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ABSTRACT

Langmuir turbulence (LT) is generated by surface waves that tilt vertical vor-

ticity of Eulerian currents into the direction of wave propagation through the Craik-

Leibovich vortex force. LT plays an important role in turbulent momentum transport

in the ocean surface boundary layer (OSBL) and has been observed even in the tropi-

cal cyclone (TC) conditions that characterize extreme wind and complex wave forcing

with prevalent wind-wave misalignment. This work utilizes a LT-included large eddy

simulation (LES) approach to simulate the upper ocean response, which generates a

unique, data set of the response of the OSBL and LT to TCs.The �rst part of our

work assesses the general response of the ocean surface boundary layer and LT to ex-

treme wind and complex wave forcing under TCs. Speci�cally, our results show that

LT is sea-state dependent and signi�cantly enhances turbulent entrainment, inducing

greater mixed layer deepening and sea surface cooling.The second part focuses on

the spatiotemporal variability of turbulent entrainment under the TC, and investigates

di�erent mechanisms that induce greater entrainment in the LT case and the ST case.

The third part examines the e�ects of TC's wind-wave misalignment on LT, par-

ticularly the e�ects on LT's intensity and direction, illustrating that TC's wind-wave

misalignment reduces LT intensity but does not a�ect LT direction.

xv



Chapter 1

GENERAL INTRODUCTION

The development of tropical cyclones (TCs) strongly depends on the air-sea

interactions that include heat 
uxes and momentum transfer [8, 9]. The TC's strong

wind and associated wave forcing drives upper ocean currents that generate vigorous

turbulence. Turbulent eddies erode the thermocline by entraining deep cool water into

the warmer upper layer, resulting in ocean surface boundary layer (OSBL) deepening

and sea surface cooling [43]. In turn, sea surface cooling reduces air-sea heat 
uxes

that drive the TC, resulting in a negative feedback between TC winds and sea surface

temperature [2, 13]. The inertial resonance between the turning wind stress and surface

currents is also a critical dynamical process under TCs because it increases the shear

at the mixed layer base, leading to stronger mixing on the right-hand side of TCs

[43, 50, 48, 54, 47].

Recent studies indicate that wave-driven Langmuir turbulence (LT) plays an

important role in upper ocean turbulence under TCs [54, 45, 47, 46]. LT was origi-

nally observed in moderate wind conditions as parallel bands of 
oating material on

the sea surface, which are due to strong surface current convergences of horizontal roll

vorticies in the OSBL ([27]). Over the last decades, comprehensive �eld observations,

mostly conducted in moderate wind conditions, have revealed characteristic features

of LT, such as strong surface convergence regions, downwelling jets, and the spacing

of roll vorticies between several meters to kilometers [55, 59, 10, 38, 52, 11, 12]. A

systematic mathematical theory of LT is based on the wave-averaged Navier-Stokes

equation, the so called Craik-Leibovich (CL) equation, and suggests that LT is driven

by the CL vortex force, which is the cross-product of Stokes drift and vorticity vectors

[3]. Physically, the Stokes drift shear tilts vertical vorticity into the direction of wave

1



propagation, generating LT. Today LT is recognized as a fundamental upper ocean tur-

bulent process [35, 55, 31, 53, 1, 5] that contributes signi�cantly to turbulent transport

and wind and wave-driven mixed layer deepening [23, 26, 16].

Previous investigations of LT involve turbulence-resolving large eddy simulation

(LES) that is based on the �ltered CL equations with explicit wave e�ects, which

resolves LT and associated relatively large vortical structures [49, 35]. LES studies

show that LT enhances the vertical 
uxes of momentum and heat, inducing stronger

vertical velocity variance and mixed layer deepening [35, 31, 39, 15, 23, 37]. Direct

comparisons of LES results with ocean observations reveal that LES captures in detail

many of the observed LT characteristics [51, 11, 30, 23, 22, 6]. However, most LES

studies are conducted in moderate wind conditions with monochromatic waves and

only a few of them examine LT in extreme TC conditions.

[54] explored LT dynamics under a TC by forcing an LES model with realistic

TC winds and waves, which were simulated by a spectral wave model. They contrasted

time-series of OSBL turbulence statistics at two stations: one on the right-hand side

(rhs) with strong inertial resonance and the other one on the left-hand side (lhs) with

weak inertial resonance. The intensity of LT strongly depends on location and time

due to the TC's complex wind and wave forcing, yielding more energetic LT on the rhs

of the TC. Furthermore, their results indicate that the direction of roll vorticies due to

LT is aligned with the wind direction and tracks the Lagrangian shear direction. As

a result of the TC's transient forcing conditions, wind vector and wave propagation

directions are misaligned, reducing LT intensity.

Motivated by OSBL observations of depth-averaged vertical velocity variance

(VVV) obtained from Lagrangian 
oats under Hurricane Gustav (2008), [45] investi-

gated OSBL turbulence with LES experiments forced by Gustav (2008)'s winds and

waves. Simulated VVV is only consistent with the observed VVV with LT, that is, for

simulations with CL vortex force, indicating LT's signi�cant role in OSBL dynamics.

LES results demonstrate that LT enhances VVV and varies with complex sea-states

found under TCs. Misaligned wind and wave �elds near the TC eye are associated with
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an observed suppression of VVV, which is also predicted by the LES. Thus, wind-wave

misalignment can reduce VVV and suppress LT to the levels close to shear turbulence

(ST).

Building on previous work, we have designed a series of LES experiments for the

full spatial TC extent to systematically examine LT e�ects and the impact of the wind-

wave misalignment on LT under the TCs (chapter 3 ). Then we further investigated

LT-enhanced turbulent entrainment which shows strong spatiotemporal variability and

plays an important role in mixed layer deepening, illustrating that the LT-driven OSBL

is not only sea-state dependent but also in
uenced by inertial currents in TC conditions

(chapter 4 ). In addition, we focused on the in
uence of TC's wind-wave misalignment

on LT, which is critical to LT's development, and investigated di�erent waves parame-

ters that control LT intensity and direction, revealing that the wind-wave misalignment

reduces LT intensity but does not a�ect LT direction (chapter 5 ).
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Chapter 2

METHODOLOGY

We use numerical models to analyze the upper ocean boundary layer and LT in

TC conditions. TC's wind �eld is built by a wind model [19, 18], which drives a wave

model to simulate TC's wave �elds [56]. Then, an ocean model (Large eddy simulation,

LES) will utilize both wind data and wave data to simulate upper ocean response. We

also explicitly implement LT e�ects into one Reynolds averaged Navier-Stokes model

by referring to LES results. A schematic diagram is presented below to describe how

numerical simulations work (Fig. 2.1) and the details of each numerical model will be

introduced in the following sections.

2.1 Wind Model

The TC wind �eld is constructed based on a Holland wind model ([19, 18]) with

the radius of maximum wind (RMW) of 50 km, maximum wind speed at 10 m height of

65 m s� 1, and a translation speeds of 5 m s� 1, which represent typical TC parameters

[47]. The output of the wind model is the wind velocity at 10 m height with speed

U10 over a domain with a length from -648 km to 648 km in the TC's propagation

direction (along X ), and a width from -500 km to 500 km across the TC's propagation

direction (along Y) (top left panel, Fig.2.2). In addition to the horizontally averaged

turbulent statistics investigated by [47], in this study we also output and investigate

the four-dimensional spatiotemporal high-resolution LES temperature, pressure, and

velocity �elds.
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Figure 2.1: The schematic diagram shows the working procedures of LES model.�
is the wind stress andus is stokes drift vector.

The wind stress vector at the sea surface has the same direction as the wind

velocity and its magnitude is parameterized by� = � aCdU2
10, where� a is the air density

and Cd is the drag coe�cient that depends onU10 as follows [54],

Cd =

8
>>><

>>>:

0:0012 U10 < 11m s� 1

(0:49 + 0:065U10) � 10� 3 11m s� 1 < U 10 < 25m s� 1

1:8 � 10� 3 25m s� 1 < U 10

(2.1)

2.2 Large Eddy Simulation Model and Numerical Experiments Setups

A Large eddy simulation model (LES) is used to simulate upper ocean response

to TC's wind and wave �elds. LES is a three dimensional ocean model which resolves

large scale turbulent motions. It parameterizes small scale turbulence that is assumed

to be isotropic [7, 36]. For the resolved scale motions, it solves Craik and Leibovich

(1976) (CL) momentum equations [35] as,

@ui
@t

+ � ikm ! kum + � ikm f k(um + us;m ) = �
@�
@xi

+
�
� 0

gi + � ikm us;k � m + SGS (2.2)
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Figure 2.2: TC's wind direction and magnitudeU10 (top left panel), signi�cant wave
hight Hs (top middle panel), mean wavelength� m (top right panel), the
wind and peak wave spectrum misalignments (bottom left panel), the
projected surface layer Langmuir numberLaSL� (bottom middle panel),
and the depth scale of Stokes drift sheards (bottom right panel). The
black dashed line denotes the radius of maximum wind (RMW) and the
black solid line indicates the path of the TC moving from right to left.
Note that the X axis represents the translating distance of the TC and
the Y axis indicates the distance of each station from the TC's path.
Both distances are normalized by the RMW. The TC travels from right
to left and (X � X 0) = 0 is where the TC's eye passes.
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� =
p
� 0

+
1
2

[(ui + us;i )(ui + us;i ) � ui ui ] (2.3)

SGS =
@

@xj
K M (

@ui
@xj

+
@uj
@xi

) (2.4)

x i denotes spatial coordinate and indexi = 1; 2; 3 representsx; y; z, of which positive

directions are along east, north, and towards ocean surface.ui is the resolved velocity.

� i = � ijk uk=xj is the resolved vorticity and� ijk is Levi-Civita permutation. ( f 1; f 2; f 3) =

(0; 0; f ) is the Coriolis vector at a given latitude. (us;1; us;2; us;3) = ( us; vs; 0) = us is the

Stokes drift vector. � is the pressure term with kinetic energy andp is static pressure.

LT is generated by the Craik-Leibovich vortex force, which is the cross-product of the

Stokes drift us and vorticity � . When the wave e�ect is not considered (us = 0),

the LES model simply solves grid-�ltered Navier Stokes equations that only generates

shear-driven turbulence (ST). The Stokes drift is obtained through the wave model,

introduced in the next section (section 2.3). We only solve the density equation in the

LES model and assume that temperature is linearly related to density by


 = �
1
� 0

@�
@T

(2.5)

where � is the water density, � 0 = 1024 kg m� 3 is the reference density,T is water

temperature and
 = 2 � 10� 4 K � 1 is the thermal expansion coe�cient.

LES experiments are performed for 18 stations across the TC translation di-

rection along Y from -200 km to 200 km, with a minimum and maximum spacing

between stations of 20 km and 50 km, respectively (Table 2.1). The coordinateY is

zero at the TC center andY > 0 and Y < 0 are on the rhs and lhs of the TC eye,

respectively. Horizontally averaged pro�les of simulation results are frequently saved,

but fully three-dimensional turbulence �elds are saved only hourly and at a subset

of stations ranging from -150km to 150 km across the TC's translation direction to

examine in detail the spatial structure of LT (Table 2.2). The LES domain size spans

horizontally 750 m by 750 m and is 240 m deep with 256 grid points in each direction
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Table 2.1: Locations of 18 Stations in LES experiments

Station number 1 2 3 4 5 6 7 8 9
Y � Y0 (km) 200 150 130 110 90 70 50 30 10
Station number 10 11 12 13 14 15 16 17 18
Y � Y0 (km) 0 -20 -40 -60 -80 -100 -120 -140 -200

Table 2.2: Locations of 10 Stations with outputs of 3D 
ow �eld

Station number 19 20 21 22 23 24 25 26 27 28
Y � Y0 (km) 150 80 50 30 10 0 -20 -70 -80 -150

for experiments in Table 2.1. For experiments in Table 2.2, the LES domain is 300 m

by 300 m wide and 250 m deep with 228 by 228 horizontal grid points and 256 vertical

grid points. Sensitivity tests indicate that the resolution does not signi�cantly in
uence

our results but high resolution enhances the visual representation of 
ow �elds. For

all experiments the initial potential temperature pro�le features a 10 m homogeneous

mixed layer with T = 302:4 K and a constant strati�cation with dT=dz= 0:04 K m� 1

below the mixed layer (z = 0 at the sea surface). Small constant surface cooling of

� 5 W m� 2 is imposed [35] for all simulations, which facilitates the initial spinup of

turbulence, but is otherwise insigni�cant for the OSBL dynamics presented here. The

LES model is forced at the surface with the modeled wind stress vector (section 3.1)

and the Stokes drift vectorus is imposed based on simulated 2D wave height spectra

(section 3.3).

2.3 Wave Simulation

2.3.1 Wave model

The third generation wave model WAVEWATCH III [56] is used to simulate

the directional frequency spectra of surface gravity waves in TC conditions following

[47]. Its computational domain is 3000 km long in the TC's translation direction, 1800
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km wide across the TC's translation direction. The wave model has a horizontal grid-

spacing of 8.33 km and the wave spectrum is discretized into 48 evenly spaced directions

and 40 logarithmically spaced frequencies. The simulated wave �eld is stationary in a

coordinate system translating with the TC.

The most energetic wave �elds with largeHs and long � m are found on the rhs

of the TC near the RMW at (Y � Y0)=RMW= 1, where � m is the mean wavelength

(top middle and top right panels , Fig.2.2). This is because waves travel with the

TC and are, thus, exposed to greater wind forcing, creating favorable conditions for

wave development. Note that the TC translates from right ((X � X 0) > 0) to left

((X � X 0) < 0) and the X axis is equivalent to time t = ( X � X 0)=(5 m s� 1). In

contrast, waves on the lhs are much weaker with smaller� m and Hs because the

wind direction opposes the TC direction. Longer waves far ahead of the TC near

(X � X 0)=RMW= � 2 indicate the presence of fast traveling swells waves, but theirHs

is small so that these waves do not signi�cantly contribute to wave forcing (top right

panel, Fig.2.2). As waves are more developed on the rhs of the TC, the misalignment

between the wind direction� w and the peak wave spectrum� P is smaller on the rhs

(bottom left panel, Fig.2.2). In other regions under the TC, however, the propagation

direction of energetic waves di�ers signi�cantly from the wind direction, in particular

on the lhs.

2.3.2 Wave parameters controlling LT

The time and space dependent Stokes drift in the LES model is obtained by

integrating the simulated wave spectra [21]

us(t; z) = 2
Z 1

0

Z �

� �
k!F (t; !; � )e2kzd�d!; (2.6)

where F (t; !; � ) is the two-dimensional wave height spectrum,k is the horizontal

wavenumber vector,k = jkj denotes its magnitude,! is the radian frequency, and

� is the wave propagation direction. It is assumed that surface gravity waves satisfy

the deep-water dispersion relation! =
p

gk where g is the acceleration of gravity.
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Note that the largest resolved wavenumber in the model is 400 m� 1, which speci�es

the upper bound of radian frequency in Eq.2.6 [47].

To characterize the relative strength of shear-driven to wave-driven Langmuir

turbulence, [35] introduced the turbulent Langmuir number,La t , as

La t =
r

u�

jus(0)j
; (2.7)

where u� =
p

�=� 0 is water friction velocity. [17] found that the scaling of vertical

velocity variance (VVV) in wind-wave equilibrium conditions depends on bothLa t

and the e-folding decay length of the Stokes drift, indicating that short waves can

increase surface Stokes drift but may not contribute to deeper VVV [24]. To implement

the e�ects of di�erent wavelengths on LT for wave spectra, a surface layer Langmuir

number LaSL is introduced as [17]

LaSL =
s

u��
�
� 1

0:2H M

R0
� 0:2H B

usdz � us(zref )
�
�
�
; (2.8)

whereHM is the mixed layer depth,us(zref ) is a reference Stokes drift at depthz = zref

[17]. In our study we setjus(zref )j = 0 becauseHM is large, so thatjus(zref )j is close

to zero.

Strong wind-wave misalignment in TC conditions reduce LT's intensity [54,

45, 47]. To scale LT for conditions with wind-wave misalignment, [57] modi�ed the

surface layer Langmuir number from [17] that scales LT forced by equilibrium wind-

wave spectra. The so-called projected surface layer Langmuir number projects the

wind and wave forcing onto the Langmuir cell direction and is given by

LaSL� =

vu
u
t

u� cos(� w � � )�
�
� cos(� s � � )

0:2H B

R0
� 0:2H B

usdz
�
�
�
; (2.9)

where� w is the wind direction, � s is the direction of depth averaged Stokes drift within

0:2HB , � is the direction of the depth-averaged Lagrangian shear, which is an estimate

for the direction of Langmuir cells and de�ned by

tan(� ) =

R0
� 0:2H B

@(hvi + vs )
@z dz

R0
� 0:2H B

@(hui + us )
@z dz

: (2.10)
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The Eulerian current and the Stokes drift in the (x; y) direction are denoted as (u; v)

and (us; vs), respectively, and hi denotes horizontal spatial average inside the LES

numerical domain. The spatial distribution ofLaSL� with relatively small LaSL� values

(bottom middle panel, Fig.2.2) indicates that LT plays an important role in OSBL

dynamics and that LT is stronger on the rhs [47]. Interestingly, small values ofLaSL�

do not always coincide with large values ofHs and � m , suggesting that LT is not

necessarily more pronounced for more energetic or more developed wave �elds.

Recent studies show that the Stokes drift decay length scale in
uences the dy-

namics and structure of LT [54, 12, 24]. To account for the e�ects of Stokes drift shear

for wave spectra, we compute the length scaleds for the depth-averaged Stokes drift

shear as

ds =

�
�
�
R0

�1 us(z)dz
�
�
�

jus(0) � us(�1 )j
: (2.11)

In TC conditions, we �nd that ds is closely related to the penetration depth scale of

the Stokes drift introduced by [54], for which the misalignment between surface Stokes

drift and Stokes drift at greater depth is considered. The di�erences betweends and

� m in TC conditions further illustrate that � m is a poor estimator of Stokes drift decay

length scale that drives LT (top right and bottom right panels, Fig.2.2). In summary,

traditional parameters that describe the sea-state are not su�cient to characterize LT

dynamics in TC conditions.

2.4 Reynolds Averaged Navier-Stokes Model

The Reynolds-averaged Navier-Stokes (RANS) equations for horizontally homo-

geneous conditions without explicit wave e�ects are,

@hui
@t

+
@hu0w0i

@z
= f hvi (2.12)

@hvi
@t

+
@hv0w0i

@z
= � f hui (2.13)
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@h� i
@t

+
@h� 0w0i

@z
= 0; (2.14)

where hi indicate horizontal averages, so that any variableX is decomposed into its

horizontal averagehX i and its deviation X 0, i.e. X = hX i + X 0. The velocity u,v,w are

in the x, y, z directions, respectively, where z is the vertical coordinate positive upward,

and x, y are the horizontal coordinates. The turbulent 
ux ofX is parameterized as,

hX 0w0i = � � X
@hX i

@z
; (2.15)

where� X is the turbulent eddy viscosity for quantity X .

Here, we review KPP model as an important turbulence closure scheme used in

the General Ocean Turbulence Model (GOTM, http://www.gotm.net/),which is a one-

dimensional water column model for marine applications, providing various choices of

parameterization methods for vertical turbulent mixing. The momentum eddy viscosity

� t in KPP is speci�ed as [28],

� t = HM W(� )G(� ); (2.16)

where HM is a mixed layer depth,� = z=HM is a non-dimensional depth, andW is

a turbulent velocity scale determined from Monin-Obukhov similarity theory, i.eW =

�u � =� with the Von-Karman constant � , water friction velocity u� and shape function

G that depends on heat 
uxes and other parameters. The cubic polynomial shape

function G in Eq.2.16 approachesz=HM near the surface, so that turbulent di�usivities

are consistent with Monin-Obukhov similarity theory. G reaches a maximum near mid

HM . At greater depths near mixed layer base,G is constrained so that the eddy

di�usivities match those observed in the seasonal thermocline. The mixed layer depth

HM is determined by a depth-dependent bulk Richardson number,

Ri b(z) =
(B r � B (z))z

�
ju r j � j u(z)j

� 2
+ V 2

t

; (2.17)
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whereB = � 0g=�0 is the buoyancy,u = ( hui ; hvi ) is the horizontally averaged velocity

vector, the subscript r indicates a reference depth usually taken close to the surface,

and Vt is an unresolved turbulent velocity scale that relates to convection and other

turbulent processes.HM is de�ned as the largestjzj, whereRi b exceeds a prescribed

critical number, usually �xed at Ri c = 0:3. Furthermore, HM is not allowed to exceed

the Ekman depth, de�ned asHE = 0:7u� =f , which is an estimate for the boundary

layer depth without strati�cation [4].
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Chapter 3

RESPONSE OF THE OCEAN SURFACE BOUNDARY LAYER AND
LANGMUIR TURBULENCE TO TROPICAL CYCLONES

3.1 Abstract

The interaction of turbulent ocean surface boundary layer (OSBL) currents and

the surface waves Stokes drift generates Langmuir turbulence (LT), which enhances

OSBL mixing. This study investigates the response of LT to extreme wind and com-

plex wave forcing under tropical cyclones (TCs), using a large eddy simulation (LES)

approach based on the wave-averaged Navier-Stokes equations. We simulate the OSBL

response to TC systems by imposing the wind forcing of an idealized TC storm model,

covering the entire horizontal extent of the storm systems. The Stokes drift vector

that drives the wave forcing in the LES is determined from realistic spectral wave sim-

ulations forced by the same wind �elds. We examine LT e�ects on the mean currents

and temperature by comparing simulations with LT to those without LT, illustrating

reduced near surface currents and greater sea surface cooling, which is caused by the

LT-enhanced turbulent entrainment and mixing. In the presence of LT, the direction

of turbulent momentum transport, which is traditionally aligned with mean Eulerian

current shear, becomes more aligned with Lagrangian current shear (Eulerian shear

plus Stokes drift shear). Furthermore, the scaling of vertical velocity variance, which

characterizes LT intensity, shows strong spatiotemporal variation, indicating a sea-state

dependent LT that is in
uenced by the wind-wave misalignments. We also review the

applications of our LES data set, which is modeling work of explicitly implementing

the sea-state dependent LT e�ects into a RANS model with K-Pro�le Parameteriza-

tion (KPP) turbulence closure scheme. This work contributed to two peer reviewed

publications:
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1. Langmuir turbulence parameterization in tropical cyclone conditions. Reichl,

B. G., D. Wang , T. Hara, I. Ginis, and T. Kukulka, Journal of Physical Oceanography,

46, 863886, https://doi.org/10.1175/JPO-D-15-0106.1.

2. Impact of sea-state-dependent Langmuir turbulence on the ocean response

to a tropical cyclone. Reichl, B. G., I. Ginis, T. Hara, B. Thomas, T. Kukulka, and

D. Wang , Monthly Weather Review, 144, 45694590, https://doi.org/10.1175/MWR-

D-16-0074.1.

3.2 Introduction

The studies reviewed in the general introduction illustrate that LT plays an

important role in the OSBL dynamics, which critically in
uences the development of

the TCs. In those studies, LT is examined at di�erent locations, of which strength

shows strong spatiotemporal variability. For instance, the station near the TC eye

experiences great wind-wave misalignment, which signi�cantly reduces LT intensity

[45]. While, the stations on the rhs of the TC generally have stronger LT due to

greater wave forcing [54]. Thus, TC's complex sea-states in
uence the development of

LT, which is, however, only examined at limited stations that cannot resolve the full

spatiotemporal variability of TC's wind-wave forcing.

In this chapter, we designed a series of LES experiments for the full spatial TC

extent to systematically examine LT e�ects. We �rst show LT e�ects on the mean

currents and temperature, including reduced near surface currents and greater sea

surface cooling, which is caused by the LT-enhanced turbulent entrainment and mixing

(section 3.3). Secondly, we investigate the turbulent statistics with LT, revealing LT's

impact on the turbulent momentum transport and demonstrating that LT is sea-state

dependent, which provides important references for the parameterizations of LT e�ects

(section 3.4). Finally, we review the modi�ed KPP model with the sea-state dependent

LT e�ects, and independently implement this modi�ed KPP model into GOTM, which

is tested against the LES results (section 3.5).
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3.3 LT-Reduced Sea Surface Temperature and Currents

We examine the near-surface (at 5 m depth) currents and temperature change

(�SST) with and without LT to characterize LT's in
uences on OSBL's mean �elds

(Fig. 3.1). To better show the spatial-temporal distribution of OSBL under TCs,

we multiply the time by TC's translation speed, transforming the time into TC's

translating distance. Here we only present the response of OSBL to the slow moving

TC with 5 m s� 1 translation speed because the fast moving TC induces a similar

OSBL to the slowly moving one. The currents on the right-hand side (rhs), behind

the TC eye are much stronger than the left-hand side (lhs) (top left and top middle

panels, Fig.3.1). This is because the winds on the rhs of the TC are aligned with

inertial currents, generating inertial resonance which ampli�es the wind energy input

and currents magnitude. Such inertial resonance happens in both the LT and ST case

but the near-surface currents in the LT case are generally smaller than the ST case,

especially on the rhs of the TC (0.7 m s� 1 or more) (top right panel, Fig.3.1). As

LT enhances vertical momentum transport, mean currents in the LT case are usally

smaller. The wave forcing is stronger on the rhs of TC (right panel, Fig.2.2) because

more aligned winds and waves create favorable conditions for wave's growth. Therefore,

more intensive LT can be generated, inducing a more pronounced reduction of mean

currents.

The sea-surface cooling is also in
uenced by inertial resonance, demonstrating a

greater temperature drop on the rhs of TC (bottom left and bottom middle, Fig.3.1).

Di�erent from reducing near-surface currents, LT contributes to a stronger turbulent

mixing and enhances the sea-surface cooling than the ST case (more than 4 C� on

the rhs) (bottom right panel, Fig.3.1). Such augmented sea-surface cooling is associ-

ated with greater mixed layer deepening and cold water entrainment induced by LT.

Interestingly, the �nal sea-surface cooling on the rhs of the TC in both the LT and

ST cases becomes similar regardless the pronounced di�erence during the maximum

wind period, which indicates the relatively shallow mixed layer depth in the ST case

approaches to the LT case after the TC passes. We expect that more energetic inertial
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Figure 3.1: (top) The near-surface (atz = � 5 m) current speed and (bottom) tem-
perature change �SST for the ST case (left panels), the LT case (middle
panels), and their di�erences (right panels) for the TC with a 5 m s� 1

translating speed.

currents in the ST case generate stronger shear near the mixed layer base after the TC

passes, causing greater turbulent mixing as well as mixed layer deepening.

3.4 Turbulent Statistics With LT

In this section, we investigate the turbulent statistics with LT, which critically

control the OSBL response to the TCs, including the response of mean currents and

temperature pro�les in the foregoing section. We �rst examine LT's impact on the

turbulent momentum transport, which is a primary variable that is parameterized in

most turbulence closure models. Then we assess the velocity variances and turbulence
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Figure 3.2: The comparison of depth-averaged direction of turbulent stress to the
direction of depth-averaged Eulerian shear (left panel) and the direction
of depth-averaged Lagrangian shear (right panel). The depth-averaged
is conducted within the upper 20% of the boundary layer depthHB .

productions, which characterize LT intensity and help understand LT's genesis.

3.4.1 Turbulent momentum transport in the Lagrangian shear direction

The turbulent momentum transport, or the so-called turbulent stress, is often

parameterized to be aligned with mean Eulerian current shear based on the turbulent

viscosity assumption. Studies by [34, 57, 46], however, suggest that turbulent stress is

more aligned with Lagrangian current shear in the presence of LT, yielding an revised

parameterization for turbulent stress as follows:

hu0
i w

0i = � � t
@(hui i + us;i )

@z
; (3.1)

wherei = (1 ; 2) here, indicating the horizontal components of velocity vectors.

To test if this revised turbulent stress parameterization is true in the TC con-

ditions, we compare the direction of turbulent stress to both the Eulerian shear and

Lagrangian shear directions. To simplify the comparison, we squeeze the dimension in
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depth and only compare the depth-averaged directions. For the direction of turbulent

stress, we average it over upper 0.2HB given the fact that turbulent stress pro�le has

a uniform structure over a depth of 0.2HB and only reveal a standard deviation less

than 4� for all locations and time points. For the Eulerian shear direction, we use the

direction of the bulk Eulerian shear over the same depth (0.2HB ). This is because

Eulerian shear's directional variability with depth is not ignorable and the direction

of bulk shear provides an approximation for such variability. The comparison between

these two directions demonstrates large di�erences, indicating that turbulent stress is

seldom aligned with Eulerian shear in the presence of LT (left panel, Fig.3.2). Com-

pared to the Eulerian currents shear, the Lagrangian current shear is well aligned with

turbulent stress (right panel, Fig.3.2). The inclusion of Stokes drift shear signi�cantly

reduces the scatter, indicating the predominant role of near-surface Stokes drift shear

in deciding the turbulent stress.

3.4.2 LT enhanced vertical velocity variance

We examine turbulent velocity variance pro�les based on horizontal averages to

characterize Langmuir turbulence. Common approaches focus on the maximum verti-

cal velocity variancehw02i max (e.g., Sullivan et al. 2012) and depth-averaged vertical

velocity variance (e.g., Li et al. 2005; Harcourt et al. 2008; Rabe et al. 2015)

VVV =
1

HB

Z 0

� H B

hw0(z)2i dz: (3.2)

With LT, the normalized VVV and hw02i max have similar spatial patterns that

are characterized by larger values on the right-hand side of the TC, extending from the

eye to about three times the RMW (top panels, Fig.3.3). Generally, wind and wave

conditions on the rhs of the TC are more favorable to LT's development (Fig.2.2), but

complex sea-states such as wind-wave misalignment and a wide range of wave ages

also in
uences LT, contributing to a spatially variant distribution of hw02i . In the ST

case, the normalized VVV andhw02i max are smaller than the LT case for most regions

(bottom panels, Fig.3.3). Similar to the LT case, the rhs regions have larger VVV and
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hw02i max . Larger values of VVV andhw02i max are mostly located behind the eye, on

the rhs due to strong inertial resonance (bottom panels, Fig.3.3). Note that because

of reduced mixing in the ST case, near-surface currents are larger, enhancing the total

wind energy input. Consistent with earlier studies [54, 45, 47] these results suggest that

LT is ubiquitous over the whole spatial TC extent and highly sea-state dependent.

In order to further investigate the sea-state dependence, we directly compare

VVV with and without LT (left panel, Fig.3.4). Except for some locations outside

the RMW with weak LT and winds, the normalized VVV in the LT case is always

larger than the ST case, indicating LT's enhancement of VVV. Scatter between VVV

with and without LT is due to sea-state dependent LT.LaSL� that includes wind-wave

misalignment and complex sea-states is found to scale VVV in the LT case well, which

is consistent with previous studies [45, 47] (right panel, Fig.3.4).

The signi�cantly enhanced, sea-state dependent VVV also suggests that LT

changes the anisotropy of turbulence velocity variances, since the along-wind horizontal

velocity variance is the greatest one among velocity variances in other directions for

the pure shear-driven turbulence. The ratio of vertical to horizontal velocity variances

is de�ned by turbulent anisotropy ratio Rt (e.g., [39, 45]) by

Rt =
hw02i

hu02i + hv02i
: (3.3)

Note that Rt is computed at the depth ofhw02i max to better represent LT's e�ects.

With LT, Rt on the rhs of the TC is larger than on the lhs, exhibiting a similar spatial

variability to VVV and hw02i max (left panel, Fig.3.5). In most regions,Rt is larger than

0:5, further illustrating the signi�cance of LT over the whole horizontal TC extent. As

expected for purely shear-driven turbulence, the distribution ofRt in the ST case lacks

of pronounced spatial variability and is less than 0.5 in most regions (right panel,

Fig.3.5).
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Figure 3.3: The spatial distribution of normalized vertical velocity variance (VVV)
(left panels), and maximum vertical velocity variance (hw02i max ) (right
panels) for LT cases (top panels) and ST case (bottom panels). The red
dots marked with letter A, B and C are the same locations in Fig.2.2 and
the black dashed line indicates the RMW.
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Figure 3.4: The comparison of normalized VVV in the LT case to the normalized
VVV in the ST case (left panel) and the normalized VVV by surface
layer projected Langmuir numberLaSL� for the LT case (right panel).
The black dashed line indicates the best �t based on [57]. The color
coding is embedded in the left panel.

Figure 3.5: The spatial distribution of turbulent anisotropy ratio Rt for the LT case
(left panel) and the ST case (right panel).
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3.4.3 Eulerian shear production versus Stokes drift shear production

We examine the turbulence production in the LT and ST cases to further un-

derstand the genesis of turbulence. For the ST case, the only turbulence produc-

tion term is Eulerian shear productionPE = �h w0u0
i i @hui i =@z, and for the LT case,

there is an extra production term due to waves, called Stokes drift shear production

PS = �h w0u0
i i @us;i =@z, where the indexi = (1 ; 2; 3) represents east, north and vertical

directions denoted by spatial coordinates (x; y; z), respectively.

Similar to [54], PE and PS due to current shear and turbulent stress in the along-

wind direction (with subscript ==) are examined separately from contributions due to

current shear and turbulent stress in the crosswind direction (with subscript? ). To

better illustrate LT e�ects, we examine TKE production rates at the depth ofhw02i max .

In the LT case, the spatial distribution of �h w0u0
==i @us===@zand �h w0u0

? i @us? =@z

shows that the largest contribution to PS is associated with stress and Stokes drift

shear aligned with the wind (top left and top center panels, Fig.3.6). Compared toPS,

PE is much weaker, indicating the dominant role ofPS near the surface OSBL where

LT enhanced mixing generates little Eulerian shear orPE (right panels, Fig.3.6). The

inspection of �h w0u0
==i @u===@zand �h w0u0

? i @u? =@zshows that negative production

exists (bottom panels, Fig.3.6). Such negative Eulerian shear production is caused by

the Eulerian shear that changes sign due to non-local transports in the presence of

strong LT.

Indeed, the depth-integratedPS and PE are always positive for both the LT

and ST cases (Fig 3.7), so that overall the shear production always contributes to

turbulence despite the negative productions at certain depth. The spatial distribution

of normalized depth-integratedPS (top left panel, Fig 3.7) is similar to the normalized

V V V, hw02i max and Rt , indicating PS 's direct contribution to LT. The normalized

depth-integrated PE in the LT case (bottom left panel, Fig 3.7) has a similar pattern

to the normalized depth-integratedPE in the ST case (bottom right panel, Fig 3.7),

which features strong shear production on the rhs behind the TC eye due to energetic

inertial currents. However, the normalized depth-integratedPE in the ST case is much
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Figure 3.6: The spatial distribution of along-wind Stokes drift shear production
�h w0u0

==i @us===@z(top left panel), crosswind Stokes drift shear pro-
duction �h w0u0

? i @us? =@z(top center panel), total Stokes drift shear
production PS (top right panel), along-wind Eulerian shear production
�h w0u0

==i @u===@z(bottom left panel), crosswind Eulerian shear produc-
tion �h w0u0

? i @u? =@z(bottom center panel), and total Eulerian shearPE

(bottom right panel) of the LT case. Production rates are normalized by
u3

� =HB .
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stronger. This is because LT enhances near surface mixing and reduces the Eulerian

current shear, yielding a smallerPE . In addition, the reduced surface currents due to

LT also decreases the total wind energy input that contributes toPE .

Interestingly, the sum of depth-integratedPS and PE in the LT case is smaller

than the depth-integrated PE in the ST case on the rhs behind the TC eye (top right

and bottom right panels, Fig 3.7). This is mainly because the stronger inertial currents

in the ST case generate greaterPE than the sum ofPS and PE in the LT case, which

will be further discussed in chapter 4.

3.5 Development of a Turbulence Closure Scheme With Sea-State Depen-

dent LT E�ects

Motivated by the important role of LT in the OSBL response, [47, 46] applies our

LES data set to develop a turbulence closure scheme (KPP scheme, refer to Eq.(2.16))

with the sea-state dependent LT e�ects. We also participated in this model devel-

opment process and independently implemented this new turbulence closure scheme

in the GOTM model (refer to section 2.4), which provided important contribution to

[47, 46]'s work. Here, we brie
y reviewed the modi�ed KPP model by [46] and our

implementations of this new turbulence closure scheme into the GOTM model. First

of all, we assess the default KPP model in simulating the upper ocean response to the

TCs, speci�cally, the response of near-surface current and temperature that greatly

in
uences the development of TCs.

3.5.1 Implicit LT e�ects in the default KPP model

The default KPP model well captures the evolution of near-surface temperature

compared to the LES model with LT (bottom panels, Fig.3.8). For the slow moving

TC, the major di�erence of temperature (less than 0.3 C� occurs on the lhs of the TC

(bottom middle panel, Fig.3.8) where the KPP model underestimates the cooling. This

is because the mixed layer deepens slowly after the TC passes and the cooling is more

pronounced with the relatively shallow mixed layer depth on the lhs. Therefore, the
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Figure 3.7: The normalized depth-integratedPS (top left panel), PE (bottom left
panel) and the sum of depth-integratedPS and PE (top right panel) for
LT case. Bottom right panel is the normalized depth-integratedPE for
ST case. The depth-integrated production terms are normalized byu3

� .
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Figure 3.8: The di�erence of (top) current magnitude and (bot) temperature change
at z = � 5 m between the default KPP model (KPP-Default) and the LES
results with LT (LES-LT). (left) The root-mean-square of the di�erences
between the LES-LT (x axis) and KPP-Default (y axis) for two TCs.
Comparisons for the TC with a (middle) 5 m s� 1 translation speed and
(right) 10 m s� 1 translation speed.

underestimated near-surface cooling in the default KPP model is also more pronounced

on the lhs of the TC. For the fast moving TC, the default KPP model gives a reasonable

temperature prediction with di�erences that are less than 0.2 C� from the LES results

in most regions (bottom right panel, Fig.3.8). This is because the slow mixed-layer

deepening behind the TC eye is much weaker due to the shorter duration time of forcing

in the fast moving TC. In general, the cooling is slightly underestimated in the default

KPP model, especially the continuous cooling when the TCs pass and winds cease.

The simulated near-surface currents in the default KPP model are noticeably
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larger than the LES model with LT, especially on the rhs of the TC where the near-

surface currents in the KPP model are more than 0.5 m s� 1 greater (top panels, Fig.3.8).

Such di�erence is comparable to the reduced near-surface currents by LT (top right

panel, Fig.3.1), which indicates that the default KPP model cannot well reproduce

the mean currents in the presence of strong LT. The major reason is because the

more e�cient turbulent transport by LT's large coherent structures is not physically

implemented in the KPP model. The KPP model may implicitly include LT e�ects

on enhancing mixed layer deepening with the observation-tuned critical Richardson

number criteria (Eq.2.17), but such tuning is not well implemented in the momentum

equations. Another reason is that the Stokes drift also plays an important role in

changing the structure of the Ekman layer [32], but is absent in the KPP model. In

addition, Stokes drift shear contributes a lot to the Lagrangian shear which critically

decides the turbulent transport when LT is important [32].

3.5.2 Modi�ed KPP model with explicit Langmuir turbulence

The examination of the default KPP model against the LES model with LT

indicates that LT e�ects have been implicitly included in the default KPP model.

The relatively rational prediction of mixed-layer deepening as well as OSBL cooling

in the default KPP model may suggest that the implicit LT e�ects are most likely

included through the bulk Richardson criteria (Eq.2.17) that is used to compute the

mixed layer depth. Before [47] modi�es the KPP model for an implementation of

explicit LT e�ects, it is better to remove the in
uence of those implicit LT e�ects.

Therefore, [46] tune the KPP model against the LES model without LT by changing the

bulk Richardson number criteria, aiming at minimizing the root-mean-square (RMS)

di�erence of the near-surface currents and temperatures between two models. A smaller

bulk Richardson number criteriaRi c = 0:235 gives the best match to the LES model

without LT (not shown here) [47]. Another way of tuning the KPP model is to reduce

the turbulent velocity scale to match the relative weak mixing in the LES model without

LT. However, such method is not physical in satisfying the traditional approximation
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of near-wall turbulence withW � �u � .

Motivated by the fact that turbulent stress in the LT case is more aligned

with Lagrangian current shear, we modify the KPP model by adapting Eq.3.1 in the

parameterization of turbulent stress. For consistency, [47] replaces the Eulerian current

with Lagrangian current in the Coriolis force terms (�rst term on the rhs, Eq.2.12, 2.13)

to characterize the changed structure of Ekman layer due to LT [32]. To compensate

the absence of implicit LT e�ects in deciding mixed layer depth, [46] also includes

Lagrangian current in the computation of bulk Richardson number:

Ri b(z) =
(B r � B (z))z

�
juL ;r j � j uL (z)j

� 2
+ V 2

t

; (3.4)

, whereuL = ( hui + us; hvi + vs) denotes horizontal Lagrangian current vector anduL ;r

is the Lagrangian current vector at the reference depth.

After modifying KPP model with Lagrangian currents, the turbulent mixing is

still underestimated, indicating by the underestimated near-surface cooling and slightly

overestimated near-surface currents (not shown here, refer to Fig.7, [47]). As a practical

way to address the enhanced turbulent mixing due to LT, [33] proposed an enhance-

ment factor in the parameterization of turbulent stress to increase the eddy viscos-

ity(Eq.2.15). In the KPP model, [47] de�nes the enhanced eddy viscosity� LT
t as:

� LT
t = � tFLT ; (3.5)

whereFLT is the enhancement factor. As suggested by [33], LT also increases the unre-

solved turbulent scaleVt in the computation of the bulk Richardson number (Eq.2.17).

Likewise, the enhanced unresolved turbulent velocity scaleV LT
t can be parameterized

with another enhancement factorF Vt
LT as

(V LT
t )2 = V 2

t F Vt
LT : (3.6)
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Here F Vt
LT is di�erent from FLT because the scale of LT in the near-surface layer is

di�erent from that close to the mixed layer base, yielding di�erent contribution to

turbulent mixing [33].

To obtain the value ofVLT , [46] compares the eddy viscosity in the KPP model

to that in the LES model with LT. As the eddy viscosity varies with depth, the en-

hancement factor should be also depth dependent in principle. To simplify the problem,

[46] assumes that the eddy viscosity in the LES model and KPP model both peak at

the same depth after the comparison of many eddy viscosity pro�les in KPP and LES

models [47]. Given the facts that the eddy viscosity pro�les in the LES model and

KPP model should converge at the boundaries to satisfy the boundary conditions, and

both pro�les peak at the same depth, the pro�le of enhancement factor, that is the

ratio of eddy viscosity in the LES model to that in the KPP model, can be determined

as follows:

FLT (� ) = 1 + ( F 0
LT � 1)

G(� )
max[G(� )]

; (3.7)

where F 0
LT is the ratio of the maximum eddy viscosity in the LES model to that in

the KPP model. Therefore, the pro�le of enhancementFLT is determined onceF 0
LT is

obtained.

Previous studies suggest that the enhancement factor is a function of Langmuir

number that characterizes the strength of LT [34, 57]. In our study, the transient TC

conditions consist of both wind-wave misalignment and complex wave spectra. There-

fore, it is more comprehensive to consider the enhancement factorF 0
LT as a function

of LaSL� . With previous assumption that the eddy viscosity pro�les in both KPP and

LES models peak at the same depth, it is more likely that LT does not signi�cantly

in
uence the mixing length scale but the turbulent velocity scale. Consequently, the

form of F 0
LT , that is the ratio of two eddy viscosity with the same mixing length scale,

can be inferred by examining the scaling work of the turbulent velocity scale in the LT

case, especially the scaling work that associates withLaSL� . One pronounced feature

of LT is the enhanced VVV that is often used to characterize LT intensity [31, 17, 45].
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The best �t for the scaling of the normalized VVV by LaSL� is

VVV
u2

�
= 0:6

�
1 + (1:5LaSL� )� 2 + (5 :4LaSL� )� 4

�
; (3.8)

which provides a practical form for LT's turbulent velocity scale (refer to section 3.4.2).

To double check if the scaling of VVV=u2
� in Eq.3.8 relates toF 0

LT , [46] directly

computes the ratio of the maximum eddy viscosity in the LES model to the KPP model

with Lagrangian currents, and obtain a best �t for the enhancement factor as follows,

F 0
LT = 1 + La � 1

SL� ; (3.9)

which is much larger than the scaling we obtain in Eq.3.8 (left panel, Fig.3.9). This is

mainly because the VVV is a depth-averaged turbulence velocity scale which dilutes

the peak value in the vertical velocity pro�le. The enhancement factorF 0
LT that is

characterized by the comparison of the maximum eddy viscosity (Eq.3.7) is more likely

related to the peak turbulent velocity instead of a bulk value. Note that, in the scaling

of enhancement factor, we still �nd some scatter for the locations that are on the rhs,

behind the TC whereF 0
LT is overestimated (blue dots, Fig.3.9). In those regions, the

strong inertial currents due to inertial resonance may contribute to additional shear-

driven turbulence that does not simply scale withLaSL� , which will be discussed in

the following sections.

Here, [46] simply adopts Eq.3.9 as the function of enhancement factor to imple-

ment explicit, sea-state dependent LT e�ects. To reconcile the scatter observed in the

scaling ofF 0
LT (left panel, Fig.3.9), [46] set a constant enhancement valueF 0

LT = 2:25

for LaSL� < = 0:8. As what we have mentioned, the enhancement factor for the un-

resolved turbulent velocity scales,F Vt
LT , should be di�erent from that in the turbulent

eddy viscosity. [46] empirically obtains the formula forF Vt
LT as,

F Vt
LT = 1 + 2 :3La � 1=2

SL� ; (3.10)

by minimizing the di�erence of mixed layer depth and sea-surface temperature between

the LES and KPP models.

31



Figure 3.9: (y axis) The ratio of the maximum eddy viscosity (� LES ) in the LES
results to that (� KP P ) in the modi�ed KPP model with Lagrangian cur-
rents, versus (x axis) the surface-layer projected Langmuir number.The
color code is the same as in Fig.3.4 and the solid black line is the best �t
for the scatter. The solid red line denotes the scaling of the normalized
VVV represented by Eq.3.8.
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