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ABSTRACT: Turbulence driven by wind and waves controls the transport of heat, momentum, and matter in the ocean

surface boundary layer (OSBL). For realistic ocean conditions, winds and waves are often neither aligned nor constant, for

example, when winds turn rapidly. Using a large-eddy simulation (LES) method, which captures shear-driven turbulence

(ST) and Langmuir turbulence (LT) driven by the Craik–Leibovich vortex force, we investigate the OSBL response to

abruptly turning winds. We design idealized LES experiments in which winds are initially constant to equilibrate OSBL

turbulence before abruptly turning 908 either cyclonically or anticyclonically. The transient Stokes drift for LT is estimated

from a spectral wavemodel. TheOSBL response includes three successive stages that follow the change in direction. During

stage 1, turbulent kinetic energy (TKE) decreases as a result of reduced TKE production. Stage 2 is characterized by TKE

increasing, with TKE shear production recovering and exceeding TKE dissipation. Transient TKE levels may exceed their

stationary values because of inertial resonance and nonequilibrium turbulence. Turbulence relaxes to its equilibrium state at

stage 3, but LT still adjusts as a result of slowly developing waves. During stages 1 and 2, greatly misaligned wind and waves

lead to Eulerian shear TKE production exceeding Stokes drift shear TKE production. A Reynolds stress budget analysis

and Reynolds-averaged Navier–Stokes equation models indicate that Stokes drift shear production furthermore drives the

OSBL response. The Coriolis effects result in asymmetrical OSBL responses to wind turning directions. Our results suggest

that transient wind conditions play a key role in understanding realistic OSBL dynamics.

KEYWORDS: Turbulence; Wind waves; Atmosphere–ocean interaction; Langmuir circulation; Oceanic mixed layer;

Large-eddy simulations

1. Introduction

The ocean surface boundary layer (OSBL) is essential for air–

sea interaction processes because OSBL turbulence transports

heat, salt, momentum, and suspended and dissolved matter.

OSBL turbulence is driven by wind and waves (Thorpe 2004;

Sullivan and McWilliams 2010; D’Asaro 2014). Many idealized

process studies of the OSBL assume that the forcing wind and

waves are constant and aligned. However, typical ocean condi-

tions are often characterized by highly variable wind and wave

conditions. The goal of this study is to investigate how theOSBL

responds to suddenly changing wind directions.

This study focuses on wind and wave-driven turbulence.

Nonbreaking waves influence OSBL turbulence through the

interaction between the Stokes drift (residual circulation

caused by greater below-crest and smaller bellow-trough wave

orbital speeds) and Eulerian currents (Craik and Leibovich

1976). The Stokes drift tilts vertical vorticity into the wave

propagation direction through the Craik–Leibovich (CL) vortex

force (Craik and Leibovich 1976), resulting in counterrotating

vortices that are approximately aligned with the wind, which are

referred to as Langmuir circulation (LC; Langmuir 1938). LCs

are characterized by a hierarchy of irregular spatial and

temporal scales, and therefore also identified as Langmuir

turbulence (LT; McWilliams et al. 1997). Recent studies in-

dicate that LT plays an important role in OSBL dynamics,

enhancing the vertical fluxes of momentum and heat, induc-

ing stronger vertical velocity variance, and facilitating mixed

layer deepening (Thorpe 2004; Sullivan and McWilliams

2010; D’Asaro et al. 2014).

A common modeling tool of LT is a large-eddy simulation

(LES) approach based on the filtered CL equations (Skyllingstad

and Denbo 1995; McWilliams et al. 1997). LES results are con-

sistent with the observed LT characteristics, such as strong surface

convergence regions (Farmer and Li 1995; Thorpe 2004;

Kukulka et al. 2009), and enhanced vertical velocity variance

(Gargett et al. 2004; D’Asaro 2014). However, idealized LES

process studies of the OSBL often assume constant wind

forcing (e.g., McWilliams et al. 1997; Li et al. 2005; Harcourt

and D’Asaro 2008; Van Roekel et al. 2012), although winds

over the ocean are rarely constant.

Only a few previous LES studies of the OSBL investigate

transient wind and wave forcing. The study of Skyllingstad et al.

(2000) finds that resonantly rotating winds generate larger cur-

rents and stronger vertical mixing. Kukulka et al. (2013) indicate

that the presence of swell generates largermixing to inhibit upper-

ocean restratification in low-wind conditions. Sullivan et al. (2012)

andWanget al. (2018) show that theLTevolution greatly depends

on the transient state of wind and waves under tropical cyclones.

This study examines the OSBL response to rapidly turning

winds, which are commonly observed over the ocean (Fig. 1).

This is a challenging problem because the wave field slowly

turns and adjusts to the new wind direction (top panels of

Fig. 2; Holthuijsen et al. 1987; van Vledder and Holthuijsen

1993). In the next section, we introduce an idealized LES

approach to model OSBL turbulence with transient wind and

wave forcing. In the results section, we first identify non-

equilibrium turbulence based on a bulk TKE analysis for

cyclonically and anticyclonically turning winds with (LT) andCorresponding author: Xingchi Wang, wangxch@udel.edu
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without (shear-driven turbulence, ST) wave effects (section 3a).

We then explore in detail the OSBL response for the simplest

case with cyclonically turning winds and ST (section 3b) be-

fore highlighting differences between ST and wave-driven LT

(section 3c). The last part of the results (section 3d) contrasts

the OSBL responses for cyclonically and anticyclonically

turning winds before concluding with section 4.

2. OSBL turbulence models for abruptly turning winds

a. Basic experimental design

Four LES experiments are designed to study the OSBL re-

sponses to abruptly turning winds, two with surface wave

forcing and twowithout.We first apply a constant northward (y

direction) wind stress t with an ocean friction velocity u* 5
0.0133m s21 to generate fully developed turbulence before the

wind turns, where u* 5 (t/r0)
1/2 and r0 5 1024 kgm23 is a

reference ocean density. This u* corresponds to a wind speed

at 10m height of U10 5 10m s21. For LT, we include the wave

forcing driven by the same wind (see below). The initial

temperature is set constant with a depth of 33m; below this

depth, temperature decreases at a rate of 0.018C m21. OSBL

deepening and buoyancy entrainment at the OSBL base are

weak for the experimental conditions. After the turbulence

reaches a stationary state, we abruptly turn the wind direction

by 908 either cyclonically (in the negative x direction; case C) or
anticyclonically (in the positive x direction; case AC) for both

ST and LT cases (Table 1).

b. LES model

The LES model of turbulent OSBL currents is based on the

grid-filtered CL equations and is described by McWilliams

et al. (1997). The governing momentum equation is
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where t denotes time; the Cartesian coordinates (x1, x2, x3)5 (x,

y, z) include components toward east, north, and upward, re-

spectively; (u1, u2, u3)5 (u, y,w) is the velocity vector; (us,1, us,2,

us,3)5 (us, ys, 0) is the Stokes drift vector; ( f1, f2, f3)5 (0, 0, f) is

the Coriolis vector with the Coriolis parameter f5 1024 s21;

(g1, g2, g3) 5 (0, 0, 2g) is Earth’s acceleration vector with

g5 9.81 m s22; p5 (p/r0)1 1/2[(ui 1 us,i)(ui 1 us,i)2 uiui] is

the generalized pressure in which p is the pressure; r is the

water density; vi 5 �ikm(›/›xk)um is the relative vorticity; and

�ikm is the permutation tensor. The LES method decomposes

variables into resolved components, indicated by a tilde, and

subgrid-scale components denoted by SGS (Moeng 1984). The

CLvortex force �ikmus,kvm is equal to the cross product of Stokes

drift and vorticity vectors, describing the interaction between

nonbreaking waves and Eulerian currents. The CL vortex force

is zero for ST so that the LES model simply captures shear and

buoyancy instabilities.

FIG. 1. Observed wind direction (blue line) and speed (red line)

for an abruptly turning wind event in 2015 from NDBC buoy sta-

tion 41002, located in the Atlantic Ocean about 420 km south of

Cape Hatteras.

FIG. 2. (top)Observed and (bottom) simulated two-dimensional wave height spectrumf2(F, u), whereF is the wave frequency, and u is the

wave propagation direction, coinciding with the abruptly turning wind event from Fig. 1. The red arrow represents the wind vector.
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The Stokes drift vector in Eq. (1) is obtained from the two-

dimensional wave height spectrum f2 (Kenyon 1969):

u
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where k is the wavenumber vector, k5 jkj is the magnitude of

wavenumber vector, and k̂5 k/k is the unit vector in the di-

rection of waves; F5 (gk)1/2/(2p) is the wave frequency, which

assumes the deep water dispersion relation; u is the direction of

wave propagation. To capture the transient wave response, f2

is simulated by a spectral wavemodel (described in section 2d).

The default LES modeling domain spans a 150m 3 150m

horizontal and 150-m-deep ocean volume with 128 3 128

horizontal grid points and 256 vertical grid points. The grid

resolution isDx5Dy5 1.17m in the horizontal plane andDz5
0.59m in the vertical direction. Sensitivity experiments with

643 643 128 and 2563 2563 512 grid points indicate that the

resolution of 1283 1283 256 successfully resolves the flux and

energy carrying eddies for both ST and LT after the wind turns.

c. RANS model

We compare LES results with Reynolds-averaged Navier–

Stokes (RANS) models that are commonly the basis for larger-

scale ocean models. The RANS model is implemented for the

four LES experiments (Table 1), which is (e.g., McWilliams

et al. 1997),
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where angle brackets represent the horizontal average and

variables with primes are deviations from horizontal averages.

The vertical turbulent momentum flux hu0
iw

0i needs to be pa-

rameterized in RANS models. Usually, an eddy viscosity ne is

employed such that

hu0
iw

0i52n
e

›hu
i
i

›z
. (4)

In this study, we apply the K-profile parameterization (KPP;

Large et al. 1994) model and the second-moment closure (SMC;

Kantha and Clayson 1994) model as the turbulent closure

models to obtain ne. Furthermore, we consider two variants with

and without explicit LT effects for each closure model.

Without explicit LT effects, the KPP model parameterizes

the eddy viscosity from the boundary layer depth hb, a turbu-

lent velocity scale wl(s), and a dimensionless shape function

Gl(s) so that

n
e
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b
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where the nondimensional depth is s 5 2z/hb. The boundary

layer depth is diagnosed by a bulk Richardson number crite-

rion (Large et al. 1994).

The SMC model closes the turbulence equations at second-

moment level, and combines two nonequilibrium prognostic

equations for TKE (TKE5 hu0
iu

0
ii/25q2/2, where q is the tur-

bulent velocity scale) and the product of turbulence length

scale l and 2 times the TKE (q2l), called the level-2.5 SMC

model (Kantha andClayson 1994). The eddy viscosity based on

SMC model is expressed as

n
e
5S

M
ql , (6)

where SM is a stability function determined from a second-

moment algebraic closure for an equilibrium state.

Recently, several studies proposed modifications of those

turbulence closure models to explicitly include LT (McWilliams

et al. 2012, 2014; Harcourt 2013, 2015; Reichl et al. 2016; Li et al.

2017; Reichl and Li 2019). We select the KPP-LT model modi-

fied by Reichl et al. (2016), which uses a Lagrangian velocity to

compute the turbulent momentum flux and adds a turbulence

enhancement factor originally proposed by McWilliams and

Sullivan (2000),
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where uL
i is the Lagrangian velocity, which is the sum of

Eulerian and Stokes drift velocity, and nLe is an eddy viscosity

based on uL
i .

The SMC model for LT (SMC-LT) proposed by Harcourt

(2015), which considers the CL vortex force production terms,

is also used in this study,
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where SS
M is a stability function related to Stokes drift shear

contributions.

The different turbulent closure models are implemented

using the General Ocean Turbulence Model (GOTM; Umlauf

and Burchard 2005). Specifically, the version modified by Li

et al. (2019), which includes KPP-LT and SMC-LT closure

models, is used in this study. The initial density profile, wind

and wave forcing, vertical resolution, and spin up time of the

RANS model are the same as those of the LES model.

d. Wave model and test application

A robust estimate of the developing wave field is necessary

for accurately modeling LT. The third-generation wave model

Simulating Wave Nearshore (SWAN; Booij et al. 1997) is

TABLE 1. Experiment settings for OSBL turbulence response under abruptly wind direction changing.

Cases Wind changing direction U10 (m s21) u* (m s21) Wave input

C-ST North / west 10 0.0133 No

AC-ST North / east 10 0.0133 No

C-LT North / west 10 0.0133 Yes

AC-LT North / east 10 0.0133 Yes
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applied to obtain the directional frequency spectra of surface

gravity waves under suddenly turning winds. This study mainly

focuses on wind-driven gravity waves in deep water, thus ig-

nores possible influences of terrain, fetch, and swell. The

computational domain of the wave model is sufficiently large

with 1000 km 3 1000 km. Such a large wave domain is cho-

sen to eliminate fetch dependence on wave development.

Sensitivity experiments with smaller wave model domains

indicate that our major conclusions are not sensitive to details

of the wave model domain size, provided that fetches are suf-

ficiently long so that waves can sufficiently develop, as they do

in common open ocean conditions. Furthermore, a direct

comparison with field observations suggests that wave simu-

lations based on our domain size adequately capture many

observed features of developing two-dimensional wave height

spectra (Fig. 2).

Wavemodel results are used at a center location (x5 500 km,

y 5 500 km) that is not affected by the domain boundary. The

wave spectrum is discretized into 48 evenly spaced directions

with Du 5 7.58, and 41 logarithmically spaced frequencies F

ranging from 0.0418 to 2Hz with DF 5 0.1F. This research em-

ploys the default SWAN settings of wave physics and boundary

conditions, except that we change the value of wave steepness to

6.023 1023 for a better agreement with observed wave spectra

(Donelan et al. 1985). A stationary wave field is first established

under the constant northward wind before the wind turns.

Stationary SWAN results are consistent with typically observed

wind-driven equilibrium wave height spectra (Donelan et al.

1985; Booij et al. 1997).

Several previous studies have analyzed the directional re-

sponse of waves under abruptly turning winds based on obser-

vations and numerical models (Holthuijsen et al. 1987; Young

et al. 1987; van Vledder and Holthuijsen 1993). Observations

indicate that the direction of the waves adjusts to the new wind

direction, and that shorter waves respond faster. Young et al.

(1987) show that young waves, which propagate along the new

wind direction, develop approximately independently of wind-

misaligned older waves, which gradually decay due to wave

dissipation.

To test our approach, we compare our wave simulations with

the observations from Fig. 1. Observations are from the buoy

data of the National Data Buoy Center (NDBC) buoy 41002,

which is located in the Atlantic Ocean about 420 km south off

Cape Hatteras and provides meteorological data every 10min

and wave data each hour. Consistent with the idealized ex-

periments, observed wind speeds are roughly constant from

0000 UTC 5 March to 0200 UTC 7 March 2015, and observed

wind directions abruptly change from northeast to south by

about 1208 at 0900 UTC 6 March (Fig. 1). The SWAN model,

which is driven by the observed winds, successfully captures

the directional response of the observed wave height spec-

trum (Fig. 2). In particular, high-frequency waves adjust

more quickly than low-frequency ones, consistent with

previous studies (van Vledder and Holthuijsen 1993; Young

and Verhagen 1996). The agreement of wave model results

with observations and previous studies suggests that our

wave model approach is adequate to investigate transient,

developing wave effects on OSBL turbulence.

3. Results

a. Overview of transient depth-averaged TKE

First, the bulk TKE of the four experiments (Table 1) are

examined to study the turbulent response to the sudden change

of wind direction (Fig. 3).

TKE
HML

5
1

H
ML

ð0
2HML

hu0
iu

0
ii/2 dz , (9)

where the subscript HML indicates averaging the value from

z5 0 to z52HML;HML is the initial mixed layer depth defined

as the depth of the largest temperature gradient (Harcourt and

D’Asaro 2008), which is approximately constant in this study.

After the wind turns, the bulk TKE of all cases first weakens

during stage 1 and then strengthens during stage 2. During stage

3, the bulk TKE does not change significantly. Turbulence be-

comes fully developed but still adjusts because of the slowly

developing wave field in the LT cases.

Both waves (ST/LT) and the turning direction of the wind [cy-

clonic (C)/anticyclonic (AC)] affect the responses of OSBL tur-

bulence. The bulk TKE weakens more for the C cases, especially

for C-ST. Unexpectedly, for the AC cases, TKE levels exceed

those found for constant winds, which we refer to as TKE over-

shoot. ThoseTKEvariations indicate that TKEdoes not scalewith

u2

* under the sudden change of wind direction, so that theOSBL is

not in equilibrium with the wind forcing. For LT, the transient

OSBL response is also due to more slowly developing waves.

A conceptual sketch summarizes intuitively the OSBL tur-

bulence response to abruptly turning winds with the charac-

teristic stages 1–3, which are expected to depend not only on

time but also on depth (Fig. 4). To understand the transient

process, this paper first focuses on the relatively straightfor-

ward nonresonant C-ST case (section 3b). We then explore

how LT modifies the OSBL response to cyclonically turning

winds (section 3c). Last, the AC cases and the differences be-

tween the C and AC cases are discussed in section 3d.

b. OSBL response for C-ST case

1) TKE BUDGETS

The TKE budget equation is introduced to investigate the

OSBL turbulence response,

FIG. 3. Time series of normalized bulk TKE for C-ST (solid line),

C-LT (dashed line), AC-ST (dash–dotted line), and AC-LT (dot-

ted line).
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where h~uii is equal to huii. The left-hand side of Eq. (10) rep-

resents the temporal rate of change of resolved TKE. The

right-hand side terms are TKE production from Eulerian shear

PE (first term), TKE production from Stokes drift shear PS

(second term), buoyancy flux (third term), vertical divergence of

TKE vertical transport due to turbulence and pressure work

(fourth term), TKEdissipation rate (fifth term), and all remaining

subgrid-scale terms SGS (last term; Skyllingstad et al. 2000).

To obtain the bulk TKE budget, Eq. (10) is depth-integrated

from z 5 2HML to z 5 0. Production PS is zero for the case

without wave forcing. The buoyancy term is much smaller than

the major terms in our cases without strong entrainment. For

our well resolved LES, the depth-integrated TKE budget

equation for ST is approximately

ð0
2HML

›h~u0
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0
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›t
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P
E
dz2

ð0
2HML

h�idz . (11)

The depth-integrated PE rapidly reduces and does not balance

the depth-integrated dissipation during stage 1. Hence, the

turbulence is not in equilibrium, so that production and dissi-

pation are not balanced, leading to the decrease of TKE

(Fig. 5). During stage 2, the depth-integrated PE slightly ex-

ceeds the depth-integrated dissipation resulting in the increase

of TKE, which approaches its value for fully developed OSBL.

The relatively slow change of TKE suggests that OSBL tur-

bulence is nearly in equilibrium (quasi-equilibrium) for stage 2.

During stage 3, turbulence is in equilibrium and reaches its

fully developed states.

Hereinafter, along-wind and crosswind refer to the newwind

directions after the wind turns. For simplicity, the TKE pro-

duction due to the along-wind shear and stress is called along-

wind production, and the production due to the crosswind

shear and stress is called crosswind production. Just after the

wind turns, TKE is mainly produced by crosswind contribu-

tions, consistent with the old wind direction. Then, the major

contribution of production changes from the crosswind com-

ponent to the along-wind component (Fig. 5). The different

changing rates of the shear production components cause the

variation of the total shear production and change the bulk

TKE. The mechanism of the change of the production com-

ponents will be examined next.

2) EVOLUTION OF VERTICAL PROFILES

The large initial crosswind velocity shear cannot be main-

tained after the wind turns (Fig. 6d), further weakening the

turbulent stress and resulting in the decrease of crosswind

shear production. At the same time, the wind stress accelerates

along-wind near-surface currents to strengthen the velocity

shear and turbulent stress, leading to an increase of along-wind

shear production.

In addition to the TKE, the vertical velocity variance w2
rms is

an important indicator for turbulent mixing in the OSBL. The

TKE and w2
rms responses to the turning wind are faster at

shallower depths in the OSBL (Figs. 6a,b), because those

depths are more directly exposed to the wind forcing and

smaller turbulent eddies respond faster. Initially, the mean

Eulerian currents are less responsive and continue to provide a

source of TKE (Figs. 6c,d). At the same time, near-surface

along-wind currents accelerate more quickly to generate TKE-

producing shear instabilities. A simple ST model is introduced

subsequently to better understand the time scales of turbulent

adjustment.

3) COMPARISON OF RANS MODELS

The RANS model results based on the KPP and SMC tur-

bulent closure models compare well with the LES results

(Fig. 7). Both components of velocity shear change fastest at

the beginning and then slowly converge to a stationary state

with time. The minimum total TKE productions of the KPP

and SMCmodels approximately coincide with the LES results.

The SMC results show that the along-wind velocity shear and

PE are characterized by a small overshoot (Figs. 7c,i), which is

not present in the KPP results (Figs. 7b,h). These differences

are in part due to the KPP turbulence equilibrium assumption

that scales a turbulent velocity with the instantaneous wind and

FIG. 4. Conceptual sketch of the OSBL response to abruptly

turning winds.
FIG. 5. Time series of normalized mixed layer–integrated TKE

budget terms for C-ST. The wind direction suddenly changes from

north to west at t 5 0. Different lines represent the time series of

normalized mixed layer–integrated TKE Eulerian shear produc-

tion PE (dotted lines, where the black line is the total contribution,

the blue line is the along-wind contribution, and the red line is the

crosswind contribution), dissipation rate (purple line), and TKE

temporal rate of change (green line). Vertical gray dashed lines

divide the time series into three stages on the basis of the mixed

layer–integrated TKE budgets.
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wave forcing, which is a nontrivial assumption for transient

turbulence. This will be further investigated in section 3d.

Motivated by the success of the KPP model, we introduce a

simpler model to gain further insights into the TKE evolution

and specifically into the time scales of the turbulence decay,

which separate OSBL response stages 1 and 2. To make an-

alytical progress, we assume an eddy viscosity consistent with

solid wall boundary layers ne(z)52ku*z, where k5 0.4 is the

von Kármán constant. For short times t,2z/( fd), where d is

the depth scale of the Ekman layer under stationary condi-

tion, the Coriolis force is negligible (e.g., Lewis and Belcher

2004) and will not be included in the following analysis. We

set the along-wind initial condition to zero and the crosswind

flow to the analytical solution of the simple model under the

northward wind forcing. Using Laplace transforms (Madsen

1977; Lewis and Belcher 2004), the solutions for the along-

wind and crosswind velocity shear can be determined, re-

spectively, as

›hui
›z

5
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kz

e
z/(ku* t)

and (12)

›hyi
›z

52
u*
kz

12 e
z/(ku* t)

h i
, (13)

where 2u*/(kz) represents the magnitude of stationary ve-

locity shear, which is dependent on depth and friction velocity.

The signs of Eqs. (12) and (13) indicate the vector direction.

The exponential term e
z/(ku*t) controls the change rate of ve-

locity shear and depends on depth, friction velocity, and time.

These analytical velocity shears agree well with LES and KPP

results (Figs. 7a,b,d,e). The changing rates of velocity shears are

largest initially near the surface and then decrease with time and

depths. The magnitudes of those changing rates are also the

same for both components. Based on the analytical solution of

velocity shear and the turbulent stress given by Eq. (4), the

along-wind, crosswind, and total PE are, respectively,

P
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These solutions show that PE adjusts more quickly at shallower

depths. These solutions also reveal the different changing rates

of TKE production for the along-wind and crosswind contri-

butions, consistent with LES and KPP results (Fig. 7). The

idealized model suggests that the time of minimum TKE pro-

duction is related to depth as zm52ln(2)ku*t, which coincides
with the LES results of minimum TKE and w2

rms (Figs. 6a,b).

The alignment of minimum TKE andw2
rms with minimum TKE

production is not trivial and suggests that terms in the TKE and

velocity variance balances rapidly adjust. Note also that w2
rms is

not directly produced by mean shear but is transferred through

pressure terms from horizontal TKE (see, e.g., Kantha and

Clayson 1994) whose x and y production components change

here at different rates.

c. OSBL response for C-LT

The previous section indicates that the sudden change of

wind direction causes substantial variability in ST. Here, we

examine the more complex, yet more realistic OSBL response

to turning winds in the presence of evolving LT. A key dif-

ference between the LT and ST cases is that the waves also

adjust after the wind turns. Wave model results indicate that

the adjustment of the Stokes drift significantly depends on

depth (Fig. 8). Because high-frequency waves adjust faster

than low-frequency waves, the Stokes drift near the surface

responds more quickly according to Eq. (2). The different time

scales lead to the misalignment of wind and waves, which

further influences the OSBL response.

1) MIXED LAYER–INTEGRATED w2
rms AND TKE

BUDGETS

One important indicator for the presence of LT is enhanced

w2
rms (McWilliams et al. 1997; D’Asaro 2001). The mixed layer–

integrated bulk w2
rms is also used for scaling LT. McWilliams

et al. (1997) introduce the turbulent Langmuir number Lat 5
(u*/us0)

1/2 to describe the relative importance of LT and ST,

where us0 is the magnitude of surface Stokes drift in the

FIG. 6. Time series of horizontally averaged (a) normalized TKE,

(b) normalized hw2
rmsi, and (c) along-wind and (d) crosswind

Eulerian velocity profiles for C-ST. The red line in (a) and (b) is

zm52ln(2)ku*t, an estimated depth related to the time ofminimum

TKE production on the basis of a simplified ST model (section 3b).

The wind direction turns at t 5 0 h (vertical dashed gray line).
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direction of wind stress. LES results show that LT dominates

when Lat , 0.7 (Li et al. 2005; Belcher et al. 2012). However,

the OSBL averaged vertical velocity variance also significantly

depends on the Stokes drift’s vertical decay (Harcourt and

D’Asaro 2008; Kukulka and Harcourt 2017). Harcourt and

D’Asaro (2008) define a surface layer Langmuir number LaSL
to capture the wavelength dependence of LT for both mono-

chromatic and broadband wave spectra,

La
SL

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u*

juSL
s 2u

s
(z

ref
)j

s
, (17)

where uSL
s is the Stokes drift vector averaged over surface layer

defined as the top 20% of the OSBL, and us(zref) is a reference

Stokes drift vector evaluated at depth zref (Harcourt and

D’Asaro 2008). For misaligned wind and waves, Van Roekel

et al. (2012) introduce the projected surface layer Langmuir

number La
Proj
SL for LT scaling,

La
Proj
SL 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u* cos(aL)

juSL
s cos(u

ww
2aL)j

s
, (18)

where aL is the direction of depth-averaged Lagrangian ve-

locity shear over the surface layer and uww is the angle between

wind and surface Stokes drift us(0).

We compare the bulk w2
rms with previous empirical LT

scaling relations for constant wind and wave forcing (Fig. 9a).

After the wind turns, bulk w2
rms experiences three stages, con-

sistent with the TKE result in Fig. 3. The bulk w2
rms that is based

on La
Proj
SL variesmore significantly than the estimate that is based

on LaSL and is closer to the LES results, which indicates that

both changing Stokes drift magnitude and wind-misalignment

influences LT. The deviations of LES results from scaling rela-

tions developed for equilibriumwind andwaves indicate that the

OSBL turbulence is not fully equilibrated with the wind and

wave forcing, so that turbulence develops and is nonstationary.

FIG. 8. Time series of (a) along-wind and (b) crosswind Stokes drift

profile for C-LT.

FIG. 7. Results of (left) LES, (center) KPP (solid lines) and simple model (dashed lines), and (right) SMC for C-ST (a)–(c) along-wind

Eulerian velocity shear, (d)–(f) crosswind Eulerian velocity shear, and (g)–(i) normalized Eulerian shear production PE. The lines with

different colors represent the time series of values at specific depths, as labeled in (a).
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During the adjustment process, both PE and PS can be

dominant, and their relative importance changes (Figs. 9b,c).

The PS is most important when wind and waves are aligned,

exceeding PE by a factor of 3–4 consistent with earlier work

(McWilliams et al. 1997). Just after the wind turns, TKE

production is mainly due to contributions from the old wind

direction, alike the ST case (Fig. 9c). The slow adjustment of

waves initially leads to a near-perpendicular misalignment

between the Stokes drift and wind, resulting in weak PS

consistent with previous studies (Van Roekel et al. 2012;

Sullivan et al. 2012; Rabe et al. 2015). Furthermore, a near-

surface Eulerian flow that opposes the Stokes drift develops,

which is called the anti-Stokes flow (Pearson 2018). Therefore,

the OSBL turbulence response is expected to be more complex

in the LT cases.

The rapidly formed along-wind Eulerian current (Fig. 10c)

leads to enhanced along-wind PE, which develops fast and

penetrates with depth after the wind turns (Fig. 11a).

Meanwhile, the anti-Stokes flow also rapidly develops and

balances the still significant crosswind Stokes drift (Fig. 10d),

further weakening the crosswind Lagrangian velocity shear

to generate negative crosswind PE that partially balances

PS (Fig. 11b). Most of PS concentrates at the depth above

0.2HML because of the quickly decaying Stokes drift. The

dynamics driving the turbulent response are greatly dif-

ferent despite the similarity of total TKE variations for ST

and LT (Figs. 10a,b). The decline of production for LT is

due to the decreased PS and the negative crosswind PE

caused by the anti-Stokes flow. After the wind turns, the

Lagrangian velocity shear adjusts to the new wind direc-

tion near the surface due to the rapid development of the

Eulerian currents. Because of the misalignment of wind

and waves, PE becomes comparable to and even exceeds

PS (Fig. 11c). Thus, OSBL turbulence initially transitions

from LT to ST after the wind turns. Eventually, the Stokes

drift gradually aligns with the new wind, leading to the

recovery of PS and the reduction of PE as LT enhances

mixing to reduce shear. During this time, the turbulence

transitions from ST to LT, which is consistent with the

reduction of La
Proj
SL and associated with the strengthening

of LT, characterizing stage 3. During this stage, the tur-

bulence is nearly fully developed and only slowly grows

as a result of the slow adjustment of waves, while the

FIG. 9. (a) Time series of the bulk w2
rms for C-LT: LES results

(solid line) and empirical scaling results on the basis of LaSL
(dashed line) andLa

Proj
SL (dotted line). (b) Time series of normalized

mixed layer–integrated total production P (black solid line), total

Eulerian shear production PE (black dotted line), total Stokes

production PS (black dashed line), dissipation rate � (purple line),

and TKE temporal rate of change (green line). (c) Time series of

normalized along-wind (blue lines) and crosswind (red lines)

contributions of mixed layer–integrated PE (dotted line) and PS

(dashed line). Vertical gray dashed lines divide the time series

into three stages on the basis of the mixed layer–integrated TKE

budgets.

FIG. 10. Time series of horizontally averaged (a) normalized

TKE, (b) normalized hw2
rmsi, and (c) along-wind and (d) crosswind

Eulerian velocity profiles for C-LT.
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turbulence of OSBL is approximately equilibrated with

the wind and wave forcing.

2) DEVELOPING LT AND LC

Figure 12 shows snapshots of the cross sections of normal-

ized vertical velocity w/u* at the depth close to the maximum

vertical velocity variance z522.9m. The adjustment of LCs is

rapid and happens within 2 h after the wind turns. The cross

section at t 5 0 s is for the stationary case under aligned wind

and waves, with the largest magnitude of vertical velocity

(Fig. 12a). After the wind turns, LCs turn into the direction of

the wind stress, and their direction generally aligns with the

direction of Lagrangian velocity shear (magenta arrows in

Fig. 12), consistent with previous work (Van Roekel et al.

FIG. 11. Time series of normalized (left) along-wind and (right) crosswind profiles of (a),(b) PE and (c),(d) PS

for C-LT.

FIG. 12. Cross-sectional snapshots of normalized vertical velocity w/u* at the depth of

maximumvertical velocity variance z522.9m in theC-LT case. Arrows show the directions of

Stokes drift shear (blue), Eulerian velocity shear (orange), Lagrangian velocity shear (ma-

genta), turbulent stress (black), and Langmuir cells (green) at this depth.
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2012). The identification of the LCs direction (green arrows in

Fig. 12) is based on the velocity autocorrelations following

previous studies (Sullivan et al. 2012; Wang et al. 2019). As

the magnitude of the vertical velocity weakens, the wind-

rows become less coherent (Figs. 12b,c). After 1 h, clearly

identifiable windrows have developed that align with the

Lagrangian velocity shear, consistent with expectations for

stationary conditions (Van Roekel et al. 2012). The turbulent

stress (black arrows in Fig. 12) is generally aligned with the

Lagrangian velocity shear during the adjustments, except

shortly after the wind turns.

It is also interesting to examine whether the sudden wind

turning influences LT over the entire depth range where

downwelling flows are expected to be relatively strong due to

LT.We use a dimensionless index, velocity variance anisotropy

ratio Ra (Polton and Belcher 2007; Rabe et al. 2015), to de-

termine the strength of the LT,

R
a
5

hw02i
hu02i1 hy02i . (19)

Consistent with earlier studies (Rabe et al. 2015; Wang et al.

2019), we find that Ra is larger with than without LT at the

depth above 0.5HML with a value exceeding 0.4 for constant

forcing (Fig. 13a). After the wind turns, Ra quickly decreases

for about 2 h indicating weak LT (Fig. 13b). Ratio Ra then

slowly increases to the value for the fully developed state. The

slow adjustment of Ra is consistent with the developing wave

field. The vertical profile of the evolution of Ra indicates that

the strength of Langmuir turbulence in the entire OSBL de-

creases as turbulence weakens.

3) STRESS BUDGETS AND LIMITATIONS OF RANS
MODEL INCLUDING LT

The evolution of the LES velocity shear for LT (Figs. 14a,b)

shows that the Eulerian velocity shear dominates the

Lagrangian velocity shear during a short time after the wind

turns. Moreover, the crosswind Lagrangian velocity shear de-

velops more slowly than the along-wind shear, unlike the ST

LES results (Fig. 7).

We first apply the KPP-LT model (Reichl et al. 2016) to

study the LT response. The KPP-LT model roughly captures

FIG. 13. (a) Initial stationary anisotropy ratio Ra for ST (solid

line) and LT (dashed line). (b) Time series of the profile of Ra

for C-LT.

FIG. 14. Time series of (left) along-wind and (right) crosswind Lagrangian velocity shear (solid line), Stokes drift

shear (dashed line), and Eulerian velocity shear (dotted line) for (a),(b) LES; (c),(d) KPP-LT; and (e),(f) SMC-LT

for cyclonically turning winds. Lines with different colors represent different depths, as labeled in (a).
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Eulerian shear trends with similar magnitudes (Figs. 14c,d).

However, the crosswind and along-wind Eulerian shears

from the KPP-LT model adjust at a rate similar to the ST

case (Figs. 14c,d), which is inconsistent with the LT LES

results.

To examine these different response rates, the turbulent

stress budget equation with the impact of the CL vortex force

(Harcourt 2013) is next investigated. The resolved vertical

fluxes of horizontal momentum h~u0 ~w0i and h~y0 ~w0i components

evolve according to

›h~u0 ~w0i
›t

52h ~w0 ~w0i ›h~ui
›z

2

�
h~u0~u0i ›us

›z
1 h~u0~y0i ›ys

›z

�

2

��
~u0 ›~p

0

›z

�
1

�
~w0 ›~p

0

›x

��
1D

13
(20)

and

›h~y0 ~w0i
›t

52h ~w0 ~w0i ›h~yi
›z

2

�
h~y0~y0i ›ys

›z
1 h~u0~y0i ›us

›z

�

2

��
~y0
›~p0

›z

�
1

�
~w0 ›~p

0

›y

��
1D

23
, (21)

where the left-hand sides are the time derivative of turbulent

stress. The first two terms on the right-hand sides are the

productions of turbulent stress fromEulerian velocity shear Pt
E

and Stokes velocity shear Pt
S. The third term is the velocity

pressure gradient term (VPG), and Di3 contains small terms

related to buoyancy, Coriolis force, advection, dissipation,

transport and subgrid scales.

A specific depth with strong Stokes drift is chosen to track

the response of turbulent stress budgets after wind

turning (Figs. 15a,b). Initially, Pt
S is approximately bal-

anced by VPG in the y direction (Fig. 15d). After the

wind turns, the crosswind Pt
S is still substantial; however,

Pt
E increases due to developing Eulerian shear (discussed

above) and opposes Pt
S, leading to the decrement of stress

FIG. 15. Time series of normalized (a) along-wind and (b) cross-

wind turbulent stress budget terms at z521.8m for C-LT, including

contributions from Eulerian shear Pt
E (magenta line), Stokes drift

shear Pt
S (red line), Lagrangian velocity shear Pt (black line), and

pressure strain rate (VPG; blue line). Also shown are the transient

profiles of normalized (c) along-wind and (d) crosswind turbulent

stress budget terms, including VPG (solid line), Pt
E(dotted line), and

Pt
S (dashed line).

FIG. 16. (a) Time series of normalized mixed layer–integrated

TKE budget terms for AC-ST. The representations of line styles

and colors are the same as in Fig. 5. Also shown are time series of

normalized mixed layer–integrated (b) TKE budget terms and

(c) TKE production terms. The terms and line styles are the same

as in Figs. 9b and 9c. Vertical gray dashed lines divide the time

series into three stages on the basis of the mixed layer–integrated

TKE budgets.
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production. In the along-wind direction, the slow adjustment of

the Stokes drift leads to a small contribution of Pt
S, and along-

wind VPG is balanced by the along-wind Pt
E (Fig. 15c).

Because of the existence of the Stokes drift, the evolution of

the turbulent stress in LT is distinct from that in ST, further

leading to the difference of velocity shear development.

On the basis of the results of turbulent stress budgets, the

relative importance of Pt
E and Pt

S is different for along-wind

and crosswind components, and it changes for nonstationary

conditions. The KPP-LT model cannot capture such complex

stress dynamics because it is based on the Lagrangian current

and, thus, does not fully take into account the complex inter-

action betweenEulerian currents and waves. Accordingly, when

applying the simple model described in section 3b(3) to the LT

case by replacing the Eulerian velocitywith Lagrangian velocity,

the simple model cannot capture the LES results because it does

not explicitly capture stress production by Stokes drift shear.

The SMC-LT model (Harcourt 2015) accounts for the CL

vortex force production, based on the transport equations for

the Reynolds stress. The SMC-LT results (Figs. 14d,e) repro-

duce the LES results with a greater changing rate of along-wind

than crosswind Lagrangian velocity shear. However, the de-

tails of the velocity shears are different, probably due to the

inaccurate parameterization of turbulent stress that is obtained

in equilibrium conditions for moderately misaligned wind and

waves. For example, just after the wind turns the main con-

tributions of PS occur close to the surface. This decreases the

eddy viscosity applied to the Stokes drift shear in the Harcourt

(2015) parameterizations, which were obtained for moderately

misaligned wind and waves [see Eqs. (29)–(35) in Harcourt

2015]. The differences of the KPP-LT and SMC-LT model

results confirm that the Stokes drift plays a key role in the

transient development of turbulent stress.

d. Faster turbulent responses and enhanced TKE in

AC cases

Figure 3 shows two significant differences in the OSBL re-

sponses between the cyclonic (C) and anticyclonic (AC) wind

turning cases. First, the AC cases have relatively weak TKE

decay right after the wind turns (stage 1), especially for AC-ST.

Second, the AC cases have TKE overshoots during stage 2

after a time comparable to the inertial time scale 1/f. Apart from

these two differences, the evolutions of bulk TKE in the AC

cases are similar to those of the C cases. This section will discuss

the possible reasons for those differences.

1) RELATIVELY SMALL TKE REDUCTION DURING

STAGE 1

In the AC-ST case, PE decreases quickly and then increases

more rapidly due to the faster growth of along-wind PE at stage

1 (Fig. 16a), compared to the C-ST case (Fig. 5). For the LT

cases, the sum of PE and PS (Fig. 16b) in AC-LT also rebounds

faster than the one in C-LT (Fig. 9b) due to the earlier increase

of PE. The difference of PE between C-ST and AC-ST is more

significant than the one between the C-LT and AC-LT, so that

the difference of TKE weakening is more evident for the ST

cases than for the LT cases. A possible reason for those dif-

ferent TKE reductions will be provided next.

FIG. 17. Time series of normalized along-wind (a)–(d) Eulerian velocity shear profiles and (e)–(h) turbulent stress profiles for the (left)

AC-ST, (left center) C-ST, (right center) AC-LT, and (right) C-LT cases.

1790 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 51

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 05/26/21 04:09 PM UTC



Before the wind changes, the Ekman spiral includes Eulerian

velocity shear in the east direction for Northern Hemisphere

(Ekman 1905; Price et al. 1987). This preconditioned velocity

shear is favorable for ST generation in the AC cases (wind turns

eastward) but opposes the wind-driven shear for the C cases

(Fig. 17). These different influences of initial shear lead to the

different PE evolution. After the wind turns, the along-wind PE

keeps increasing in AC-ST, while PE first decreases to zero and

then increases in C-ST. Consequently, ST is relatively strong for

the AC-ST case but weak for the C-ST case during stage 1.

We employ the KPP model to examine this mechanism

further. In these KPP experiments, the Coriolis force is

omitted to focus on the influence of initial conditions. Indeed,

KPP model results indicate that the along-wind PE develops

faster and reaches more quickly the final state for the AC-ST

case (Fig. 18a).

Because of the enhanced mixing due to LT, the profile of

Eulerian currents is more uniform, so that the initial along-

wind Eulerian velocity shear is smaller (Fig. 17) and its initial

along-wind PE is almost zero. The small initial PE does not

substantially influence the shear production in the LT cases.

Therefore, the differences between the AC and C cases are

more pronounced in the ST case. Consistently, the KPP-LT

models (Fig. 18e) show that the along-wind PE in AC-LT still

develops faster than the one in C-LT, but the differences are

less pronounced.

2) TKE ENHANCEMENT FOR AC CASES DURING

STAGE 2

The AC cases show TKE overshoots during stage 2 so that

TKE levels exceed those of the fully developed state (Fig. 3).

The TKE overshoot is caused by enhancedPE (Fig. 16), which is

FIG. 18. Time series of normalized along-wind (top two rows) PE without LT and (bottom two rows) P with LT

for (a),(e) C (dashed line) and AC (solid line) without Coriolis force; (b),(f) AC with (solid line) and without

(dashed line) Coriolis force; (c) KPP (dashed line) and SMC (solid line) and (g) KPP-LT model (dashed line) and

SMC-LT model (solid line) results of AC with Coriolis force; and (d),(h) LES results of AC. Lines with different

colors represent different depths, as labeled in (a).

JUNE 2021 WANG AND KUKULKA 1791

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 05/26/21 04:09 PM UTC



dominated by along-wind contributions. The analysis of the

previous subsection indicates that the preconditioned velocity

shear and turbulent stress can promote TKE development shortly

after the wind turns anticyclonically. However, KPP models with-

out Coriolis force cannot reproduce the enhanced PE, which indi-

cates the importance of the Coriolis force and inertial resonance

(Fig. 18a). Here we focus on the development of along-wind pro-

duction and discuss two possible reasons for the TKE overshoot.

The first reason is due to inertial resonance. The TKE

overshoot appears after around three hours, comparable to 1/f

(Fig. 3), which is a time scale of Ekman layer development

(Pollard et al. 1973; Price and Sundermeyer 1999; Lewis and

Belcher 2004). The along-wind RANS equation is used to

clarify this process. After vertical differentiation, the x com-

ponent of Eq. (3) becomes

›

›t

�
›hui
›z

�
5 f

�
›hyi
›z

1
›y

s

›z

�
2
›2hu0w0i

›z2
. (22)

When the turbulence is stationary before the wind turns, the

left-hand side of Eq. (22) is zero, and the positive Coriolis term

balances the negative second derivative of stress (SDS) close to

the ocean surface. For the AC cases, the Coriolis term is neg-

ative to balance the SDS when turbulence adjusts to the final

states. Because of the positive initial value, the Coriolis term

contributes to the development of the along-wind shear before

it becomes negative. Therefore, the Coriolis term resonantly

works with SDS to promote the development of along-wind

Eulerian velocity shear. For C cases, the negative right-hand

side is favorable to promote the velocity shear growth. The

positive initial Coriolis term generates the opposite effect to

suppress the development of along-wind velocity shear and PE.

Note that we considered the Coriolis term as small in the

previous subsection because the SDS is much larger than the

Coriolis term shortly after the wind turns. In contrast, the

Coriolis term is comparable to SDS during the TKE overshoot.

For ST, the comparison of the KPP model results with and

without the Coriolis force confirms this resonance effect

(Fig. 18b), only the case with Coriolis force displays an over-

shoot. TheKPP-LTmodel also confirms the contribution of the

Coriolis force to the TKE overshoot for LT cases (Fig. 18f).

Note that the eddy viscosity of the ST KPP model is deter-

mined from u* and does not change after the wind turns. The

KPP-LT model includes LT mixing via an enhancement factor

that depends on a turbulent Langmuir number, which changes

slightly due to the wave adjustment. To be consistent with the

ST cases and to focus on Coriolis force effects, we use the eddy

viscosity of the stationary state and set it to a constant profile

for these proof-of-concept simulations.

The second reason for the TKEovershoot is due to the initial

weakening of turbulence during nonequilibrium conditions.

The abruptly turning wind causes relatively weakTKE because

the transient TKE production is unable to balance dissipation.

In turn, less developed turbulence leads to reduced vertical

turbulent momentum fluxes, so that near-surface currents, di-

rectly driven by wind stress, accelerate more quickly (Figs. 6c

and 10c). Eventually, accelerated near-surface currents be-

come unstable, driving relatively strong transient turbulence.

We compare the results fromKPP (KPP-LT), SMC (SMC-LT),

and LES to confirm the effects of the time-varying eddy vis-

cosity on the TKE overshoot. After the wind turns, the SMC

(Fig. 18c) and SMC-LT (Fig. 18g) models, which employ the

time-dependent eddy viscosity, yield shear productions with a

pronounced peak, unlike the KPP models. The SMC model

results also agree at least qualitatively with LES results. This

comparison of RANS models with LES results indicates the

presence of nonequilibrium turbulence that contributes to en-

hanced along-wind shear production and the TKE overshoot.

Note that the C cases also experience weak turbulence levels

initially. However, the off-inertial resonance for C cases sup-

presses the development of stronger along-wind velocity shear

and leads to a more gradual TKE development (Fig. 7).

4. Conclusions

In this study, we employ an LES approach to investigate the

transient ocean surface boundary layer (OSBL) response to

abruptly turning winds. Idealized experiments are designed

with Langmuir turbulence (LT) and without LT (shear-driven

turbulence or ST) for winds that abruptly turn by 908 either
cyclonically (case C) or anticyclonically (case AC). LT is

driven by the Craik–Leibovich vortex force whose transient

Stokes drift is determined from spectral wave simulations.

Complex three-dimensional LES results are also compared

with two common turbulence closure models employed in

Reynolds-averaged Navier–Stokes equation (RANS)models

of the OSBL.

Our results suggest a three-stage depth-dependent response

of the OSBL due to abruptly turning winds (Fig. 4). The OSBL

response is depth-dependent because turbulence responds

faster at shallower depth due to the direct exposure to the wind

forcing and smaller turbulent eddies. During stage 1, turbulent

kinetic energy (TKE) decreases and turbulence is not equili-

brated with the wind or wave forcing, because relatively weak

TKE production cannot balance TKE dissipation. For ST, the

TKE reduction is due to a rapid decrease of crosswind Eulerian

shear production PE (the production due to the crosswind

Eulerian shear and stress) and a relatively slow increase of along-

wind PE (the production due to the along-wind Eulerian shear

and stress). For LT, the TKE production reduction is mainly

caused by the rapid decrease of Stokes drift shear production PS

under misaligned wind and waves. During stage 2, the TKE

production slowly increases and only slightly exceeds the TKE

dissipation so that turbulence is approximately equilibrated with

the wind andwave forcing.During stage 3, turbulence reaches its

fully developed stage for all depths and is in equilibrium with the

wind and wave forcing. At this stage, the adjustment of LT is

slower than that of ST because of the slow relaxation of waves.

Becausewaves are greatlymisalignedduring stages 1 and 2, TKE

production by Eulerian shear significantly exceeds that due to

Stokes drift shear. LT first weakens substantially after the wind

turns and then recovers as waves align with the wind.

After the wind turns, the crosswind Eulerian velocity shear

develops more slowly than the along-wind component in LT,

while their developments are similar for ST. A Reynolds stress

budget analysis shows that the contributionof turbulent stress from
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Stokes drift is significant for the development of turbulent currents.

With LT, the along-wind turbulent stress develops due to the in-

crease of the Eulerian shear contribution, similar to ST. However,

the decay of crosswind turbulent stress is also due to stress pro-

duction from anti-Stokes Eulerian shear, which balances the

Stokes production. The different along-wind stress dynamics and

crosswind stress dynamics with LT lead to distinct velocity shear

developments for the along-wind and crosswind directions.

LES results with different turning wind directions (AC/C

cases) show obvious differences during stages 1 and 2. During

stage 1, TKE is less reduced for the AC cases because of pre-

conditioned Ekman shear that promotes TKE production for

the AC cases and suppresses that for the C cases. The differ-

ence between C and AC is more pronounced for ST than LT

due to smaller initial Eulerian shear in LT. During stage 2, the

AC cases are characterized by a TKE overshoot with TKE

levels substantially above those expected for constant winds,

which is only partially due to inertial resonance. Another im-

portant contributor to the TKEovershoot involves temporarily

reduced near-surface turbulence, which decreases the down-

ward momentum transport and, in turn, results in substantial

Eulerian velocity shear near the surface. Eventually, this shear

becomes unstable to produce relatively high levels of TKE.

A comparison of RANS and LES model results reveal im-

portant strengths and limitations for applications of turbulence

closure schemes to rapidly turning wind conditions. For ST

cases, the RANS models based on the K-profile parameteri-

zation (KPP; Large et al. 1994) and second-moment closure

(SMC; Kantha and Clayson 1994) turbulent models agree

reasonably well with LES results. For C-ST, a simple RANS

model that utilizes law-of-the-wall type scalings applied to the

developing OSBL yields response time scales of TKE pro-

duction that are consistent with LES results. For accurate

RANS model with LT, however, it is critical for strongly

transient and misaligned wind and wave conditions that stress

production by Stokes drift and Eulerian shear is explicitly in-

corporated, such as is done for the SMC-LT model (Harcourt

2015). In summary, our study finds that transient wind and

wave forcing significantly influences OSBL dynamics, playing a

key role in the development of nonequilibrium turbulence.
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