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ABSTRACT

Large eddy simulation (LES) of the ocean mixed layer was performed in which both wave breaking and
Langmuir circulation are realized. Wave breaking was represented by random forcing consistent with the observed
near-surface turbulence, and Langmuir circulation was realized by the Craig—Leibovich vortex force. High-
resolution simulations were carried out using parallel computing with or without each contribution, wave breaking
and Langmuir circulation, with an aim to clarify their respective roles in the ocean mixed layer. The effects of
wave breaking were found to be mainly limited to the near-surface zone of the upper few meters. Langmuir
circulations below it are not significantly modified, although they become somewhat weakened and |ess coherent.
Under theinfluence of wave breaking, however, the turbulence production in the upper-ocean mixed layer becomes
dominated by the turbulent kinetic energy flux, contrary to the case of the atmospheric boundary layer where
it is dominated by shear production. The comparison of the results from the LES and the ocean mixed layer
model also reveals the significances of wave breaking and Langmuir circulation in the vertical mixing process

of the ocean mixed layer.

1. Introduction

The most significant characteristic of the ocean mixed
layer in contrast to the atmospheric boundary layer is
the presence of wave breaking and Langmuir circulation
at the free surface. Breaking of surface waves generates
large amounts of small-scale turbulence near the sea
surface, and the interaction between the wind-driven
surface shear and the Stokes drift of surface waves gen-
erates Langmuir circulations that are large circulation
cells aligned in the wind direction (see, e.g., Leibovich
1983; Melville 1996).

Recent measurements revealed that wave breaking
causes the dissipation rate of turbulence ¢ near the sea
surface to be ~two orders larger than expected from
the classical logarithmic boundary layer near the rigid
surface, such asin the atmospheric boundary layer (Gar-
gett 1989; Agrawal et al. 1992; Anis and Moum 1995;
Drennan et al. 1996; Melville 1996). Wave breaking also
causes the roughness length scale at the sea surface to
be in the range of 0.1-8 m, which is much larger than
that of the atmospheric boundary layer (Agrawal et al.
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1992; Craig and Banner 1994; Drennan et a. 1996;
Gemmrich and Farmer 1999).

Based on observation data, Craig and Banner (1994)
suggested that in the near-surface layer influenced by
wave breaking the turbulence production is dominated
by the turbulent kinetic energy (TKE) flux rather than
the mean shear. It was also supported by the analysis
of the TKE budget from an ocean mixed layer model
including the effects of wave breaking (Noh 1996).
Hence, in the upper part of the ocean mixed layer a
balance between TKE flux and dissipation is reached,
and it leadsto arelation for the variation of & with depth
zas e ~ z"with n ~ 2-4, in contrast to the wall
boundary layer scaling such ase ~ z-* (Agrawal et al.
1992; Craig and Banner 1994; Anis and Moum 1995;
Drennan et al. 1996; Terray et al. 1996). The scaling of
the wall boundary layer may be recovered below these
depths.

There have been many reported observations of Lang-
muir circulation since Langmuir (1938) (Weller and
Price 1988; Smith 1992; Plueddemann et al. 1996).
Langmuir circulations are typically generated when the
wind speed is larger than 3 m s, and the downward
vertical velocity below the convergenceregionincreases
with the wind speed, sometimes exceeding 0.2 m s*
(Leibovich 1983; Weller and Price 1988; Plueddemann
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et al. 1996). Surface convergence lines extend up to 2
km in length, and the spacing between cellsrangesfrom
two to hundreds of meters. Sonar observation of bubble
clouds produced by breaking wind waves manifested
the streaks with a variety of scales, merging at char-
acteristic Y junctionsto form large circulation cells (Ze-
del and Farmer 1991; Thorpe 1992). The streaks are
usually aligned downwind and propagate to the right of
the main wind direction, implying the Coriolis effect.
Weller and Price (1988) also observed that Langmuir
circulation is able to destroy the near-surface stratifi-
cation formed under diurnal heating, and its magnitude
becomes much weaker in the lower half of the ocean
mixed layer.

The prevailing theory of Langmuir circulation is that
of Craik and Leibovich (1976), which describes the for-
mation of Langmuir circulation in terms of an instability
brought on by the interaction of the Stokes drift with
the wind-driven surface shear current. The instability is
initiated by an additional ‘“‘vortex force” term in the
momentum equation asu, X o, where u,is Stokes drift
velocity and o is vorticity.

Assuming a constant frictional velocity u,, for sur-
face waves with a characteristic wavenumber k and the
Stokes drift velocity at the surface U, the occurrence
of Langmuir circulationsin alaminar flow with constant
viscosity v is determined by the Langmuir number La
(Leibovich 1977) defined by

vk 3/2 U* v2
(i) ) N

which represents a balance between the rate of diffusion
of streamwise vorticity and the rate of production of
streamwise vorticity by vortex stretching accomplished
by the Stokes force.

In contrast, McWilliams et al. (1997) suggested a tur-
bulent Langmuir number La, as the relevant parameter
in the turbulent ocean mixed layer as

La, = (u/U)v2. 2

Considering the strong turbulence near the surface gen-
erated by wave breaking and the large-scale eddies as-
sociated with Langmuir circulations, it is natural to sus-
pect that both wave breaking and Langmuir circulation
may play important roles in the vertical mixing process
in the ocean mixed layer. Nonetheless, their effects have
not been taken into consideration in most ocean mixed
layer models developed earlier (e.g., Kraus and Turner
1967; Méllor and Durbin 1975; Niiler and Kraus 1977;
Price et al. 1986; Gaspar 1988; Large et a. 1994).

Recently, efforts have been made to incorporate these
effects into the ocean mixed layer models; for example,
Noh and Kim (1999), D’ Alessio et al. (1998), and Bur-
chard (2001) for the effects of wave breaking and Li
and Garrett (1997), D’Alessio et a. (1998), and
McWilliams and Sullivan (2000) for the effects of Lang-
muir circulation. In particular, Noh (1996) showed that
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the inclusion of turbulence generated by wave breaking
is indispensable for the formation of a diurnal or sea-
sonal thermocline under a stabilizing heat flux. These
parameterizations have not been sufficiently verified yet,
however. Moreover, for the proper parameterization of
these effects, it is important to understand clearly the
roles of wave breaking and Langmuir circulation in the
vertical mixing process in the ocean mixed layer.

Recently, Gemmrich and Farmer (1999) measured si-
multaneously the wave-enhanced turbulence and Lang-
muir circulation. However, it is very difficult to distin-
guish the roles of wave breaking and Langmuir circu-
lation separately or to investigate the interaction be-
tween them based on the observation data because they
usually occur simultaneously.

We are free to examine these effects separately in
numerical simulations, however. One promising ap-
proach for this purpose is to use large eddy simulation
(LES) that is able to simulate the three-dimensional tur-
bulence structure of the ocean mixed layer. Moreover,
asuccessful simulation of the ocean mixed layer by LES
enables us to verify various assumptions used in ocean
mixed layer models, as in the case of the LES of the
atmospheric boundary layer (see, e.g., Ayotte et al.
1996; Noh et al. 2003a).

LES has been successful to simulate the atmospheric
boundary layer to a high level of reality. On the other
hand, the development of an appropriate LES model for
the ocean mixed layer has been hindered by the diffi-
culty of handling the boundary condition at the sea sur-
face, in which wave breaking and Langmuir circulations
are present, although pioneering works have been at-
tempted recently (Siegel and Domaradzki 1994; Skyl-
lingstad and Denbo 1995, 2001; Skyllingstad et al. 1999,
2000; Skyllingstad 2000; Wang et al. 1996, 1998; Wang
and M{ller 2002; McWilliams et al. 1997; McWilliams
and Sullivan 2000).

Some LES works of the ocean mixed layer include
neither Langmuir circulation nor wave breaking (Siegel
and Domaradzki 1994; Wang et al. 1996, 1998; Wang
and Muller 2002). Meanwhile, Skyllingstad and Denbo
(1995) and McWilliams et al. (1997) successfully re-
produced Langmuir circulationsin the ocean mixed lay-
er in which the momentum equation is modified by in-
cluding a vortex force and an additional advection by
Stokes drift, following the theory by Craik and Lei-
bovich (1976). However, no attempt has been made yet
to include the effects of wave breaking in the LES of
the ocean mixed layer.

In this paper we attempted to accomplish the LES of
the ocean mixed layer in which both wave breaking and
Langmuir circulation are realized. By carrying out the
LES with or without each contribution, wave breaking
and Langmuir circulation, we aimed to clarify their re-
spective roles in the ocean mixed layer. We also com-
pared the dissipation rate and the TKE flux at the surface
with observation data to confirm the validity of the LES
results. Last, we compared the LES results with the one-
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dimensional ocean mixed layer model (OMLM) by Noh
and Kim (1999) and examined the vertical mixing pro-
cess represented by the OMLM. We restricted the pre-
sent paper to the case without stratification.

2. LES model and simulations

The LES model used in this study is devel oped based
on the Parallelized LES Model, which has been exten-
sively applied for the atmospheric boundary layer
(Schroter et al. 2000; Raasch and Harbusch 2001; Wein-
brecht and Raasch 2001; Noh et al. 2003a) and for the
ocean deep convection (Raasch and Etling 1998; Noh
et al. 2003b). Subgrid-scale turbulence is modeled ac-
cording to Deardorff (1980). A prognostic equation is
solved for the subgrid-scale TKE, which is used to pa-
rameterize the subgrid-scale fluxes. The horizontal
boundaries are periodic, and a radiation condition is
imposed at the lower boundary. Recently the code has
been parallelized, and the performance of the new par-
allelized code is found to be excellent on an SGI/Cray-
T3E with an almost linear speedup up to a very large
number of processors (Raasch and Schroter 2001).

For application to the ocean mixed layer, several mod-
ifications were made. A free slip boundary condition is
imposed at the surface. The momentum eguation ismod-
ified by including a vortex force and an additional ad-
vection by the Stokes drift following the theory by Craik
and Leibovich (1976), similarly to McWilliams et al.
(1997) and Skyllingstad and Denbo (1995).

The major modification in the present LES is the
inclusion of wave breaking. Understandably, wave
breaking is an extremely complicated phenomenon
whose realistic simulation requires a resolution much
higher than that of LES. The simulation of wave break-
ing at the present level is aso unlikely to produce a
realistic turbulence structure as observed at the sea sur-
face (Chen et al. 1999, Scardovelli and Zaleski 1999;
Kunugi and Satake 2002).

However, as long as we are concerned with the dy-
namical process in the ocean mixed layer influenced by
wave breaking rather than wave breaking itself, it may
suffice if we can simulate the turbulence generated by
wave breaking instead of simulating the wave breaking
process directly. Therefore, in this paper we introduced
the near-surface turbulence generated by wave breaking
in the LES model by imposing a small-scale random
velocity fluctuation at the sea surface whose velocity
and length scales are consistent with the observed ones
in the real ocean. In this way, we attempted to simulate
the LES of arealistic ocean mixed layer in which both
wave breaking and Langmuir circulation are present.

The modified filtered equation is then given by

1

o X - Sijkfj(uk + usk)
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where 7; is the subgrid-scale Reynolds stress and F; is
arandom forcing that represents the generation of small-
scale turbulence by wave breaking.

The random forcing F; must be designed to produce
the turbulence with the integral length and time scales
as |, and 7,, corresponding to those of the near-surface
small-scale turbulence generated by wave breaking.
This can be achieved approximately by imposing un-
correlated random forcing at each horizontal grid point
of the size |, and at each time step of the size 7,. Note
that the velocity fields separated by these length and
time scales can be regarded as independent. This ap-
proach is somewhat analogous to the forcing by Briggs
et a. (1996), who simulated the turbulent production
generated by an oscillating grid by assigning a random
forcing localized in the physical and spectral spaces.

It is also assumed that the random forcing F; exists
only at the surface (z = 0), and its magnitude is pro-
portional to u,. The random forcing F, is then ex-
pressed as

F = 2460 D - 5.9, @

0

where « is a proportional constant, and G(0; 1) is the
Gaussian random function whose mean is 0 and variance
is 1. Here the random forcing is imposed only on the
horizontal velocity fields, and the vertical velocity is
determined so as to satisfy continuity at the surface, that
is, the rigid-lid surface.

The rate of energy input by the random forcing, I,
can be obtained from (3) by u,(t)F;(t) Az The discre-
tized eguation of (3) can be written in the form

ut = u + K@uMr, + Fi7

®)

for the explicit formula, where K (ur) indicates the other
terms combined. Further, in the discretized form, | can
be approximated by (ur + uptt)FrAz/2. Since the ran-
dom forcing given at each time step is independent of
the existing fluid field, | can be estimated as (Alvelius
1999)

(auy)?

4\/;7'0 Az ©)

1
| = E(F;‘)zfrOAz =
by using G2 = 1/2V 7.

The value of « = 3.0 was determined so that the
profile of the resultant dissipation rate is consistent with
the observed one (Agrawal et al. 1992; Craig and Banner
1994; Anisand Moum 1995; Drennan et al. 1996; Terray
et al. 1996) (see section 3d). Various values were sug-
gested for the roughness length scale at the surface in
therange 0.1-8 m (Agrawal et al. 1992; Craig and Ban-
ner 1994; Drennan et al. 1996; Gemmrich and Farmer
1999). Accordingly, we assumed the length scale of
turbulence at the surface as |, = 1.25 m in our model.
The time scale of random forcing 7, was determined by
7, = 0.1 /au,.

Based on the evaluation a« = 3.0, we are able to
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estimate the TKE flux at the surface as | = mu3 with
m = 40, which is comparable to the estimation by Craig
and Banner (1994) such as m = 100.

There are also observational evidences suggesting
that mis not constant but is a function of the wave field
(Terray et a. 1996; Drennan et al. 1996; Gemmrich and
Farmer 1999). However, the reliable data for the global
wave field at the sea surface is not yet available, and
none of the ocean mixed layer models incorporates its
information so far. We regard that m is constant in the
present simulation since one of the important objectives
of the present LES is to examine the ocean mixed layer
model.

For simplicity, we assumed that both the wind stress
and wave fields are in the x direction and further as-
sumed that the wave field is steady and monochromatic.
The associated Stokes velocity is then given by

u, = U, exp(—4nz/A), @)

with U, = (malA)2(gA/2m)Y2, where a is the wave
height, A is the wavelength, and g is the gravitational
acceleration. For wave height and wavelength, we used
typical values suchasa = 1.0 m and A = 40 m, which
makes U, = 0.049 m s1.

The model domain was 300 m in the horizonta di-
rection (x and y) and 80 m in the vertical direction (2).
The number of grid points was 240 X 240 X 64, and
the corresponding grid sizes were 1.25 m in both hor-
izontal and vertical directions. The wind stress was giv-
en by a constant friction velocity u, = 0.01 m s74,
which results in La, = 0.45. Note that La, is usually
around 0.2-0.5 under quasi-equilibrium conditions of
wind and waves (e.g., Smith 1992). A free-slip bound-
ary condition was applied at the bottom. The Coriolis
forcewasgivenby f = 1.2 X 10~ s¢, and the density
was assumed to be constant.

The model was started from rest and a weak surface
cooling was forced during the first 900 s to initiate the
turbulent motion. The integration was carried out until
the equilibrium was approached (t = 8 h).

To investigate the effects of wave breaking and Lang-
muir circulation in the ocean mixed layer, we carried
out four different experiments (EXP): cases with both
effects (EXP LB), with none of these effects (EXP O),
with only wave breaking (EXP B), and with only Lang-
muir circulation (EXP L).

3. Results
a. The vertical velocity field

Figure 1 presents the instantaneous vertical velocity
fieldsfrom four different experiments at horizontal cross
sections with increasing depths (z = 1.25, 10, 25, and
50 m).

The effects of Langmuir circulation are clearly evi-
denced in the comparison of the cases EXP O and EXP
L. In the presence of the vortex force (EXP L), streaks
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of the strong downwelling zone beneath the surface con-
vergence appear parallel to each other, associated with
the formation of Langmuir cells. Near the surface the
stripes are longitudinally oriented along the direction of
wind stress. With increasing depth, the direction of
stripes spirals clockwise toward a diagonal orientation,
implying the Coriolis effect. The downwelling velocity
field is narrower and stronger than the upwelling one.
The downward velocity increases typically up to 0.04
m s~*. The distance between the stripes increases with
depth, reaching about 100 m at z = 25 m. There appear
instances of joining of convergence zones with Y junc-
tions, as observed in the ocean (Thorpe 1992; Farmer
and Li 1995). At z = 50 m the stripe pattern of the
downwelling zone is more fragmented and diffused,
suggesting that the vertical extent of Langmuir circu-
lation is limited by the depth equivalent to the wave-
length A (=40 m). It isalso observed that the orientation
of stripes and the distance between them are not sig-
nificantly changed anymore betweenz = 25mand z =
50 m. These patterns are in good agreement with the
previous LES results by Skyllingstad and Denbo (1995)
and McWilliams et al. (1997).

On the other hand, in the absence of a vortex force
(EXP 0), no organized structure appears, although the
velocity field isweakly aligned along the wind direction
near the surface and rotates toward a diagonal direction
with increasing depth. However, at z = 25 mthe velocity
field is more or less isotropic without any directional
tendency. The downward velocity is weaker, and the
upwelling and downwelling velocity fields are more
symmetrical than in EXP L. It is also found that the
length scale of eddies increases with depth here, which
is consistent with the assumption used in most ocean
mixed layer models.

In the presence of wave-breaking effects (EXP B and
EXP LB), the velocity fields near the surface up to z ~
5 m are dominated by much stronger small-scale tur-
bulence generated by wave breaking, but the Langmuir
circulation pattern below the near-surface zone remains
relatively unaffected by the presence of wave breaking.
It is consistent with the observational evidencethat most
turbulent kinetic energy generated by wave breaking is
lost within a depth comparable to the amplitude of
breaking waves, and thus the influence of wave breaking
isnormally confined to alayer that is afew metersthick
near the sea surface (Rapp and Melville 1990; Melville
1994; Gemmrich and Farmer 1999). Gemmrich and
Farmer (1999) also suggested that the flow field within
the ocean mixed layer can be represented by the com-
bination of the advection by Langmuir circulation and
the small-scal e near-surface mixing due to wave break-
ing.

Nevertheless, the Langmuir cells from EXP LB show
a weak tendency of becoming less coherent than EXP
L, and the stripe pattern almost disappears at z = 50
m. Accordingly, the downward velocity of downward
jets becomes dlightly weaker (see also Fig. 4). It may
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Fic. 1. Distributions of vertical velocity at the horizontal cross sections (z = 1.25, 10, 25, and 50 m): (a) EXP O,
(b) EXP L, (c) EXP B, and (d) EXP LB.

be due to the fact that wave breaking disturbs the ve-
locity field induced by the vortex force at the surface.

The distinctive features of the ocean mixed layer can
be also clearly identified in the instantaneous vertical
velocity fields in vertical cross sections (Fig. 2). In the
case of EXPL, strong downward plumes associated with
Langmuir circulation are clearly observed to a depth of
about z = 50 m. We can also notice from Fig. 2 that

the main reason for the increase of the distance between
Langmuir cells, as observed in Fig. 1, is that the depths
of penetration are different for different plumes.

We observed a similar pattern from EXP LB except
near the surface, although the plumes from EXP LB
tend to be less coherent and penetrate to less depth in
comparison with those from EXP L, consistent with the
horizontal view of Fig. 1.
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On the other hand, in the absence of a vortex force
(EXP O and EXP B), coherent downward plumes, pen-
etrating up to a certain depth, do not appear contrary
to the cases of EXP L and EXP LB. The intensity of
the velocity becomes weaker rapidly with depths. The
result from EXP B is not significantly different to those
from EXP O, except for the presence of strong small-
scale turbulence near the surface.

b. Spectrum of the vertical velocity field

Figure 3 compares horizontal spectra of the vertical
velocity field &, at various depths in the ocean mixed
layer (z= 1.25, 2.5, 7.5, 12.5, 25, and 50 m), obtained
from the four different experiments (EXP O, EXP L,
EXP B, and EXP LB).

As expected, the small-scale turbulence dominates
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Fic. 2. Distributions of vertical velocity at the vertical cross sections. Contour levels are 0.01 m s—*. Solid lines
represent the downward velocity, and dotted lines represent upward velocity. Regions in which the downward velocity
exceeds 0.01 m st are shaded; (a) EXP O, (b) EXP L, (c) EXP B, and (d) EXP LB.
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Fic. 3. Horizontal wavenumber spectra of the vertical field ®,, at various depths in the ocean mixed layer (thick solid: z
= 1.25 m, thick shaded: 2.5 m, shaded dots: 7.5 m, thin solid: 12.5 m, dashed: 25 m, and dotted: 50 m): (a) EXP O, (b)

EXP L, (c) EXP B, and (d) EXP LB.

near the surface in the presence of wave breaking, but
it does not affect significantly the spectrabel ow the near-
surface zone. It is consistent with the observation by
Lien et a. (1998) and D’Asaro and Lien (2000) that
Lagrangian frequency spectra of vertical velocity have
similar shapes in spite of widely different conditions of
wave breaking at the sea surface.

It is interesting, however, to observe that the level of
small-scale turbulence near the surface also increases
substantially by the presence of Langmuir circulation
(EXP L), as pointed out by Skyllingstad and Denbo
(1995) and McWilliams et al. (1997).

In the deeper layer (z = 7.5, 12.5, 25, and 50 m), the
levels of the spectra at low wavenumbersin EXP L and

EXP LB are substantially higher than those of EXP O
and EXP B as aresult of large-scale eddies associated
with the Langmuir circulation. For example, the spectra
at z= 125 m from EXP L and EXP LB show vaues
that are about 2 times as large as those from EXP O
and EXP B near k ~ 0.1 m~*. Thelevels of the spectrum
of EXP LB at these depths are slightly lower than those
of EXP L, suggesting that Langmuir circulations are
weaker in the former, as mentioned in the previous sec-
tion.

The inertial subrange of the spectrum, which follows
the Kolmogorov spectrum kd,, o« £23k=23, appears in
the spectra at depths below z = 7.5 m for al experi-
ments, thus confirming the premise of LES. On the other
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FiG. 4. Profiles of the mean horizontal (a) TKE and the mean vertical (b) TKE from each experiment. Here the maximum values of the
mean horizontal and vertical TKE near the surface, which are cut off in figures, reach 0.006 and 0.001, respectively, for both EXP B and

EXP LB.

hand, in the near-surface zone, where small-scale tur-
bulence generated by wave breaking dominates, the in-
ertial subrange does not appear within the grid resolu-
tion of the present simulation. Note that the grid sizeis
not sufficient to resolve small eddies near the surface
in the LES of the atmospheric boundary layer either.

c. Mean profiles of turbulent kinetic energy and
velocity

The effects of wave breaking and Langmuir circu-
lation on the structure of the ocean mixed layer can be
clearly noticed in the vertical profiles of the mean hor-
izontal and vertical turbulent kinetic energies (TKE)
(Fig. 4) and of the mean horizontal velocities (Fig. 5).
The horizontal mean profiles from LES were obtained
by averaging over 600 s.

The strong enhancement of TKE in both horizontal
and vertical directions appears in the presence of wave
breaking near the surface in EXP B and EXP LB, but
it is generally limited to the depth of about 5 m, as
expected from Figs. 1, 2, and 3.

On the other hand, asignificant increase of thevertical
TKE is observed over almost the entire depth of the
ocean mixed layer in the presence of Langmuir circu-
lation (EXP L and EXP LB). It reflects the influence of
the strong downward jets associated with Langmuir cir-
culation, as observed in Figs. 1 and 2. It is also found
that the horizontal TKE is decreased in the upper layer
in the range of z = 5-20 m, when it is influenced by
Langmuir circulation. This may be attributed to the fact
that the velocity shear is decreased substantially in the
presence of Langmuir circulation (EXP L and EXPLB),

as shown in Fig. 5, thus resulting in a reduced shear
production.

The vertical TKE below the near-surface zone is
slightly smaller in the presence of wave breaking (EXP
LB) than the case without wave breaking (EXP L), re-
flecting the weakened Langmuir circulation in the pres-
ence of wave breaking, as shown in Figs. 1, 2, and 3.

The enhancement of TKE near the surfacein the pres-
ence of wave breaking contributes to the decrease of
the velocity gradient near the surface in EXP B in com-
parison with EXP O, as shown in Fig. 5. However, very
effective vertical mixing of momentum occurs down to
much deeper depths in the presence of Langmuir cir-
culation, and the velocity shear almost disappearsin the
ocean mixed layer (EXP L and EXP LB). Further, it is
found that the surface current in the Ekman layer is
oriented farther away from the wind, when Langmuir
circulations are present (EXP L and EXP LB).

The characteristics of the profiles from EXP O and
EXP L arein good agreement with McWilliams et al.
(1997) with regard to the effects of Langmuir circula-
tion.

d. Mean profiles of dissipation rate

Numerous field experiments carried out during the
last few years to measure the dissipation rate of tur-
bulence ¢ in the upper ocean have confirmed that wave
breaking causes the value of ¢ near the sea surface to
be ~two orders of magnitude larger than expected from
the classical logarithmic boundary layer near arigid wall
(Agrawal et al. 1992; Anis and Moum 1995; Drennan
et al. 1996; Melville 1996; Terray et al. 1996). Accord-
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FiG. 5. Profiles of the mean horizontal velocities: (a) EXP O, (b) EXP L, (c) EXP B, and (d) EXP LB.

ingly, the relation for the variation of & with depth z
appears as e ~ z " with n ~ 2—4 near the surface, in
contrast to the wall boundary layer in which ¢ ~ z71,
while the law-of-the-wall boundary layer may be re-
covered away from the near-surface zone.

For example, Craig and Banner (1996) suggested that
the dissipation rate near the surface is estimated as

2.4Au3 e
e = ”*(1 + 5) , ©)
Z

while it approaches the scaling of the logarithmic bound-
ary layer based on the surface wind stress, namely,
_ W

£ Tz ©)

as the distance from the surface increases, where « is
the von Karman constant. Here the proportional constant
A'in (8) was provided as A = 0.5C_/u, by Terray et al.
(1996), where C, is the phase velocity of the dominant
surface waves.

Previous LES experiments of the ocean mixed layer
did not include the effects of wave breaking, and there-
fore underestimated the dissipation rate near the surface.
For example, Skyllingstad et al. (1999) compared the
estimation of the observed dissipation rate (8) with LES
data and found that in the upper few meters the dissi-
pation rate from LES underestimates the estimation
from (8) by more than an order of magnitude.

We repeated the comparison in order to investigate
the effects of wave breaking using our LES data. Figure
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6 compares the profiles of dissipation rates with the
estimation of the observation data (8) given by Craig
and Banner (1994) as well as the scaling of the loga-
rithmic boundary layer of (9). For the roughness depth
Z, in (8), we assumed the typical value as used in Skyl-
lingstad et al. (1999) (z, = 1 m). We compared the
profiles of dissipation rate with three different values of
a in (4), which represents the contribution of wave
breaking in the production of turbulence; that is, « =
0, 1.3, and 3.0.

For the case of a = 0, which corresponds to the case
of Skyllingstad et al. (1999), we found, likewise, that
the LES data underestimate the dissipation rate by more
than an order of magnitude. Asthe value of « increases,
the dissipation rate increases accordingly in the near-
surface zone up to a few meters, while it remains un-
affected in the deeper layer. The close agreement with
the observation data is found when « = 3.0. Therefore,
we used this value of « in the present paper to represent
the generation of small-scale turbulence by wave break-
ing.

The scaling by Craig and Banner (1994) itself may
have uncertainty, as pointed out by Drennan et al.
(1996). It is important, however, to notice that the pres-
ent simulation reproduces well the general characteristic
of the profiles of the dissipation rate in the ocean mixed
layer; that is, the value of & near the sea surface to be
~two orders of magnitude larger than that near arigid
wall, while recovering the law-of-the-wall boundary
layer away from the near-surface zone.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VoLUME 34

4. Comparison with an ocean mixed layer model
a. The ocean mixed layer model (Noh model)

In the horizontally homogeneous ocean mixed layer
without stratification, the mean velocities U and V and
the mean TKE E are given in the OMLM (Noh and Kim
1999; Noh et al. 2002) as follows:

o _ E(KE> +fv (10)
az  az\ oz

N o[ oV

== —(K—) + fU, and (12)
0z 9z\ oz

0E a9 OE au\®  [av\?

% _ —(KE—> F K (_> . (_) e @@
ot 0z 0z 0z 0z

Here the eddy viscosity, the eddy diffusivity for TKE,
and the dissipation rate are formulated as

K =9, (13)
Ke = S, and (14)
e = Copll, (15)

with empirical constants S = 0.39, S. = 0.2, and C =
0.06, where q is the rms turbulent velocity [=(2E)¥?]
and | is the length scale of turbulence.
The surface boundary conditions for the mean ve-
locities are given by
o T,

0z p

v T

and K— = —, (16)
p

0z

where 7, and 7, are the wind stresses in the x and y
directions and p is the density of seawater. Equations
(10)—(16) are common in most ocean mixed layer mod-
els of turbulence closure type using the eddy viscosity
(see, e.g., Mellor and Yamada 1982).

However, Noh and Kim (1999) took into consider-
ation the effects of wave breaking by suggesting much
larger values for the TKE flux and the length scale at
the sea surface than those used in the atmospheric
boundary layer. That is, the TKE flux and the length
scale at the surface are represented as

oE
KEE = mug, and a7
Kz + 2)
| = ——————F—, 18
1+ k(z+ z)h (18)
where h is the depth of the ocean mixed layer and « is
the von Karman constant. Noh and Kim (1999) sug-
gested the values as m = 100 and z, = 1 m, which is
consistent with Craig and Banner (1994). Here we ad-
justed the proportional constant m as m = 40 according
to the estimation by (5).
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b. The TKE budget

It has been suggested by Craig and Banner (1994)
based on the analysis of the observation data that the
enhancement of the TKE flux at the surface owing to
wave breaking renders the downward TKE flux domi-
nant in the TKE budget of the upper mixed layer, con-
trary to the case of the atmospheric boundary layer
where shear production dominates.

For example, the profiles of TKE budget, obtained
from the OMLM with wave breaking (m = 40, z, = 1
m) and without it (m = 0, z, = 0 m), clearly evidence
the contrasting features mentioned above (Fig. 7).

Taking the above results into account, we examined
the TKE budgets obtained from the four different LES
experiments (EXP O, EXP L, EXP B, and EXP LB),
as shown in Fig. 8. The results from EXP O and EXP
B clearly show the dominance of the shear production
and the TKE flux in the TKE budget of the upper mixed
layer, respectively, in good agreement with the OMLM
results shown in Fig. 7.

Meanwhile, Langmuir circulation isfound to suppress
shear production even further, as we can expect from
Fig. 5. Under the influence of Langmuir circulation, the
shear production almost disappears below the depth of
a few meters (Figs. 8b and 8d). For the case with only
wave-breaking effects (EXP B) (Fig. 8c), or correspond-
ingly the case from the OMLM (Fig. 7a), the small
contribution from shear production persists below the
near-surface zone.

This supports the suggestion that the Langmuir cir-
culation is largely responsible for the maintenance of
the well-mixed condition of the ocean mixed layer (Lei-
bovich 1983). The lack of the consideration of the ef-

fects of wave breaking and Langmuir circulation may
also explain the reason why most ocean mixed layer
models based on the turbulence closure using the eddy
viscosity yield too strong shear (e.g., Mellor and Ya
mada 1982), contrary to the observation and the bulk
ocean mixed layer models based on it (e.g., Niiler and
Kraus 1977).

¢. Comparison of the profiles of the mean velocity,
TKE, and their fluxes

From the profiles of the mean velocity (Fig. 5) and
the TKE budget (Fig. 8), we have observed that the
velocity shear is substantially reduced in the presence
of Langmuir circulation. The present OMLM does not
take into account the effects of Langmuir circulation,
and thus may still overestimate the velocity shear in the
ocean mixed layer, although it reducesthe velocity shear
significantly near the surface by including the effects of
wave breaking, as shown in Fig. 7.

Figure 9 compares the profiles of the vel ocity gradient
and the momentum flux from the OMLM and the LES
(EXP LB). The magnitude of the mean velocity shear
decreases more rapidly and the momentum flux pene-
trates deeper in the LES data than in the OMLM result.
It suggests that large eddies associated with Langmuir
circulation are highly effective in transferring momen-
tum downward. Note that the maximum velocity gra-
dient appears below the surface in the profiles from the
LES since the strong turbulence helps to maintain a
rather uniform velocity profile near the surface (see aso
Fig. 5d).

Meanwhile, the profiles of mean TKE and the TKE
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Fic. 8. Profiles of the terms of TKE budget from the LES (solid: TKE flux, dashed: shear production, and dotted: dissipation rate): (a)
EXP O, (b) EXP L, (c) EXP B, and (d) EXP LB.

flux do not show significant discrepancy between the
LES data from EXP LB and the OMLM results, al-
though the LES results tend to penetrate deeper (Fig.
10).

Here the profiles of the momentum flux, TKE, and
the TKE flux incorporate both the resolved and subgrid-
scale components. It is noticed that the subgrid-scale
part remains much smaller than the resolved part near
the surface, unlike the case of the atmospheric boundary
layer.

5. Conclusions

In this paper we attempted for thefirst timeto perform
alarge eddy simulation (LES) of the ocean mixed layer

in which both wave breaking and Langmuir circulation
are redlized. For the realization of the Langmuir cir-
culation, we applied the theory by Craik and Leibovich
(1976), similarly to the previous LES works by Skyl-
lingstad and Denbo (1995) and McWilliams et al.
(1997).

Coping with the difficulty in directly simulating the
realistic wave breaking at the sea surface, however, we
reproduced the turbulence field generated by wave
breaking by forcing the small-scale random fluctuation
of velocity at the sea surface. We presumed that the
generated turbulence field is representative of that gen-
erated by wave breaking at the sea surface, when its
length scale and dissipation rate are consistent with the
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observed turbulence field near the sea surface. The re-
sultant TKE flux at the surface turns out to be within
the range of the observation data in the present LES,
which helps to convince us of the appropriateness of
the present approach.

It should be mentioned that a similar approach has
been taken for the development of the LES of the at-
mospheric boundary layer. For the LES of the atmo-
spheric boundary layer, the Monin-Obukhov similarity
is assumed for the profiles of horizontal velocities and
temperature near the surface instead of reproducing
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these profiles by treating the complex processes at the
boundary explicitly.

Admittedly, the present approach of simulating the
turbulence generation by wave breaking is rather crude.
However, our understanding of the structure of the near-
surface turbulence itself is also still very limited, and
accurate information is not yet available. We hope to
elaborate on the random forcing in the future study by
utilizing more accurate observation data, by reflecting
the process of turbulence generation by wave breaking
(Melville 1994; Melville et a. 2002), and possibly by
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including the information of wave fields (Terray et al.
1996; Drennan et al. 1996; Gemmrich and Farmer
1999).

Using the LES data from experiments with or without
each contribution, that is, wave breaking and Langmuir
circulation, we were able to clarify their respectiveroles
in the ocean mixed layer, which is extremely difficult
to perform in the real ocean. Moreover, we used the
LES data to evaluate a one-dimensional ocean mixed
layer model (Noh and Kim 1999; Noh et a. 2002) while
investigating the effects of Langmuir circulation that is
not included in the latter.

It was found that the effects of wave breaking are
mainly limited to the near-surface zone of the upper few
meters and the flow pattern below the near-surface zone
is relatively unaffected. Meanwhile, Langmuir circula-
tions become somewhat weakened and less coherent in
the presence of wave breaking. One important effect of
wave breaking is, however, that the turbulence produc-
tion in the upper mixed layer becomes dominated by
the TKE flux, whereas it is dominated by shear pro-
duction in the absence of it, as in the case of the at-
mospheric boundary layer.

Large-scale eddies associated with Langmuir circu-
lation turn out to be highly effective in transferring the
momentum downward, and therefore help to maintain
awell mixed layer without velocity shear. Accordingly,
the velocity gradient from the OMLM is weaker near
the surface and penetrates deeper, compared to the LES
data.

The present result suggests that inclusion of the ef-
fects of Langmuir circulation may be important in the
OMLM. In a future study, we hope to improve the
OMLM by properly parameterizing the effects of Lang-
muir circulation based on more extensive LES data un-
der various conditions including the stable and unstable
ocean mixed layers.

Last, we mention that we repeated the same set of
experiments (EXP O, EXP L, EXP B, and EXP LB)
with two different combinations of wind stressand wave
heights (u, = 0.007 ms=*, a=05m; u, = 0.012m
s, a = 1.5 m). Nevertheless, we have found that these
experiments provide the same qualitative characteristics
of the ocean mixed layer described in this paper, thus
supporting the generality of the present results.
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