forcing. A tuned
Holland wind model and the WAVEWATCH III
wave model are used to build the TC wind and wave
fields. These fields are then used to drive the upper
ocean response to the TC that is simulated by a large-
eddy simulation model based on filtered Craik–
Leibovich equations. The numerical experiments are
conducted at multiple stations across the entire TC
domain, which resolves the spatiotemporal variation
of transient TC forcing.
We objectively identify LT direction at each depth

based on its elongated structures, which are illustrated
by autocorrelation of vertical velocity at different depth.
In spite of the widely distributed wind–wave mis-
alignments under the TC, LT direction is uniformly
oriented to the wind in the upper 20% of the boundary
layer depth HB. This is because the Lagrangian shear,
which determines LT direction, is aligned with the wind,
and the Stokes drift shear, which predominantly con-
tributes to the Lagrangian shear, is also along the wind.
In addition, the alignment between the Stokes drift
shear and the wind is due to the wind-driven waves,
which feature relatively short wavelengths and small
wind misalignment in the open ocean.
We also investigate the three-dimensional structure of

dominant Langmuir cells (LCs), the orientation of
which is important in understanding LT direction. The
direction of dominant LCs is determined by the
Lagrangian shear across the LC, which is approximately
at a depth of maximum vertical velocity variance
Hhw02i(max). In most regions under the TC, Hhw02i(max) is
shallower than 0.2HB, which is within the layer with

FIG. 14. The comparison of LTdirection that is averagedwithin the
upper 0.2HB to the direction of surface layer-averaged Lagrangian
shear a. LT direction uLT is obtained at each depth level and then
averaged throughout the upper 0.2HB, where the symbol [!] indicates
a depth average. For a, we average the Lagrangian shear first and
then obtain the direction of such depth-averaged Lagrangian shear.

FIG. 15. (left) The map view of normalized vertical velocity at the depthHhw02i(max). The thick blue arrow shows the direction of LT, and
the blue dashed line represents the panel that is orthogonal to LT direction. The green arrows indicate the horizontal velocity vectors near
the surface. (center) Normalized horizontal velocity anomalies that are projected into the panel normal to LT direction (fyg0LT) and the
along LT part (fug0LT). The green arrows are velocity vectors projected to the same panel normal to LT direction. The blue solid line
indicates the depth of Hhw02i(max), and the black dashed line is the depth of 0.2HB. (right) The comparison of Reynolds stress due to
dominant Langmuir cells (solid red line) to the total Reynolds stress due to all turbulent motions (solid black line).
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uniformly wind-aligned Lagrangian shear. As a result,
the Lagrangian shear at Hhw02i(max) is also aligned with
the wind, suggesting wind-aligned dominant LCs. Thus,
it is reasonable to use the Lagrangian shear atHhw02i(max)

to infer LT direction for our study. This shear is found
similar to the depth-averaged Lagrangian shear.
Though the wind–wave misalignment does not impact

LT direction, it plays a critical role in affecting LT in-
tensity. Our results reveal that the total Stokes drift
shear production PS is not consistent with the reduced
LT intensity. For instance, we find stations with approxi-
mately the same depth-integrated PS but different VVV.
This is because most PS concentrates in a surface layer,
where Reynolds stress is nearly constant. As a result, the
depth-integratedPSonly depends on the dot product of the
wind stress vector and surface Stokes drift vector. Given
that surface Stokes drift is mostly controlled by wind-
forced short waves and is approximately along the wind,
the total PS is independent of the wind–wave mis-
alignments, and thereby cannot be used to indicate the
impact of the wind–wave misalignment on LT intensity.
To understand the layerwith substantial stress, we assess

the profile of Reynolds stress by scaling the momentum
balance equation. The primary momentum balance varies
with transient TC wind forcing and is indicated by a ratio
of a time scale associated with the mean current change
rate to the time scale of inertial oscillation.Wefind that the
characteristics of the stress profile change with different
types of momentum balances. For instance, when the

currents are strongly forced by wind, the Reynolds stress is
aligned with the wind throughout the HB and approxi-
mately linearly decays with depth.When the Coriolis force
balances the divergence of the Reynolds stress, however,
the stress profile satisfies theEkman spiral structure, which
rotates and decays with depth. Based on the scaling anal-
ysis of the stress profile, we obtain a conservative estima-
tion of the thickness of the layer with substantial stress,
which is deeper than the layer with predominant PS.
We employ the same turbulent kinetic energy (TKE)

model as inWang et al. (2018) to explore themechanism
behind the reduced LT intensity by the wind–wave
misalignment, which assumes a balance between PS and
turbulent dissipation. Considering thewind-aligned, nearly
constant Reynolds stress layer with predominant PS, the
derivation of the TKE model reveals that it is the wind-
projected Stokes drift that determines LT intensity. As
such, the effect of the wind–wave misalignment on LT
intensity can be assessed through the misalignment be-
tween wind and a depth-averaged Stokes drift, which is
widely distributed over the TC domain and shows great
spatiotemporal variation. In summary, our study empha-
sizes that LT intensity and direction are controlled by
different wave parameters, which exhibit different re-
sponses to the wind–wave misalignment.
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