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ABSTRACT

This study uses large-eddy simulation to investigate the structure of the ocean surface boundary layer

(OSBL) in the presence of Langmuir turbulence and stabilizing surface heat fluxes. The OSBL consists of a

weakly stratified layer, despite a surface heat flux, above a stratified thermocline. The weakly stratified

(mixed) layer is maintained by a combination of a turbulent heat flux produced by the wave-driven Stokes

drift and downgradient turbulent diffusion. The scaling of turbulence statistics, such as dissipation and vertical

velocity variance, is only affected by the surface heat flux through changes in the mixed layer depth. Di-

agnostic models are proposed for the equilibrium boundary layer and mixed layer depths in the presence of

surface heating. The models are a function of the initial mixed layer depth before heating is imposed and the

Langmuir stability length. In the presence of radiative heating, the models are extended to account for the

depth profile of the heating.

1. Introduction

The ocean surface boundary layer (OSBL) is mixed by

turbulence, driven by a combination of surface waves,

wind stress, and surface heat fluxes. Surface waves can

result in mixing through wave breaking and through a

‘‘vortex force’’ interaction between the wave-induced

Stokes drift (Stokes 1847) and the vorticity in the flow

(Craik and Leibovich 1976). Instabilities created by this

vortex force produce Langmuir turbulence, which is

believed to be a significant contributor to upper-ocean

mixing over the global ocean (Li et al. 2005; Belcher

et al. 2012; D’Asaro 2014).

Heat fluxes into the ocean can be separated into

shortwave radiative heating, where the radiation is

absorbed over a depth of several meters (Denman 1973;

Paulson and Simpson 1977), and surface heating (sen-

sible and latent heating and longwave radiation). The

OSBL often exhibits a strong diurnal cycle; during the

day a shallow, weakly stratified (well mixed) layer is

present, with a diurnal thermocline forming below this

layer, and during the night a deeper convective well-

mixed layer develops (Brainerd and Gregg 1993, 1995;

Sutherland et al. 2013, 2014).

Large-eddy simulation (LES) has been used to study

Langmuir turbulence, beginning with the work of

Skyllingstad and Denbo (1995). Results from LES show

that Langmuir turbulence can maintain weak stratifica-

tion near the ocean surface in the presence of surface

heating (Min and Noh 2004) and a diurnal thermocline

in the presence of radiative and surface heating (Noh

et al. 2009). Kukulka et al. (2013) showed that LES

provides better agreement with observations of the di-

urnal cycle of upper-ocean temperature structure when

the vortex force is included. In particular, in the daytime
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OSBL the stratification in an LES without Langmuir

turbulence was greater than the observed stratification

during periods of the Surface Waves Process Program

(SWAPP) experiment, and including Langmuir turbu-

lence in the LES reduced the stratification. The K-profile

parameterization (KPP) model (Large et al. 1994) and

the Price–Weller–Pinkel (PWP) model (Price et al.

1986), which are both popular OSBL models, produced

stratification similar to the LES without Langmuir tur-

bulence. Plueddemann and Weller (1999) showed that

Langmuir circulations, which are structures associated

with the presence of Langmuir turbulence, were present

over the observation period simulated by Kukulka et al.

(2013). They also showed that in periods of weak winds,

where no Langmuir circulations were present, the ob-

served stratification was similar to that obtained from

the PWP model. Despite the previous LES studies, the

structure of Langmuir turbulence in the presence of

surface heating has not been investigated in detail and,

as a result, the response of the wave-driven OSBL to a

surface heat flux is not understood quantitatively.

In this study, LES is used to investigate the equilibrium

structure of the wave-driven OSBL following the appli-

cation of surface heating to an initially neutral OSBL. The

study is confined to the OSBL driven by waves through

the vortex force, rather than other wave effects such as

wave breaking (Noh et al. 2004; Sullivan et al. 2007) and

wave-induced nonbreaking turbulence (Babanin 2006).

The goal of this work is to develop scalings for various

OSBL properties, in particular the depth of the OSBL,

and the profiles of dissipation and vertical velocity vari-

ance. For this reason, we principally investigate simula-

tions with constant forcing that have reached equilibrium,

rather than simulations of diurnal cycles or other transient

scenarios. Focusing on idealized simulations also allows

the effects of surface and shortwave radiative heating to

be separated and compared. After a brief discussion of

model details in section 2, the structure of the equilibrium

OSBL is studied in section 3 using the budgets for the

turbulence kinetic energy (TKE) and the turbulent heat

flux. The variation in the depth of the OSBL with surface

heating is investigated in section 4. The effects of short-

wave radiative heating on the equilibrium mixed layer

depth are investigated in section 5, and the resulting

model is compared with an LES with diurnal radiative

heating.

2. Model and simulations

The simulations use the Met Office Large EddyModel

(LEM). The LEM for atmospheric boundary layer stud-

ies is described in Shutts and Gray (1994). The modifi-

cations of the model to simulate the OSBL are described

by Grant and Belcher (2009). These modifications include

imposing a Stokes drift, which affects the momentum

budgets through the vortex force, the Coriolis–Stokes

force, and a modified pressure (Craik and Leibovich

1976; McWilliams et al. 1997). The Stokes drift profile is

given by us 5 usx̂5 us0 exp(z/d)x̂, where us0 is the surface

Stokes drift; z is depth (negative); d is the Stokes pene-

tration length (positive), which is related to thewavelength

of surface waves by d 5 l/(4p); and x̂ is a unit vector

aligned with the x axis. The turbulent Langmuir number

Lat 5 (u*/us0)
1/2, where u* is the surface friction velocity of

the water (McWilliams et al. 1997), can be used to charac-

terize the turbulence in the presence of wind and wave

forcing. For equilibriumwind seas, Lat5 0.3 (Li et al. 2005).

The model domain is 256m3 256m in the horizontal

(x, y) and 90m in the vertical (z), with resolutions of 2

and 0.6m in the horizontal and vertical, respectively.

The forcing for the following simulations was chosen so

that the boundary layer turbulence was resolved, with

the shallowest simulated boundary layers being just over

10m deep. The resolution probably begins to have an

effect in the shallowest mixed layers, but the resolved

turbulent fluxes are much greater than the subgrid fluxes

in all the simulations. The domain is horizontally doubly

periodic. A damping layer is imposed below 65m to

damp gravity waves and prevent their reflection off the

lower boundary.

Simulations are started from rest with a constant tem-

perature layer, below which the fluid has constant strati-

fication. All simulations are forced using a surface wind

stress aligned with the x axis, with u*5 6.13 1023m s21,

equivalent to a 10-m wind speed of approximately

5ms21. The effects of rotation are included through the

Coriolis parameter f. In all simulations, Lat 5 0.3.

In the surface heating simulations, the surface heat

flux is initially zero, which allows Langmuir turbulence

to develop a neutral boundary layer. After 50 000 s, the

surface heat flux is increased linearly to a valueH0 over

5000 s and is held constant for the remainder of the

simulation. The simulations are then continued until the

turbulence statistics and boundary layer depth reach an

equilibrium, and the flow statistics are then averaged

over 40 000 s. The depth of the neutral mixed layer at

50 000 s is defined as the initial mixed layer depth hi. The

introduction of heating to an initially neutral boundary

layer in these simulations is intended to be analogous to

the morning transition of the diurnal cycle.

This study uses seven sets of surface heating simula-

tions, shown in Table 1. Simulations with different

values of f were carried out representing strong (SS),

moderate (SM), weak (SW), and no rotation effects

(SN). Surface heating simulations with a larger Stokes

penetration length (SD) and a shallower initial mixed
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layer (SH) were also carried out. A reference (neutral)

simulation was carried out with no surface heat flux, and

all other parameters were identical to the SM simula-

tions. Also shown in Table 1 are the values of Langmuir

stability length, LL 52w3

*L/B0, where B0 5 2agH0/

(rcp) is the surface buoyancy flux, a is the thermal ex-

pansion coefficient, g is gravitational acceleration, and

cp is the specific heat capacity of water (Belcher et al.

2012). The range of heat fluxes across the simulations is

0–64Wm22, which is significantly smaller than the

typical daytime maximum heating. However, we are

interested in the scaling of Langmuir turbulence, and

scaling laws should be general for a given turbulent

flow, providing the flows span the same nondimen-

sional parameter space. Using weak surface forcing

allows us to carry out a large number of simulations,

spanning a wide range of parameter space. The non-

dimensional parameter space of these simulations in-

cludes reasonable heating (;500Wm22) with moderate

to strong winds (10-m wind speed . 10m s21) and

wind waves.

3. Results

The following section begins with a discussion of the

profiles of mean temperature and turbulent heat flux

with surface heating and the definition of the mixed

layer depth. Following this, the turbulence and mean

properties of the OSBL are investigated using a non-

dimensional framework.

a. Structure of the OSBL

Figure 1a shows the profiles of mean temperature u for

two of the SM simulations, where overbars represent

horizontal and temporal averages. The stratification

›u/›z is small near the surface in both simulations, and

the depth of the layer of weak stratification decreases as

LL becomes smaller. Below theweakly stratified layer is a

temperature jump, with a second weakly stratified layer

below. The initial model stratification is below 53m.

Figure 1b shows the turbulent heat flux w0u0 for the

same simulations, where primed quantities denote the

turbulent deviation from the mean of a variable. The

heat flux varies linearly in a layer close to the surface,

indicating that the stratification within this layer does

not change with time (since ›u/›t is uniform with depth).

The mixed layer depth is defined by fitting a line to the

w0u0 profiles near the surface, using the surface heat flux
as a boundary condition. The mixed layer depth hm is

then defined as the depth at which the line reaches zero.

The layer of weak stratification near the surface is within

the mixed layer (Fig. 1a). Below hm the turbulent heat

flux is still nonzero, indicating that the boundary layer

depth hb, where the flux goes to zero, is greater than hm.

The temperature jump between the surface and 53m

does not exceed 0.1K in any of the simulations, despite

more than 20 h of heating, indicating that commonly

FIG. 1. Profiles of (a) mean temperature u and (b) turbulent heat flux w0u0 from SM simu-

lations with LL 5 62m (solid) and LL 5 186m (dashed). Horizontal gray lines show the mixed

layer depth hm for the simulation with the corresponding line style. The dotted line in (b) shows

a linear fit to the w0u0 profile within the mixed layer for LL 5 62m. Note that by definition the

dotted line intercepts the depth axis at hm.

TABLE 1. Forcing parameters for the surface heating simula-

tions. Shown are the simulation set abbreviation, surface heat flux

H0, Langmuir stability lengthLL, Coriolis parameter f, Stokes drift

penetration length d, and the initial mixed layer depth hi. Note that

the highest values of LL correspond to the lowest values of H0.

H0 (Wm22) LL (m) f (s21) d (m) hi (m)

SS 16–64 248–62 1.4 3 1024 4.8 53

SM 8–64 496–62 1024 4.8 53

SW 16–64 248–62 0.5 3 1024 4.8 53

SN 8–64 496–62 0 4.8 53

SD 16, 64 248, 62 1024 14.4 53

SH 10.6–42.6 372–93 1024 4.8 36

Neutral 0 ‘ 1024 4.8 53
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used definitions of the mixed layer using temperature or

density jumps (e.g., de Boyer Montégut et al. 2004)

would not be sufficient for diagnosing the depth of the

turbulent mixed layer in these simulations.

Figure 2 shows a schematic of the equilibrium struc-

ture of the upper ocean in LESwith surface heating. The

new thermocline is a layer containing turbulent, strati-

fied flow below the mixed layer. Despite the simulations

being run to equilibrium, we refer to this layer as the

diurnal thermocline, as in these simulations it is analo-

gous to the thermocline that is formed and eroded over

the course of a diurnal cycle. The boundary layer con-

sists of the mixed layer and the diurnal thermocline, and

the boundary layer depth hb is defined as the maximum

depth to which TKE is transported by the turbulence

(Fig. 5d). The residual layer is the layer of weak strati-

fication below the boundary layer, and it contains de-

caying turbulence, present before the surface heat flux

was introduced. When the heating is introduced, the

turbulence below hb becomes detached from the sur-

face. The time scale of this detachment in the present

simulations is approximately 30min, as shown in the

appendix. The initial stratification imposed in the LES

remains at depths below hi.

Figure 3 shows the mean profiles of along-wind current

U and crosswind current V for two SM simulations. The

magnitudes of the along-wind and crosswind currents are

largest near the surface. The along-wind current shear

›U/›z is small near the surface, and this region of small

›U/›z becomes shallower as the heating increases, be-

cause the boundary layer becomes shallower.

Figure 4 shows the resolved turbulent fluxes of mo-

mentum u0w0 and y0w0 and heatw0u0 within themixed layer

normalized by the surface fluxes, with depth normalized by

the mixed layer depth. The turbulent momentum fluxes

(Fig. 4a) are almost entirely confined to the mixed layer.

AsLL decreases, the u0w0 profile becomesmore linear and

the magnitude of y0w0 decreases. As the mixed layer be-

comes shallower, the parameter fhm/u* decreases, causing

the curvature of the u0w0 profile and themagnitude of y0w0

to decrease (Grant and Belcher 2009).

Thew0u0 profiles are linear overmost of themixed layer

because of the definition of hm. Near the base of the

mixed layer, the w0u0 profiles become curved and the flux

FIG. 2. Schematic of the separate layers in the upper ocean with

surface heating. The boundary layer is the region containing sur-

face-driven turbulence. The boundary layer can be separated into

a mixed layer, where local temperature gradients are weak and

approximately constant with time, and a diurnal thermocline,

where the temperature gradient increases with time. The residual

layer is detached from the surface and contains decaying turbu-

lence, which remains from the initial boundary layer of depth hi
that was present before the introduction of heating. Below hi is the

seasonal thermocline, where the fluid is strongly stratified.

FIG. 3. Profiles of the (a) along-wind current U and (b) crosswind current V for SM simu-

lations withLL5 62m (solid) andLL5 186m (dashed). Gray lines show themixed layer depth

for the simulation with the corresponding line style.
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extends into the diurnal thermocline. The magnitude of

subgrid fluxes of heat and momentum are much smaller

than the resolved fluxes within the mixed layer.

b. Turbulent kinetic energy budget

For stationary turbulence under horizontally homo-

geneous conditions, the TKE budget in the presence of

wave effects is (McWilliams et al. 1997; Polton and

Belcher 2007)

052u0w0 ›us

›z
2u0w0 � ›U

›z
1w0b0

2
›

›z

�
w0u0 � u0 1

1

r
w0p0

�
2 « , (1)

where u0 and U are the turbulence and mean velocity

vectors, respectively; w0b0 is the buoyancy flux, where

b0 5 agu0 is the buoyancy; p is pressure; and « is the rate

of dissipation of energy throughmolecular viscosity. The

terms on the right-hand side of Eq. (1) are, from left to

right, Stokes production, shear production, buoyancy flux,

TKE transport, and dissipation. Grant and Belcher (2009)

used LES to show that the velocity and length scales of the

TKE budget in Langmuir turbulence arew*L 5 (u2

*us0)
1/3

and the mixed layer depth hm, respectively.

Figure 5 shows the first four terms on the rhs of Eq. (1)

for two SM simulations and the neutral simulation. All

the terms have been scaled by w3

*L/hm. The Stokes term

is the largest production term in the TKE budget and is

significant over a larger fraction of the mixed layer for

smaller LL. The region of significant Stokes drift gradi-

ent, and hence Stokes production, is confined to a near-

surface layer with depth O(d). As LL decreases, d/hm
increases, causing the Stokes production to be present

deeper into the mixed layer.

Shear production occurs over the entire mixed layer.

In the neutral simulation, shear production has a local

maximum at approximately 0.25hm. This local maximum

moves deeper into the mixed layer as LL decreases and

is below the region of significant Stokes production. The

scaled w0b0 profiles do not collapse for the SM simula-

tions. The stability parameter hm/LL (Belcher et al.

2012) increases with decreasing LL, indicating that the

fraction of TKE produced through Stokes production,

which is then used to transport heat through the mixed

layer, increases with increasing surface heat flux.

The TKE transport takes energy from near the sur-

face, where Stokes production is largest, and re-

distributes this energy deeper in the mixed layer. The

layer of negative TKE transport covers an increasing

fraction of hm as LL decreases. In the SM simulations,

the positive region of TKE transport penetrates below

the mixed layer into the diurnal thermocline and to the

base of the boundary layer (Fig. 2).

Figure 6 shows the scaled dissipation «hm/w
3

*L for all

SM simulations and the neutral simulation. Above 0.7hm
the scaled dissipation profiles collapse onto a single

curve. This indicates that the effects of surface heating

on dissipation profiles in the upper mixed layer are

captured entirely by variations in hm, and the scaled

dissipation profiles are the same as for Langmuir tur-

bulence with no surface heating. Near the base of the

mixed layer, the scaled dissipation profiles show some

variation as a result of changes in the TKE transport and

shear production, although this spread is much less than

the spread in the unscaled dissipation profiles shown by

the shaded area. The dissipation below the mixed layer

decreases less rapidly with depth in the simulations with

surface heating than in the neutral simulation because of

decaying turbulence in the residual layer.

FIG. 4. Profiles of scaled turbulent fluxes of (a) along-wind u0w0/u2

* (negative) and crosswind

y0w0/u2

* (positive)momentum and (b) heatw0u0r0cp/H0 for SM simulations. Black lines show the

total (resolved plus subgrid) fluxes, and gray lines show the subgrid component of the fluxes.

Line styles correspond to LL 5 62m (solid) and LL 5 186m (dashed).
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c. Vertical velocity variance

Figure 7 shows the profiles of vertical velocity vari-

ance s2
w within the mixed layer for all SM and neutral

simulations. The maximum of s2
w near the surface is

slightly smaller in the presence of surface heating than in

neutral conditions. The peak in s2
w is reduced by up to

25% across the SM simulations relative to the neutral

simulation. The smallest s2
w peaks are from the simula-

tions with the smallest hm, where the resolution could be

beginning to affect the turbulence. The shape of the s2
w

profile above 0.7hm, neglecting the changes inmagnitude,

does not appear to be affected by the surface heat flux.

In the presence of surface heating, there is a significant

increase in s2
w around the base of the mixed layer due to

gravity waves. These gravity waves contribute to s2
w but

do not dissipate energy, which is consistent with dissi-

pation decreasing below 1.1hm, despite s2
w being signif-

icant to a depth of at least 1.5hm in some simulations.

d. Heat flux budget

There is greater stratification near the surface in

shear-driven turbulence than in Langmuir turbulence

(Noh et al. 2009; Kukulka et al. 2013). To understand

why this is the case, we consider the budget for the

turbulent heat flux.

The budget for the turbulent heat flux in a steady,

horizontally homogeneous flow is given by

052s2
w

›u

›z
2 u0u0

›u
s

›z
2 u0b0 2

1

r
u0
›p0

›z
2

›w0w0u0

›z
2 «

wu
,

(2)

where «wu is the dissipation of w0u0 through molecular

viscosity and thermal diffusivity. The terms on the right-

hand side of Eq. (2) are, from left to right, the gradient

term, Stokes term, buoyancy term, pressure-scalar term,

flux transport term, and flux dissipation. The scaling for

terms in Eq. (2) is assumed to be H0/(r0cpt), where

t5hm/w*L is a characteristic time scale for the turbulence.

Figure 8 shows the scaled profiles of the first four

terms on the right-hand side of Eq. (2) within the mixed

layer for the SM simulation with LL 5 62m. From the

surface to 0.8hm, the downward flux of heat is maintained

by the Stokes and gradient terms in Eq. (2). The magni-

tude of the Stokes and gradient terms are comparable,

FIG. 5. Profiles of scaled terms in the TKE budget for SM simulations and a neutral simu-

lation. Shown are (a) Stokes production, (b) shear production, (c) buoyancy flux, and (d) TKE

transport. Shown are LL 5 62m (solid), LL 5 186m (dashed), and LL 5 ‘ (dotted). All axes

are made nondimensional using w*L and hm.
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with the Stokes term being the larger of the two. The

pressure-scalar and buoyancy terms balance the Stokes

and gradient terms in the upper half of the mixed layer.

The flux transport and flux dissipation are not shown in

the figure. In these simulations «wu is small, because the

fluxes are carried by the largest eddies rather than pa-

rameterized subgrid eddies, and the flux transport is

small. Near the base of the mixed layer, where the heat

flux is small, the downward flux tendency of the

pressure-scalar and gradient terms balances the buoy-

ancy term, which is consistent with the presence of

gravity waves.

Kukulka et al. (2013) argued that parameterizations

of Langmuir turbulence should include the effects of

Stokes drift on TKE production. Our results show that

parameterizations should also include the effects of

Stokes drift on the production ofw0u0, as we are about to
explain.

The budget for the turbulent heat flux is the basis for

the nonlocal component of the KPP scheme in unstable

conditions (Holtslag and Moeng 1991), and it explains

the countergradient transport of heat observed in the

convective atmospheric boundary layer. The nonlocal

part of the scheme, which allows countergradient

transport, arises from the source terms in the w0u0

budget that are not a function of the temperature gra-

dient (Deardorff 1972). For stable conditions it is

usually assumed that the only source in the w0u0 budget
is the gradient term, which implies simple down-

gradient transport (w0u0 } kd›u/›z, where kd is a diffu-

sivity). However, Fig. 8 shows that the Stokes term is an

important source of w0u0, and so its contribution to the

transport of heat should also be represented as a non-

local term in parameterizations for the turbulent heat

flux. Note that the Stokes and gradient terms are both

sources for the heat flux, reducing the temperature

gradient needed for the same amount of heat transport

compared to shear turbulence. This would be consistent

with observations in the presence of Langmuir circula-

tions (Plueddemann and Weller 1999). In addition, s2
w,

which is related to kd, is larger in Langmuir turbulence

than in shear-driven turbulence with the same surface

FIG. 7. Profiles of scaled vertical velocity variance s2
w/w

2

*L for all

SM simulations (dashed) and a neutral simulation (solid).
FIG. 6. Profiles of scaled dissipation of TKE «hm/w

3

*L against z/hm
for all SM simulations (dashed) and a neutral simulation (solid). The

shading shows the range in the profiles of unscaled dissipation.

FIG. 8. Profiles of scaled terms in thew0u0 budget [Eq. (2)] for the
SM simulation with LL 5 62m. Shown are the Stokes term (solid),

gradient term (dashed), pressure-scalar term (dotted) and buoy-

ancy term (dashed–dotted). All terms have been multiplied by

tr0cp/H0.
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friction velocity (McWilliams et al. 1997; Teixeira and

Belcher 2002, 2010).

4. The equilibrium depth of the mixed layer and
boundary layer

The depths of the mixed layer and the boundary layer

are important for the development of OSBL parameter-

izations as they describe the length scales of turbulence.

In addition, hb controls the heat capacity of the OSBL

and hence the variation of the sea surface temperature in

response to a surface heat flux. The formation of an

equilibrium OSBL in the presence of Langmuir turbu-

lence and surface heating indicates that hm and hb could

be diagnosed from the forcing used in the simulations.

The values of hm and hb for the equilibrium OSBL

must be a function of the characteristic length scales of

the turbulent flow. The length scales that are commonly

used to characterize boundary layers under a stabilizingheat

flux are the Ekman depth u*/f (Rossby and Montgomery

1935) and the Obukhov length L52u3

*/(kB0) (Monin

and Obukhov 1954), where k is the von Kármán con-

stant. Diagnostic models for the depth of stable geo-

physical boundary layers are generally a combination

of the Ekman depth and the Obukhov length (e.g.,

Zilitinkevich 1972; Garwood 1977; Zilitinkevich and

Baklanov 2002; Zilitinkevich et al. 2002). As a result of

the new velocity (us0) and length (d) scales introduced

by the presence of Stokes drift, additional length scales

can be constructed for Langmuir turbulence such as the

Langmuir–Ekman depth w*L/f and the Langmuir sta-

bility length LL.

Figure 9 shows hm and hb against LL for all simula-

tions with surface heating. The mixed layer and bound-

ary layer become deeper as LL increases within each set

of simulations. Kukulka et al. (2013) suggested that an

alternative stability length, LK 5 d ln(LL/d), could pro-

vide an estimator for hm, but the results from the present

simulations show that LK is not a useful estimator for hm.

Increasing d by a factor of 3 does not significantly affect

hm, indicating that hm is more sensitive to changes in LL

than to changes in d.

Both hm and hb show some dependence on f; the

mixed layer becomes deeper as f decreases and u*/f

increases. Grant and Belcher (2011) showed that for

large u*/( fhm), a stratified shear layer forms at the base

of the boundary layer. In the presence of a stratified

shear layer, the heat flux is nonzero at the base of the

layer mixed by Langmuir turbulence, and the flux ex-

tends through the stratified shear layer. This means that

w0b0 cannot be used to define hm (as in Fig. 2) for small

values of f. Grant and Belcher (2011) showed that, in the

presence of a stratified shear layer, Langmuir turbulence

is confined to the mixed layer, defined as the depth over

which TKE is transported by the turbulence. For the SN

( f 5 0) simulations the mixed layer depth has been cal-

culated using the TKE transport, but these hm have been

plotted in Fig. 9b, alongside the other depths defined

through TKE transport. In the SN simulations the com-

bineddepth of themixed layer and the shear stratified layer

is the boundary layer depth, which does not reach a steady

state (Grant and Belcher 2011) and is not relevant to the

effects of heating on Langmuir turbulence. As a result, the

values of hb from the SN simulations are not plotted.

Figure 9b indicates that LL is the main control on hb.

Dimensional consistency requires that hm and hb must

depend only on length scales within the simulations. The

boundary layer depth does not vary significantly over a

range of u*/f 5 [44m, ‘] and d 5 [4.8m, 14.4 m], which

indicates that LL is the only length scale with a significant

effect on the value of hb that can be constructed from the

surface forcing parameters in these simulations. However,

FIG. 9. Depths of the (a) mixed layer hm and (b) boundary layer hb as a function of LL for all

surface heating simulations. Filled symbols denote the simulation set. Open symbols show

results from Min and Noh (2004). Mixed layer depths for the SN simulation are plotted in

(b) because of the presence of a stratified shear layer (see text).
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it is clear that a simple relationship of the form hb5 gLL,

where g is a constant, does not describe the variation inhb.

The only length scale that has not been considered is

the initial mixed layer depth hi. Both hm and hb must

asymptote toward hi as LL tends toward infinity. This

indicates that hi, along with LL, could be responsible for

the nonlinear variation of hm with LL seen in Fig. 9. In

addition, for all LL investigated here, simulations using

hi 5 36m have a smaller boundary layer depth than

simulations using hi 5 53m (note that in Fig. 9 the stars

and diamonds indicate simulations that differ only in

their values of hi and LL).

The initial mixed layer depth could affect the values of

hm and hb through the turbulence present within the

initial mixed layer. The introduction of surface heating

adds a sink of TKE due to the buoyancy flux in Eq. (1).

The largest, energy-containing, turbulent eddies are

supplied with energy by Stokes production. The largest

turbulent eddies are also responsible for the transport of

heat and so lose energy through the buoyancy flux. As

the mixed layer becomes shallower, the depth-averaged

Stokes production increases as w3

*L/hm (Grant and

Belcher 2009), resulting in the collapse of scaled dissi-

pation profiles in Fig. 6. By noting that w0b0 varies line-
arly with depth in the mixed layer, the buoyancy flux

averaged over the mixed layer can be approximated by

B0/2. We assume that

b
w3

*L
h
i

5b
w3

*L
h
m

1
B

0

2
, (3)

where b is a constant. Equation (3) can be rearranged to

provide a relationship between the steady mixed layer

depth and the initial mixed layer depth, as a function of

the Langmuir stability length

h
m

h
i

5
1

11 (2b)21(h
i
/L

L
)
. (4)

Figure 10a shows the nondimensional mixed layer depth

hm/hi as a function of the initial stability parameter hi/LL

for all surface heating simulations. The model of Eq. (4)

shows good agreement with all of our simulations using

(2b)215 3.5. Figure 10b shows hb/hi against hi/LL. Also

shown is Eq. (4), where hm has been replaced by hb, and

(2b)21 5 3.0, which provides a good fit to hb for all the

simulations. The boundary layer depths for simulations

which differ only in hi collapse better in Fig. 10b than in

Fig. 9b.

The dependence of hm and hb on the initial mixed

layer depth is an interesting result. As far as the authors

are aware, the possibility that the depth of the initial

boundary layer could affect the depth of an equilibrium

stable boundary layer has not been recognized pre-

viously. This dependence on hi means that it is not

possible to create a diagnostic model for hm and hb that

is based on only the instantaneous forcing parameters,

although for hi/LL � 1, Eq. (4) tends to hm } LL. The

relationship proposed in Eq. (4) is only valid for Lang-

muir turbulence Lat , 0.5 (Grant and Belcher 2009).

Min and Noh (2004) carried out LES of the mixed layer

with surface heating and estimated the mixed layer depth

through tracer dispersion.The results ofMin andNoh (2004)

fit smoothly with our data (Figs. 9, 10). Thus, the model of

Eq. (4) shows good agreement with the simulations of Min

and Noh (2004) as well as with the current simulations.

5. Effects of radiative heating on mixed layer depth

In addition to the effects of surface heating, the ocean

can also be stabilized by the absorption of shortwave

FIG. 10. Nondimensional depths of the (a) mixed layer hm/hi and (b) boundary layer hb/hi
against the initial stability parameter hi/LL for all surface heating simulations. Symbols

represent different sets of simulations, as in Fig. 9. The dotted line shows hm/hi 5 [1 1
3.5(hi/LL)]

21, while the dashed line shows hb/hi5 [11 3.0(hi/LL)]
21. The gray lines show hm5

0.23LL and hb 5 0.23LL in (a) and (b), respectively.
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radiation, which can penetrate many meters into the

water column. This shortwave radiative heating is an

important source of ocean heating during the daytime.

To investigate the effects of radiative heating on mixed

layer depth, simulations are carried out that are identical

to the SM simulations but replace the surface heat flux

H0 by an irradiance profile I(z). The rate of heating due

to the divergence of shortwave radiation is then given

by (rcp)
21›I(z)/›z. The irradiance profile is chosen

to be a simple exponential decay I(z) 5 I0 exp(z/j),

where I0 is the surface irradiance and j is the radia-

tive penetration length (Denman 1973). For the ra-

diative heating simulations, we define a buoyancy

flux,B052agI0/(rcp), and useLL5 62, 93, and 124m

and j 5 5, 7.5, and 10m.

Figure 11 shows profiles of the turbulent buoyancy

flux for the radiative heating and SM simulations with

LL 5 124m. In the radiative heating simulations, the

w0b0 profiles are not linear but reach a minimum within

the mixed layer. The depth of the w0b0 minimum hrad
increases with increasing j. In addition to the changes in

the shape of thew0b0 profile, the depth of themixed layer

increases as j becomes larger.

Figure 12a shows the mixed layer depth as a function

of LL for radiative heating simulations compared with

the results for the SM simulations [see Eq. (7) for defi-

nition of hm in radiative heating simulations]. The mixed

layer depth in the radiative heating simulations is up to

70% larger than the surface heating simulations with the

sameLL. Similar variation was observed in hb across the

simulations (not shown). This variation in hm indicates

that while Eqs. (3) and (4) are applicable to surface

heating, they do not apply for radiative heating. Ulti-

mately, it is the turbulence that drives the dynamics of

the OSBL, and the most obvious difference between

OSBL turbulence for surface heating and for shortwave

radiation is the w0b0 profile (Fig. 11). In the presence of

radiative heating, the w0b0 profiles have several proper-

ties that are not present for surface heating. First, some

radiation penetrates below the mixed layer, meaning

that the divergence of the radiation within the mixed

layer produces a buoyancy flux less than B0, with the

largest value I(2hm)/I05 0.1 for the present simulations.

Second, the magnitude of the w0b0 minimum, and hence

the average turbulent buoyancy flux over the mixed

layer, becomes smaller as j increases. Finally, radiative

heating introduces a region where w0b0 has a positive

gradient above hrad.

FIG. 11. Profiles of the scaled turbulent buoyancy fluxw0b0/B0 for

simulations with LL 5 124m. The solid line is the SM simulation,

while other line styles show simulations with varying radiative

penetration depth j.

FIG. 12.Mixed layer depths plotted against (a) Langmuir stability lengthLL and (b) radiative

Langmuir stability length Lrad
L [Eq. (5)] for radiative heating and SM simulations. Symbols

indicate the simulation set and the radiative penetration depth j. The lines show y 5 hi/[1 1
(2b)21(hi/x)] with (2b)21 5 3.5 (dotted) and 3 (dashed).
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The mixed layer depths were found to collapse better

across the simulations when plotted as a function of Lrad
L

rather than LL, with

Lrad
L 52

w3

*L
B

0
[12 exp(2h

rad
/j)]

52
w3

*L
Brad

0

, (5)

where Brad
0 is an effective buoyancy flux. Figure 12b

shows hm as a function of Lrad
L for the radiative heating

and SM simulations. The mixed layer depths for the

radiative heating simulations show good agreement

with Eq. (4) using Lrad
L in place of LL. However, we

found a better fit to the simulations with the largest

z was achieved if (2b)21 5 3. This indicates that while

using Lrad
L in place of LL improves the model fit to ra-

diative heating simulations, there are further, smaller,

radiative heating profile effects that could be investi-

gated in the future. The collapse of boundary layer

depths for all radiative heating simulations (not shown)

when plotted against Lrad
L shows a spread similar to

Fig. 12b. In the presence of radiation, Eq. (5) is

equivalent to defining the relevant buoyancy flux Brad
0

using the radiative heating in the layer between the

surface and thew0b0 minimum. In the limit of j tending to

zero, Lrad
L / LL, which is equivalent to heating confined

to a layer close to the surface, for example, because of

radiation-absorbing material in the water column.

Combining Eqs. (4) and (5) results in an expression

for hm that depends on hrad, a property of the turbulent

flow. The value of hrad can be approximated as a func-

tion of forcing parameters by considering the tempera-

ture budget. In the presence of radiative heating, the

condition for the temperature gradient within the mixed

layer to stay constant with time is

ag
›

›z

�
›u

›t

�
5

›2

›z2

 
ag

rc
p

I2w0b0
!
5 0: (6)

Figure 13 shows that the sum of radiative and turbulent

buoyancy fluxes is linear overmost of themixed layer. In

this simulation approximately 10% of the radiation

penetrates deeper than themixed layer and the radiative

heat flux is comparable to the turbulent buoyancy flux

over the mixed layer. By noting that the irradiance

profile is known, and assuming that the turbulent heat flux

tends to zero at the surface and base of the mixed layer,

Eq. (6) can be integrated over the mixed layer to give

w0b0(z)5B
0

�
12 ez/j 1

z

h
m

(12 e2hm/j)

�
. (7)

The value of hm in the radiative heating simulations is

found by fitting Eq. (7) to the w0b0 profiles in the upper

ocean, which is equivalent to setting the sum of w0b0 and
the irradiance to vary linearly with depth within the

mixed layer. Figure 13 shows that Eq. (7) agrees well

over most of the mixed layer with the turbulence

buoyancy flux profile for a simulation using j5 10m and

LL 5 124m. The turbulent buoyancy flux deviates from

Eq. (7) near the base of the mixed layer and penetrates

below hm, although the majority of the total buoyancy

flux through the mixed layer base is a result of the ra-

diation penetrating beyond the mixed layer.

Equation (7) can be differentiated to find the depth of

the w0b0 minimum

h
rad

52j ln

�
j

h
m

(12 e2hm/j)

�
. (8)

Diagnosing the steady mixed layer depth under radia-

tive or surface heating using Eq. (4), and replacingLL by

Lrad
L [Eqs. (5) and (8)], only requires four parameters:

B0, hi, w*L, and j. These parameters depend only on the

surface forcing and the bulk OSBL properties, allowing

hm to be diagnosed.

In the real world the divergence of shortwave radia-

tion contains several distinct decay depths (Paulson and

Simpson 1977). The results of this idealized study in-

dicate that the equilibrium mixed layer depth in the

presence of a more realistic heating profile will be a

weighted function of the individual decay depths and the

surface forcing conditions.

FIG. 13. Profiles of components of the total buoyancy flux against

nondimensional depth for a radiative heating simulation with

j 5 10m and LL 5 124m. The solid line shows the total buoyancy

flux [w0b0 2agI(z)/(rcp)]/B0, the dashed line shows the turbulent

buoyancy flux w0b0/B0, and the crosses show the model of Eq. (7)

with hm 5 29m.
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The diurnal cycle

The results in Fig. 12, and the parameterization for

mixed layer depth given by Eqs. (4) and (5), were ob-

tained for steady-state conditions. However, during the

daytime the solar radiation varies with time, and it is of

interest to see how well our diagnostic parameterization

represents the daytime variation in mixed layer depth.

To investigate this, an LES was carried out using

time-varying radiation. A neutral boundary layer was

allowed to develop and then solar radiation, varying

sinusoidally with a period of 24 h, was applied for 12 h

(the heating phase of the sinusoid). The maximum

irradiance was 64Wm22, the radiative decay depth

was j 5 10m, and hi 5 50m. The mixed layer depth

was determined from the heat flux profiles averaged

over 1800 s.

Figure 14 compares the mixed layer depth from the

LES with that calculated using the parameterization

given in Eq. (4), with LL replaced by Lrad
L [Eq. (5)] and

(2b)21 5 3, as suggested by Fig. 12. The parameterized

hm starts to decrease when the irradiance starts to in-

crease and reaches a minimum when the irradiance is

greatest. For the first 3 h after the irradiance becomes

positive, the mixed layer depth in the LES remains

constant at the initial depth. After 3 h, hm in the LES

decreases with time until it is similar to the parameter-

ized mixed layer depth.

The turbulence time scale for the initial neutral

boundary layer, t5 hi/w*L, is approximately 1h. This

suggests that some of the delay before the mixed layer

depth decreases in the LES is associated with the evo-

lution of the turbulence that occurs on a time scale t

(see appendix). The diagnostic parameterization gives a

reasonable prediction of the minimum mixed layer

depth, but further work is needed to understand how the

mixed layer depth varies in time.

Starting around 9 h, the parameterized mixed layer

depth begins to increase as the radiation decreases,

while the LES shows hm remaining around 30–35m.

Since the parameterization depends on the in-

stantaneous irradiance, it will give the same depth for

increasing or decreasing heat flux. This means that the

variation in the parameterized hm is symmetric about

the time of maximum irradiance. However, the

boundary layer warms through the day and this will

affect the evolution of mixed layer depth as the irra-

diance decreases with time.

In this study, the effects of surface fluxes and radiation

have been considered separately. However, to simulate

a realistic diurnal cycle, it is necessary to represent sit-

uations in which surface fluxes and radiation are present

together. Typically, the surface flux will represent a loss

of heat from the ocean and have the opposite sign to the

solar radiative flux. In addition, the present study has

only considered simple exponential radiation profiles,

but the profile of absorption of radiation in the ocean is

more complex. Further work is needed to understand

the behavior of the mixed layer depth in more realistic

situations.

6. Conclusions

This study has investigated the effects of surface

heating on the ocean surface boundary layer (OSBL)

driven by Langmuir turbulence. Large-eddy simulations

were used to study the structure and equilibrium depth

FIG. 14. A comparison between LES mixed layer depth and the parameterized mixed layer

depth for a diurnal radiative heating simulation. The radiative heating begins at time zero. The

crosses indicate the mixed layer depth in the LES, diagnosed from the turbulent buoyancy flux.

The line shows hm 5hi/[11 3(hi/L
rad
L )], where Lrad

L is calculated using the instantaneous radi-

ative heating profile.
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of the OSBL and mixed layer following the introduction

of a constant surface heat flux to a neutral OSBL. The

simulations cover a range of nondimensional parameter

space that includesmoderate to strongwinds (10-mwind

speed $ 10ms21) with wind waves and moderate sur-

face heating (;500Wm22) or weak winds and waves

under weak surface heating.

In the presence of surface heating, the LES produces

an OSBL consisting of a weakly stratified (mixed) layer

near the surface, above a stratified thermocline, consis-

tent with observations. Themixed layer is maintained by

Langmuir turbulence, which produces a turbulent heat

flux through the layer for two reasons. First, the Stokes

drift transports heat down the Stokes drift gradient

(away from the surface), regardless of the stratification.

Second, the large vertical velocity variances s2
w in

Langmuir turbulence allow the turbulence to transport

heat downgradient more efficiently than in shear-driven

turbulence, where stronger stratification develops near

the surface (Kukulka et al. 2013).

The dissipation « and s2
w profiles in Langmuir tur-

bulence with surface heating were found to scale with

w*L and hm, the same scaling as Langmuir turbulence

without surface heating (Grant and Belcher 2009).

This means that surface heating only affects equilib-

rium « and s2
w profiles through changes to the mixed

layer depth.

The equilibrium depths of the mixed layer hm and

boundary layer hb were found to be a function of the

Langmuir stability length LL and the initial mixed layer

depth hi before the heat flux is introduced. The models

for hm and hb developed here [Eq. (4)] are based on a

depth-averaged energy balance for the largest scales of

turbulent motion. Part of the average Stokes pro-

duction, before heating is introduced, balances the sum

of the increased average Stokes production and the en-

ergy used to redistribute heat after a surface heat flux is

imposed. Equation (4) is successful for a range of rota-

tion rates and Stokes penetration lengths, implying that

hi and LL are the most significant length scales for the

prediction of hm and hb. The values of hm, from the

simulations and Eq. (4), are consistent with previous

LES studies (Min and Noh 2004).

Simulations were also carried out to investigate the

effects of radiative heating on hm and hb. As radiation

penetrates more deeply into the water column, the

equilibrium mixed layer depth increases for the same

surface irradiance. The effect of exponential heating

profiles, with varying decay lengths, on hm can be ac-

counted for through a radiative Langmuir stability

length Lrad
L [Eq. (5)]. The mixed layer depths for radia-

tive and surface heating simulations converge to a single

profile when plotted as a function of Lrad
L .

Most of the simulations used in this paper focus on the

collapse of an initial turbulent mixed layer following

the introduction of a constant surface heat flux and the

equilibrium structure of this layer. These simulations

are a simplified version of the morning transition of the

diurnal cycle. Although the constant forcing is un-

realistic in a diurnal cycle, it allows for reasonable av-

eraging times and a simple diagnostic parameterization

for the mixed layer depth. The diagnostic parameteri-

zation for mixed layer depth was compared to an LES

using diurnally varying radiative heating. The minimum

hm in the LES was similar to that of the diagnostic pa-

rameterization. However, there was a lag between the

radiative heat flux beginning and the LES mixed layer

shoaling, which was not captured by the model.

The above results suggest that turbulence closure

schemes should include Langmuir turbulence if they are

to capture the structure and the depth of the OSBL over

the diurnal cycle. Notably, Langmuir turbulence is

necessary to explain the weakly stratified layer near the

surface and the depths of the mixed and boundary

layers. Further investigation is required to see whether

the arguments that build Eq. (4) also apply to the surface-

heated OSBL when wind and/or waves decrease, causing

LL and, presumably, hm to decrease. In the current paper,

all simulations have d , hm. Further studies could in-

vestigate the effects of strong heating with very weak

waves, where d/hm. 1, as this nondimensional parameter

could affect the scaling of Langmuir turbulence for very

shallow mixed layers (Harcourt and D’Asaro 2008).
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APPENDIX

Turbulence Decay in the Residual Layer

When surface heating is introduced in the simulations,

the residual layer, which is within the initial neutral

boundary layer, becomes detached from the surface

(Fig. 2). The time scale of this detachment should be

representative of the formation time scale of the stable

mixed layer. Previous studies of the convective atmo-

spheric boundary layer have investigated the decay of

turbulence kinetic energy components after forcing is

removed (Nieuwstadt and Brost 1986; Pino et al. 2006).

Figure A1 shows the evolution of s2
w with time t fol-

lowing the onset of a surface heat flux. The values are
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taken at a depth of 45m, within the initial mixed layer

but deeper than the equilibrium stable boundary layer.

The symbols denote the Langmuir number for the sim-

ulation. Three simulations were used with Lat 5 0.25,

0.3, and 0.4. These simulations are identical to the SM

simulation withLL5 124m, except that the surface heat

flux is introduced instantaneously at 50 000 s and the

magnitude of us0 varies between simulations to change

Lat. The range of Lat can alternatively be expressed as

w*L 5 [1.12, 1.54] cm s21. In all simulations s2
w only

begins to decay after (tw*L/hi) 5 0.5 following the in-

troduction of the surface heat flux. The vertical velocity

variance then decays with time at a rate of approxi-

mately (tw*L/hi)
21.

The response of s2
w to the introduction of a surface

heat flux implies that the detachment of the residual

layer from the surface occurs over half a turnover time

of the largest eddies, hi/w*L. In these simulations the

detachment of the residual layer takes 30–40min, and for

higher wind speeds the time scale would be reduced. This

time scale is much smaller than the diurnal time scale.
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