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ABSTRACT

Large-eddy simulation of the oceanic mixed layer showed that Langmuir circulation (LC) is weakened under
the surface heating and is ultimately broken down if the intensity of the surface heating becomes sufficiently
strong. The critical condition for the breakdown of LC was mainly determined by the Hoenikker number Ho,
and the transition occurs in the range Ho ~ 1-2. The breakdown of LC leads to a drastic change in the
characteristics of the oceanic mixed layer, such as the variation of the rms horizontal velocities with time, the
ratio of the horizontal spectra of vertical velocity field, and the pitch. The stability condition for LC suggested
by Leibovich was still observed in this simulation. Furthermore, it was found that LC is largely responsible for
the formation of athermocline and the maintenance of awell-mixed layer aboveit, and the depth of athermocline

was estimated in that case.

1. Introduction

There have been a large number of papers investi-
gating Langmuir circulation (LC), including theoretical,
numerical, and experimental studies, but many impor-
tant aspects remain yet to be clearly understood (see,
e.g., Pollard 1977; Leibovich 1983). Especially, we can-
not predict properly how L C ismodified by stratification
and under which condition it breaks down, although it
is expected to play a prominent role for the vertical
transport of heat and momentum in the upper ocean.

Langmuir circulations are typically generated when
the wind speed is larger than 3 m s~*. The downward
vertical velocity below the convergenceregionincreases
with the wind speed, sometimes exceeding 0.2 m s*
(Weller and Price 1988). The downwind current at the
surface is the strongest at the convergence region and
has a magnitude comparable to the downwelling veloc-
ity (Smith et al. 1987; Weller and Price 1988).

Estimates of Langmuir cell spacing indicate a broad
range of scales, from about 2 to 200 m (Plueddemann
et a. 1996), and the maximum spacing is close to 2-3
times the mixed layer depth (Smith et al. 1987; Smith
1992). The streaks at the surface, the surfaceindications
of Langmuir cells, are nearly oriented in the wind di-
rection with the maximum angle less than 20°, and they
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often merge at characteristic Y junctions (Zedel and
Farmer 1991; Thorpe 1992; Farmer and Li 1995).

The prevailing theory of LC isthat of Craik and Lei-
bovich (1976), which describes the formation of LC in
terms of 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” terminthe momentum equation asu, X w, where
U, is the Stokes drift velocity and w is the 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 LC in a laminar flow with constant viscosity v is
determined by the Langmuir number La (Leibovich
1977a) defined by

ky 3/2 2u,, v2
(i) () i

which represents a bal ance between the rate of diffusion
of streamwise vorticity and the rate of production of
streamwise vorticity by vortex stretching accomplished
by the Stokesforce. In the turbulent oceanic mixed layer,
however, McWilliamset a. (1997) suggested aturbulent
Langmuir number La, as the relevant parameter

La = (u/U)*=. )

It is natural to expect that LC be affected by strati-
fication in the mixed layer. Indeed, Weller and Price
(1988) observed during Mixed Layer Dynamics Exper-
iment (MILDEX) that LC was weaker under a stronger
heat flux in May of 1983 than in December of 1982,
although the strengths of the winds were about the same
(see Fig. 9 in their paper). On the other hand, there also
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exist reports that the surface heating does not affect LC
significantly under a certain condition (Harris and Lott
1973; Smith 1992).

Theoretical analysis for an inviscid, nonconducting
fluid of infinite depth also suggests that LC cannot be
maintained if

: . N2(2)

Ris = MmNt Sogeusa)| ~ @
where the Richardson number Ri, is defined by the
minimum over depth, N is the Brunt-Vaisalafrequency,
and U is the horizontal mean velocity (Leibovich
1977b). It is not yet clear, however, whether (3) can be
applied in the real ocean.

It is thus interesting to clarify the effects of stratifi-
cation on LC by taking advantage of recent advances
in numerical simulation. The accurate prediction of the
breakdown of LC is also imperative to understand the
vertical transports of heat and momentum. For example,
it has been reported that, when LC appears, it rapidly
mixes away the near-surface stratification and redistrib-
utes heat vertically (Weller and Price 1988; Pluedde-
mann and Weller 1999).

Based on numerical simulation results for a two-di-
mensional laminar flow, Li and Garrett (1995) proposed
acriterion for the occurrence of L C in the oceanic mixed
layer under the surface buoyancy flux B, in terms of
La and the Hoenikker number

Ho = 2B,/(kUu2), (4)

which represents the relative importance of the buoy-
ancy forcing over the vortex forcing. They suggested
that LC is completely inhibited at Ho ~ 2—4, which is
beyond the range normally observed in the ocean. How-
ever, the validity of their conclusion is limited because
it was obtained from a two-dimensional laminar flow
whereas LC is essentially a three-dimensional turbulent
flow.

There has been remarkable recent progress in tur-
bulence simulation by using large-eddy simulation
(LES), which is able to simulate the three-dimensional
structure of turbulent flows realistically. There have
been afew attemptsto simulate L C in the oceanic mixed
layer by using LES (Skyllingstad and Denbo 1995;
McWilliamset a. 1997; McWilliams and Sullivan 2000;
Skyllingstad 2000; Noh et al. 2004). However, there has
been no systematic study yet to investigate the influence
of the surface heating on LC by using LES.

Therefore, in this study we aim at understanding how
the surface heating affects LC and predicting the cri-
terion for the breakdown of LC, using LES. Moreover,
we examine how the breakdown of LC affects the ver-
tical mixing process in the oceanic mixed layer.

2. Model and experiments

The LES model we used in this study is developed
based on the Parallelized LES Model (PALM), which
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has been extensively applied for the atmospheric bound-
ary layer (Schroter et al. 2000; Raasch and Harbusch
2001; Weinbrecht and Raasch 2001; Noh et al. 2003a),
the oceanic deep convection (Raasch and Etling 1998;
Noh et al. 2003b), and the oceanic mixed layer (Noh et
al. 2004). The model is based on the nonhydrostatic
Boussinesq equations. Subgrid-scal e turbulence is mod-
eled according to Deardorff (1980), which is widely
used in the LES of geophysical turbulent flows (Moeng
1984; Nieuwstadt and Brost 1986). Here a prognostic
equation is solved for the subgrid-scale turbulent kinetic
energy (TKE), which is used to parameterize the sub-
grid-scale fluxes.

The numerical scheme is a standard second-order fi-
nite-difference scheme using the absolutely conserving
scheme of Piacsek and Williams (1970) for the nonlinear
advection term. The prognostic equations are time-ad-
vanced by a leapfrog scheme. A weak time filter is
applied to remove the time-splitting instability of the
leapfrog scheme (Asselin 1972). During the integration,
the time step is adjusted so that it never exceeds one-
tenth of the allowed value due to the Courant—Fried-
richs-Lewy (CFL) and diffusion criteria. Incompressi-
bility is applied by means of the Poission equation for
pressure, which is solved by the FFT method.

The code has recently been parallelized, and the per-
formance of the new parallelized code is found to be
excellent, with an amost linear speedup up to a very
large number of processors; for example, the speedup
is hardly different from the ideal case in the calculation
with the size of grid points 160 X 160 X 64 using 256
processor elements of the Cray, Inc., T3E (Raasch and
Schroter 2001).

For the application to the oceanic mixed layer, several
modifications were made. A free-slip boundary condi-
tion was imposed at the surface. The momentum equa-
tion was modified by including a vortex force and an
additional advection by the Stokes drift following the
theory by Craik and Leibovich (1976), similar to
McWilliams et al. (1997) and Skyllingstad and Denbo
(1995) (see also Noh et al. 2004).

The box-filtered equation over the grid size of LES
is then represented as

_1op

au, au,
—+ U tugy)— =
at X Po 0X;

i

— & fi (U + ug)

0
+ €ijlg o, — baiS_a—XTiji (5)
i

where b is the buoyancy (=—gApl/p,), f isthe Coriolis
parameter, and 7 is the subgrid-scale Reynolds stress.

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

us, = U, exp(—2k2), (6)
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TaBLE 1. Experimental parameters, such as the friction velocity
u,,, the Stokes drift at the surface U,, the wavelength A (=27/k), the
Coriolis force f, and the corresponding turbulent Langmuir number
La.

EXP u,(ms?') U,(ms?) A(m) f(X 104s1) La
A 0.01 0.082 80 1.2 0.35
B 0.01 0.082 40 1.2 0.35
C 0.01 0.195 40 1.2 0.23
D 0.01 0.05 80 12 0.45
E 0.005 0.082 80 1.2 0.25
F 0.01 0.082 80 0 0.35
G 0.01 0.082 40 0 0.35

with U, = (ak/2)?(g/k)¥?, where a is the wave height
and g is the gravitational acceleration.

The model domain was 300 m in the horizontal di-
rection (x and y) and 80 m in the vertical direction (2)
with a grid spacing of 2.5 m in both horizontal and
vertical directions. The horizontal boundaries were pe-
riodic, and a free-slip boundary condition was applied
at the bottom.

Initial experiments were carried out without surface
heating with an initial density profile that was neutral
up to 50 m and stable down below with a uniform buoy-
ancy gradient N2 = 104 s~2. The quasi-equilibrium
state was reached after an 8-h integration; then asurface
heating was imposed. A stable stratification below 50 m
made it easier to reach a stationary state of LC, and the
deepening rate of the mixed layer during the simulation
(~10-* m s~*) was negligible in comparison with the
velocity scale of LC.

Experiments with seven different combinations of u,
U,, A(=27/K), and f were performed to investigate the
role of each parameter (Table 1). We used the range La,
~ 0.2-0.5, based on the observational evidence (Smith
1992). Analyses were made mainly on experiment
(EXP) A (see Table 1). Different levels of buoyancy
flux (B, = 0-10-% m? s—3) were imposed on each ex-
periment, which corresponds to the heat flux 0-2700 W
m~2 with the coefficient of thermal expansion 1.5 X
10-5 K1, Table 2 shows B, and the corresponding Ho
for EXP A. The numbers following the name of a series
of experiments denote the magnitude of B,

The subgrid-scale components of turbulent kinetic en-
ergy are much smaller than the resolved componentsin
the present LES of the oceanic mixed layer (Noh et al.
2004), thus implying the insensitivity to the subgrid-
scale parameterization.

3. Results
a. Vertical velocity field under heating

Figure 1 shows the instantaneous vertical velocity
fields for different surface heating [B, = 0, 2, 6, 10 (X
107 m2 s73)] at horizontal cross sections at increasing
depths (z = 2.5, 7.5, 12.5, and 17.5 m). Hereinafter, all
figures in this article are based on the results 2 h after
the onset of the heat flux unless stated otherwise.
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TaBLE 2. Surface buoyancy flux B, and the corresponding
Hoenikker number Ho for EXP A.

EXP B, (X 10~" m2 %) Ho
AO 0 0

Al 1 0.31
A2 2 0.62
A4 4 1.24
A6 6 1.86
A8 8 2.48
A10 10 3.10

In the absence of heat flux (Fig. 1a), general features
of the simulation results are similar to those of the pre-
vious LES by Skyllingstad and Denbo (1995) and
McWilliams et al. (1997). Near the surface, the solution
is dominated by streaks of small spacing of afew meters
oriented approximately along the wind direction. With
increasing depths, however, streaks of larger spacing up
to 200 m, which are oriented diagonal to the wind di-
rection, increasingly dominate. The multiple-scale pat-
tern of LC, as shown here, has also been observed in
the field (Thorpe 1992; Pluddemann et al. 1996).

The maximum spacing of Langmuir cellsis close to
2-3 times the mixed layer depth, and the downwelling
velocity reaches up to 0.04 m s, which isalso in good
agreement with thefield observations (Smith et al. 1987;
Smith 1992; Plueddemann et al. 1996).

It can be easily seen in the figures that LC isincreas-
ingly weakened with increasing heat flux (Figs. 1b—d).
In the case of the largest surface heating (EXP A10),
the pattern of LC cannot be discerned any more.

The weakening of LC under the influence of the sur-
face heating is also identified in the vertical cross sec-
tions of instantaneous vertical velocity fields (Fig. 2).
Strong downward jets associated with LC are clearly
observed up to a depth of the mixed layer (z = 50 m)
in the absence of the surface heating (EXP A0). We can
also notice that the maximum downward velocities are
found around the middepth of the mixed layer, in agree-
ment with observations (Weller and Price 1988).

In EXP A2, the penetration depth of LC is reduced
to less than 20 m as a result of the formation of a
thermocline under the stabilizing buoyancy flux (see
Fig. 7). In EXPs A6 and A 10, no discernible downward
jets are observed. It is interesting, however, to find that
the level of TKE near the surface is higher in EXP A10
than in EXP A6, which is due to the stronger shear in
the former case (see Fig. 8).

In general, patterns from other experiments are not
significantly different from EXP A. The LC penetrates
less deeply when k is larger (EXP B), and the streaks
of al scales are aligned along the wind direction at all
depths in the absence of the Coriolis force (EXPs F and
G).

b. Variation of the rms horizontal velocities with time

Contrary to the case of a two-dimensiona laminar
flow considered by Li and Garrett (1995), it is difficult
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Fic. 1. Instantaneous vertical velocity fields at the horizontal cross sections z = 2.5, 7.5, 12.5, and 17.5 m at 2 h after the onset of the
surface heat flux (positive value indicates downward): (a) EXP AO, (b) EXP A2, (c) EXP A6, and (d) EXP A10.
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FiG. 2. Instantaneous vertical velocity fields for (a) EXP AO, (b) EXP A2, (c) EXP A6, and (d) EXP AO at the vertical cross section x =
150 m. Contour levels are 0.005 m s*. Solid lines represent the downward velocity, and dotted lines represent the upward one. Here the
regions in which the downward velocity exceeds 0.005 m s~ are shaded.
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Fic. 3. Root-mean-square crosswind velocities vs Stokes drift at
the surface, scaled by u, , in the homogeneous oceanic mixed layer
before the onset of the heat flux. The solid, dotted, and dashed lines
denote m = 1/3, 1/2, and 1, respectively, for v, Ju, o< (UJu,)™.

to measure the maximum downwelling velocity objec-
tively in the present case with turbulent downward jets
of various size and intensity. Therefore, we calculated
thermsvelocity perpendicular to thewind at the surface,
Umes Which is equivalent to the convergent velocity scale
associated with LC.

For the estimation of v, various values have been
suggested for min the relation v,,,J/u, « (UJu,)™ such
asm = 1/3, 1/2, or 1, based on theoretical arguments
or the analysis of observation data (Pluddemann et al.
1996; Smith 1996, 1998). The LES result, showninFig.
3, suggests a better agreement with m = 1/3, which also
corresponds with the LES results by Skyllingstad
(2000).

The variation of v,,, is examined to investigate the
influence of surface heating on the strength of LC (Fig.
43). It decreases with time under the surface heating,
and the decreasing rate increases with increasing B,,
when B, = 4 X 1077 m2 s73 (EXPs A1, A2, and A4).
However, if B, = 8 X 10-"m2?s~3 (EXPs A8 and A10),
it starts to increase after the initial period of decreasing.
The case of EXP A6 shows a somewhat intermediate
pattern.

Meanwhile, the rms velocity in the windward direc-
tion at the surface, u,,,, decreases with time, when B,
=6 X 1007 m2 s73 (EXPs A1, A2, A4, and A6), but
it increases when B, = 8 X 10-" m2 s—3 (EXPs A8 and
A10) (Fig. 4b).

From a closer examination of the vertical velocity
fieldsin Fig. 1 and 2, we could find that the two regimes
of contrasting pattern in the temporal variations of v,
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and u,,, shown above coincide with the cases in which
LC is maintained or destroyed, respectively.

The above results imply that the surface heating
weakens LC until it reaches a critical value, thus de-
creasing both v, and u,.,, that are mainly due to LC.
However, if B, becomes larger than a critical value, LC
cannot be maintained any more, and a stronger shear
appears with time owing to the inhibition of the down-
ward momentum flux (see Fig. 7 and 8). In this case,
the values of v, and u,,., which are not related to LC,
increase with time as aresult of the increased horizontal
TKE.

c. The ratio of the horizontal spectra of vertical
velocity field

As mentioned in section 3a, one of the most signif-
icant features of LC observed from the LES results is
that LC is composed of multiple scales and that the
small-scale cells along the wind direction dominate near
the surface. This feature suggests that there may exist
an asymmetry between the spectra of vertical velocity
variation in the downwind and crosswind directions near
the surface.

Figure 5 compares the ratio of the horizontal spectra
of the vertical velocity field near the surface (z= 2.5 m)
between the downwind and crosswind directions (®,,,/
®,,). Theratio ®,,, /P, decreaseswith increasingwave-
number in the presence of LC (EXPs AO, Al, A2, and
A4), consistent with the pattern of LC mentioned above.
On the other hand, in the absence of LC (EXPs A8 and
A10) the spectra in two different directions remain al-
most the same regardless of the wavenumber.

d. Variation of the pitch

One of the key parameters that represent the intensity
of LC is the pitch, the ratio of the surface downwind
jet strength to the maximum downwelling velocity w,,
(Li and Garrett 1995), that is,

Uconv — Uy
Pt de , (7)
where u,,,, and ugy, are the downwind velocity at the
convergent and divergent zones, respectively. Once
again, it is difficult to calculate the pitch by (7) in the
present simulation, and therefore we obtained scatter
plots of w(z = 5 m) versus u(z = 0 m) instead (Fig. 6).
They show that a significant correlation exists be-
tween u and w in the presence of LC (EXPs AO and
A2), but it disappears once LC is broken down (EXP
A10). The value of Pt during EXPs A0 and A2 can be
estimated as Pt ~ 1-2 from the slopes of the correla-
tions, if w(z = 5 m) is used for w,,. However, the real
value of Pt must be smaller, because w(z = 5 m) isless
than w,.
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Fic. 4. Temporal variations of rms horizontal turbulent velocities from EXP A: (&) the crosswind velocity v, and
(b) the downwind velocity U,.

e. Evolution of profiles of buoyancy and horizontal
velocity under heating

It is expected that LC plays a significant role in the
vertical mixings of heat and momentum in the oceanic
mixed layer. In particular, Plueddemann and Weller
(1999) observed that the upper ocean did not stratify in
response to diurnal heating when LC was sustained,
whereas strong stratification appeared near the surface
in the absence of LC. We should expect the similar
drastic change in the vertical profiles of temperature and
velocity from our LES results, depending on whether
or not the breakdown of LC occurs.

Figure 7 shows the evol ution of profiles of horizontal-
mean buoyancy under different surface buoyancy fluxes.
In the presence of LC (EXP A2), a thermocline is
formed with time at a certain depth and arelatively well-

mixed layer is maintained above it. On the other hand,
strong stratification appears near the surface without
forming a thermocline in the absence of LC (EXP A10),
as in the case of the atmospheric boundary layer. The
results are in accord with field observations by Plued-
demann and Weller (1999). They are also consistent with
the fact that the level of TKE near the surface becomes
much higher in the presence of LC in the oceanic mixed
layer under a stabilizing buoyancy flux (Skyllingstad
and Denbo 1995).

In a similar way, profiles of horizontal-mean hori-
zontal velocities reveal a substantial increase of the ver-
tical shear near the surface in the absence of LC (Fig.
8), which leads to the enhancement of the TKE level
near the surface as indicated in Figs. 2 and 4.

Noh (1996) suggested that in the oceanic mixed layer
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Fic. 5. The ratio of the horizontal spectra of the vertical velocity
field near the surface (z = 2.5 m) between the downwind and cross-
wind directions (P, /®

w):

under the stabilizing buoyancy flux the formation of a
thermocline at a certain depth while maintaining awell-
mixed layer above it is due to the strong mixing near
the surface by wave breaking. The present result reveals,
however, that LC also plays an important role for it, as
suggested earlier by Langmuir (1938) himself.

f. Evolution of Ri,

Here we examine whether the condition (3), Ri, >
1, suggested by Leibovich (1977b), for the breakdown
of LC in an inviscid, nonconducting fluid of infinite
depth can be observed in the present LES results.

The time series of Ri, shows that Ri, grows larger
than about 1 in the case in which LC is broken down
(EXPs A8 and A10) but that in the case in which LC
is maintained (EXPs Al, A2, and A4) Ri, remainsin-
variant with time at a value of less than 1 after about
10 min from the onset of the heat flux (Fig. 9). It implies
that the stability condition Ri, > 1 can be still observed
even in the more realistic turbulent flows, although the
transition to the breakdown of LC occurs gradually.

g. Criterion for the breakdown of LC

We have found so far that there exist various con-
trasting characteristics of the oceanic mixed layer re-
sponding to the surface heat flux, depending on whether
or not LC is present. By carefully examining these var-
ious features, that is, the view of vertical velocity fields,
variations of the rms horizontal velocities with time, the
ratio of the horizontal spectra of vertical velocity field,
the pitch, the profiles of buoyancy and horizontal ve-
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locity, and the evolution of Ri,, we were able to de-
termine a criterion for the breakdown of LC, based on
the data from a series of experiments (EXPs A-G).
We can expect that the pattern of the oceanic mixed
layer affected by the surface buoyancy flux and the
Stokes force is determined by u,, B,, U, k, and f, or

F(us, Ug, By, k, f) = 0. (8)
Dimensiond analysis of (8) in terms of u, and k leadsto

F(La, Ho, uk/f) = 0, 9)

where the last term in (9) represents the ratio of the
Ekman layer depth (~u,/f) to the penetration depth of
the Stokes drift (~k=1).

Figure 10 shows a regime diagram for the criterion
for the breakdown of LC in terms of La, and Ho. The
transitional state, denoted by symbols with slant lines,
represents the intermediate case in which the various
characteristics mentioned above could not be clearly
identified with either case. It shows that the breakdown
of LC is largely determined by Ho. The critical Hoen-
niker number Ho,, at which the transition occurs, lies
in the range Ho, ~ 1-2. It is somewhat smaller than
the value Ho, ~ 2—4 suggested by Li and Garrett (1995)
for the complete breakdown of LC. The value of Ho in
the LES by Skyllingstad and Denbo (1995), in which
LC was still observed, was 0.188.

The dependence on La, is not important, however,
within the range of La, in the present simulation. Note
also that the value of La, in the ocean does not go beyond
the range of the present simulation normally. Theresults
from EXPs F and G are similar to those from EXPs A
and B, which suggests that the breakdown of LC is not
sensitive to the Coriolis force, or u,k/f, either.

Meanwhile, there appears a tendency in Fig. 10 that
thevaluesof Ho_ are slightly smaller for the experiments
with larger k (EXPs B and C). This result is certainly
not due to the effects of u,k/f, as mentioned above. It
is suspected that the vortex forcing might be estimated
more appropriately by kU uze=2< at a certain depth z
below the surface rather than kUuz used in (4), and
thus a more appropriate representation of the ratio be-
tween the buoyancy forcing and the vortex forcing may
be better represented by e*?Ho rather than Ho.

h. The depth of the surface mixed layer

Asshown in Fig. 7, in the presence of LC the surface
heat flux imposed on the sea surface leads to the for-
mation of a thermocline while a well-mixed layer is
maintained above it.

The resultant mixed layer depths are shown in Fig.
11. For a more accurate estimation of the depth of a
thermocline, we imposed a passive tracer flux at the
surface for 10 s after 1 h of the onset of the surface
heating. The depth of the thermocline D, or the mixed
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FiG. 6. The scatterplot of downwelling velocities (z = 5 m) vs downwind velocities (z = 0 m) (here r represents the correlation
coefficient): (a) EXP AO, (b) EXP A2, (c) EXP A6, and (d) EXP A10.

layer depth, was then defined as the depth at which the
concentration becomes 90% of that at the surface at 1
h after the introduction of the tracer.

It has been suggested that the depth of a thermocline
formed responding to the stabilizing buoyancy flux at
the surface in the oceanic mixed layer increases with
the Monin—Obukhov length scale L = u3/B, (Kitaigo-
rodskii 1970; Noh 1996).

In the presence of LC, however, the maximum down-
welling velocity w,, may be a more relevant parameter,
rather than u,, for the vertical mixing process in the
mixed layer, as suggested by Li et al. (1995). Using the
relations wy, ~ v, and v, ~ (UzU/)Y® (see Fig. 3),
we can expect that D can be scaled as a function of L,
= uzUJ/B,.

Figure 11 shows the increase of the depth of a ther-
mocline according to L, consistent with the hypothesis
given above. It is also observed, however, that D tends
to be larger for the cases with smaller k. It appears to
be natural, because LC penetrates deeper with smaller
k. Itisalso found that D is affected by f at larger depths,
and thus it becomes larger in the case f = 0.

4. Concluding remarks

In this paper, we performed the first systematic at-
tempt to investigate the response of the surface heating
on LC in the oceanic mixed layer using LES. The anal-
yses of the LES results not only confirmed the various
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Fic. 7. Evolution of horizontal-mean buoyancy profiles with time under the stabilizing buoyancy flux: (a) EXP A2, (b) EXP
A6, and (c) EXP A10 (Atis 1 h for EXP A2 and 20 min for EXPs A6 and A10).

reported features of the observed LC, but also gave new It is important to note, however, that wave breaking
insight into the nature of LC. always occurs in the real ocean, whereas it is not in-

We have found that LC is weakened with increasing cluded in the present simulation. The recent LES study
surface buoyancy flux B, and is ultimately broken down reveals that the presence of wave breaking does not
if B, becomes sufficiently large. The critical conditionfor modify LC significantly, but it weakens LC slightly
the breakdown of LC was mainly determined by Ho (Noh et al. 2004), which impliesthat Ho, can be slightly
[=2B./(kUuz)]. The critical Hoenniker number Ho,, a smaller.

which the transition occurs, lies in the range Ho, ~ 1-2. The wind stress and maximum heat flux during
a) EXP A2 b) EXP A6 ¢) EXP A10
0
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FiG. 8. Horizontal-mean horizontal velocity profiles: (a) EXP A2, (b) EXP A6, and (c) EXP A10. Solid and dashed
lines denote along-wind and crosswind components, respectively.
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time (hour)
Fic. 9. Temporal variation of Ri, for EXP A.

MILDEX, in which the stronger and weaker LCs were
observed under weaker and stronger heat fluxes as men-
tioned in section 1, can be roughly represented by u,
~00lmstand B, ~ 2 X 10774 X 107" m? s73
(Weller and Price 1988). The corresponding Ho is then
roughly estimated asHo ~ 0.2-0.5, if we assumetypical
values such as U, ~ 10u, and A(=27/k) ~ 40 m. None-
theless, more systematic observation data are required
for a proper comparison between numerical results and
observation data.
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Fic. 10. A regime diagram for the breakdown of LC. Open and
closed symbols denote the cases of the occurrence and no occurrence
of LC, respectively. Slanted symbols denote the transitional cases.
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Fic. 11. Mixed layer depth D vs L, (=u?U//B,). Only the cases of
D larger than 5 m are plotted.

We also have found that the structure of the oceanic
mixed layer and the vertical mixing process change rad-
ically along with the breakdown of LC—for example,
variations of the rms horizontal velocities with time, the
ratio of the horizontal spectra of vertical velocity field,
the pitch, and the profiles of buoyancy and horizontal
velocity. We also found that the stability condition for
LC suggested by Leibovich (1977b) for an inviscid,
nonconducting fluid of infinite depth [see (3)] is still
observed in the present simulation, athough the tran-
sition is gradual.

It is now evident that LC plays a critical role for the
vertical mixing process in the oceanic mixed layer, in
which itisresponsiblefor the formation of athermocline
and the maintenance of the mixed layer. The more ac-
curate prediction of the occurrence of LC and its inten-
sity, including the case of the unstable mixed layer, is
imperative to improve our understanding of the mixing
process in the near-surface layer of the ocean.
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