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Abstract. A large-eddy simulation (LES) model for oceanic boundary layers
(OBLs) is developed that includes influences of surface waves for the special
situation of wind-wave equilibrium. The wave processes included are conservative
wave-current interactions (vortex force and material advection by Stokes drift),
derived from an asymptotic theory, and non-conservative impacts of wave breaking,
modeled as compact stochastic impulses. These influences are evaluated separately
and in combination, and are compared to results from uniform (constant) stress-
driven boundary layers. Results show that surface waves can enhance oceanic
mixing over a significant fraction of the mixed-layer depth and the combined action
of Stokes drift and intermittent wave breaking generates the greatest mixing. Their
combined effect is to generate a newly identified coherent structure (in addition
to the familiar Langmuir circulation due to the vortex force), a downwelling jet
that efficiently transports momentum and scalars over the depth of the OBL. A
crucial input to these simulations is the probability density function of breaker
phase speedsg)c], and hence there is a critical need to better understand and
parameterize the distribution of breaking waves at the sea surface under high wind
conditions.

I ntroduction drift (i.e., Langmuir circulations). For winds exceeding
moderate strength (6-8 nT'$), momentum and energy is

In high-wind conditions the sea surface is a mosaic of thought to be transferred to the water primarily through the
interacting dynamic and thermodynamic processes. Sprayvave field Donelan, 1998, 2001], and wave transfer effects
bubbles, sea-surface heterogeneities, and waves are justraay well be significant at lower winds, though harder to de-
few of the interfacial processes coupling the atmospheric andect. Hence wave dynamics, not viscous and diffusive pro-
oceanic boundary layers over a broad spectrum of temporatesses, can determine the surface boundary fluxes of mo-
and spatial scales. The development and evolution of tropi-mentum, energy, and scalars, and ultimately the vertical mix-
cal cyclones Emanuel, 2004] is a vivid example of the cou- ing of the oceanic boundary layer (OBL). The considerable
plings between small-scale processesin the planetary boundcomplexity exhibited in Figure 1 is replaced, by conven-
ary layers and large-scale dynamics. On the water side of théion and presumed necessity, in most 1-D oceanic boundary-
air-sea interface oceanic mixing is powered by complex sur-layer models by a mean stress-driven layer that ignores
face dynamics (see Figure 1) featuring turbulent wind gustswave-current interactions and collapses intermittent turbu-
highly intermittent breaking waves, and wave-current inter-lence and wave breaking processes into ensemble averages
actions due to the Lagrangian mean wave current, Stokes
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[Craig, 1996;Craig and Banner, 1994;Kanthaand Clayson, ized stresgr and energy¢ fluxes in the forms L[iu et al.,
2004]. The present modeling investigation attempts to go be1979; Terray et al., 1996]

yond the ensemble view by examining the impact of two par- Pa ) Po1/2 32

ticular wave processesiz., wave-current interactions from T = ECDUa and & = m(p_a) ™ (3)
Stokes drift and transient wave breaking, on oceanic mixing -

using turbulence resolving large-eddy simulation (LES) of Where p. , are reference densities of the atmosphere and

the OBL. However, given the flow complexity this can only 9c€an. the drag coefficiedtp ~ 10~ is a function ofU,,
be done in highly idealized ways. and the energy flux constant ~ 3.5 (see figure 8 offerray

The LES model we use is a conventional orMddeng, et al. [1996]). The water friction velocity, = /7.

1984] except for the representation of surface-wave effects;
it is based on the incompressible Navier-Stokes EquationéN

under a Boussinesq approximation with a flat top surface Wave-averaged dynamical effects on currents are the re-

(mean sea level) and a subgrid-scale parameterization b¥u|t of an asymptotic theory first derived I6raik and Lei-
single-point, second-momentturbulentkinetic energy (TKE) bovich [1976] and then extended bylcWilliams and Re-
closure. The added wave effects are the vortex force and Laétrepo [1999]; McWilliams et al. [2004]. These effects en-

grangian mean advectlen associated with Stokes drift, . ter into our LES model as Stokes advection in the TKE and
and a wave-averaged increment to the pressure that arise

through conservative wave-current interactidtcfMIliams Stalar equations and as a generalized vortex force,
et al., 1997], as well as additional acceleration and energy ou
generation due to non-conservative wave breakifgIi- ot
van et al., 2004]. The governing equations for momen- i, the resolved scale momentum equatighig the Corio-
tum, subgrid-scale TKE, and density incorporating the abovgjs parameter and the resolved vorticity= V x @). The
wave influences are not repeated here but can be found igortex force has a significant influence on the turbulent ed-

ave-current inter actions

= .+l x(fatw), (4)

Sullivanet al. [2005]. dies and their vertical fluxes in the OBL through the gener-
) o ation of Langmuir circulationsGraik and Leibovich, 1976;
Wind-waveequilibrium McWilliams et al., 1997]. Wave effects also appear in the

_ ) subgrid-scale energge) equation primarily as a Stokes pro-
For modeling wave effects in the surface boundary layer,y,,tion term
we must specify both the wave spectrum to determine Stokes ’
drift profile and the distribution (spectrum) of breaking waves de ! 5)

for transfer of momentum and kinetic energy to the under- ot Tis oxj '
lying water. In both cases our primary interest is the S'tu'i.e., subgrid-scale stresses working on the vertical gra-

_atl?n” ofdwmtlll-wa(\j/e eglf['h“b”utm Whﬁre_th_e W?Ve fspectrum dient of the Stokes drift. An analogous term appears in the
IS Tully developed an € atmospheric INputs oF MOMEN- 1 = 1,4 1ance for resolved scaleslifWilliams et al. [1997,

tum and energy flux are perhaps best characterized by o equation 5.1]], and we note Stokes production has recently

seryations. Full development refers to an asymptotic state i een included in some one-dimensional, Reynolds-averaged
which the energy density, the peak frequency, and the Shap%odels of the OBL, Kantha and Clayson, 2004]. There is
of the wave spectrum are not changing with time. Then ' '

the frequency spectrum of wave heighf¥ f) is well de-
scribed by the empirical expressioBb¢nelan et al., 1985;

an additional conservative wave-averaged effect in the re-
solved material scalar concentrati() equation,

Alves et al., 2003] ge _ _uSt.ve (6)
2 » TS .
F(i =f = Z eXp | — (i) 1) The vertical profile of Stokes drift is thus a primary in-
27 I fp

put to LES with wave-averaged effects. Past LES typi-
where a,, is the “Phillips constant”,g is the gravitational cally estimateu®!(z) from a single monochromatic wave
acceleration, andi,, is the peak in the spectrum related to a [McWilliams et al., 1997; Skyllingstad and Denbo, 1995]

reference atmospheric wirld, (= = 10 m) by chosen to approximate a dominant component in the wave
g spectrum. In our wind-wave equilibrium situation, we use
o = VU_a , v~ 0.123. (2) (1) and employ numerical quadrature to evaluate

The atmospheric inputs to the ocean are most often ex- St 2 [ 3 %z
pressed as bulk aerodynamic formulas for the density-normal- u”(z) = 5/0 F(o)o exp g do ()




SURFACE WAVES AND OCEANIC MIXING 149

Figurel. (left panel) Sea surface beneath hurricane Isabel dominated by breaking waves of multiple scales (courtesy P. Black)
and (right panel) foam lines tracking the formation of Langmuir circulations in the Great Salt Lake (courtesy S. Monismith).

following the procedure described byicWilliams and Re- erage momentum flux into the wave field from the wind is
strepo [1999] andKenyon [1969]. Compared to past LES balanced by the net momentum flux from waves to currents.
implementations, the vertical profile af°*(z) from (7) ex-  Thus, the long-time, large-area total momentum conserva-
hibits a sharper near-surface gradient due to the inclusion ofion rule expressed in terms of the horizontal momentum
high-wavenumber components in the wave spectrum. flux, 7, from the atmosphere over an area of surface water,
Ap, and time period] 7, is

Stochastic breakers A

b

poALTr’ ®

. . . T="Ty +
The second wave process we wish to incorporate in our Y

modeling, transient breaking waves, is motivated by the vi- _

sual impression of the sea surface in Figure 1. We view thevhere M, is the total momentum contained in a field of

waves as an intermediate reservoir that releases momentuffsolved-scale breakers and is an unresolved (or back-

to the underlying water in localized intermittent impulses, ground) stress acting at the water surfagg.accounts for

and the primary path from wind drag to current generation isViscous stresses at low wind speeds or small scale break-

through wave breaking. The momentum passed to the OBLErS that fall below the mesh resolution of the LES. In (8) the

is then a summation of randomly occurring events in spacénomentum suppliedto the currents is the integrated effect of

and time.Donelan [1998, 2001] support this view and show randomly occurring events of varying size, speed, and orien-

that almost 100% of the momentum stored in the wave fieldtation

leaves locally, entering the water through wave breaking. e rc

Here, we only attempt to capture the bulk features of these M, = N / / ple, O] M(c,©)dcd® .  (9)

intermittent events since our target is the effects of breakers

on larger scale OBL turbulence. ple, ©] is the probability density function (PDF) of breaker
Global conservation laws provide bounds on the averagespeeds: with orientation®, N is the total number of break-

amount of momentum and energy exchanged between thers in the time period’, over surface ared, andM(c, ©)

atmosphere and ocean but clearly do not constrain the locak the momentum imparted by an individual breakerSih

space-time flux transfer from an individual breaking event. livan et al. [2004] we proposed a discrete model f84(c)

In the open ocean wave breaking is sufficiently complicatedthat is fully three dimensional and time varying. The ba-

and poorly understood that we are forced to rely on a largesis of the model is the assumption of Froude scaling, us-

input of empirical information for our discrete event model- ing the linear dispersion relationship to relate the length and

ing. We begin by noting in wind-wave equilibrium the av- time scales of the breaking event, consistent with the labora-
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tory measurements dflelvilleet al. [2002] and earlier mea- ~T T T
surements cited therein. Then a single wave properity,
the phase speed is sufficient to define the breaker wave- 10°
length A, periodT’, and wavenumbek. Our model is as-
sumed to be rectilinear, as a breaker evolves over its lifetime
t, <t <t,+T(c) it expands horizontally in: and deepens
in z with its spanwise extent held fixed.

Given a wind speed,,, breaker impulséM, and distribu-
tion plc, ©], substitution of (9) into (8) defines theverage
rate of breaker creation

Lol

plc]

Lol

Ll

N
N = AT, (10)

Ll

in units of n2s—!. N directly impacts the LES. For a spe-
cific problem setup, as the solutions are stepped forward in
time, random draws from the PDF are made at a ftgo
that the long-time, large-area average momentum in the wa-  ; 10° 10"
ter matches the atmospheric input. ¢ (m/s)

[N
S
I

|

R | R

IS
Q
i

; Figure 2. The probability density function of breaking phase
The PDF of breaking waves speedw|c]. The solid line is the PDF given by (12) that is

The final piece in our modeling is the specification of the based on the measurementswélville and Matusov [2002]

PDF of breaking for typical open-ocean conditions. The ini- @t Us = 10 m s™*. The dashed line is the PDF of the same

dence so thap|c, ©] — plc] (alsoM(c, ©) — M(c)). We  and upper endpoints according®billips[1985].
appeal to the field measurementsMélville and Matusov
[2002], who used a novel airborne video system to measure

the kinematics of breaking over a limited set of wind speeds®t Small and large. The behavior ofA(c) at its endpoints

and fetch. They digitized video images to obtain estimatedS importan_t as this introduces an additi_or_wal wind speed de-
of A(c) the average length of breaking crests per unit areapend_ence |r_1to the measured PDF. $¥llips [1985] and
traveling at velocities in the range;, ¢ + dc¢). Combining the Discussion below.

A(c) with our rectilinear breaking model implies

Illustrativeresult
il Ae) _ kp g A(c) a ustrativeresults
P A(e) 2 c? The various pieces of our wave modeling ideas are cur-
rently being implemented and evaluated in an LES model for
the OBL over a range of wind speeds. This has proven to be
an iterative task, and at the present time is not yet complete.
Here we show preliminary results using the PDF based on
k, g U3 exp(—0.64c) the measurements of(c) shown in Figure 2. We expect the
plc] = ;—W“C—Q : (12)  following results to be qualitatively representative of future
more complete LES solutions that take into account the wind

We note that the observations are only able to detect visispeed dependence of the breaker spectrum endpoints.

ble whitecaps (i.e., those where air is actively entrained dur- The suite of LES experiments compares OBL solutions
ing the breaking process), and were truncatedat1 m/s.  of four types: the conventional posing with uniform stress,
Hence small scale breakers and breakers without significanithout any wave effects; the conventional posing plus wave-
air entrainment will not be accounted for by these measureaveraged Stokes drift term@®1gWilliams et al., 1997]; a
ments nor by the PDRMelville and Matusov [2002] find ~ posing with stochastic forcing representing breaking waves;
that the magnitude oA (c) scales ad/? in agreement with  and, a posing with stochastic forcing plus Stokes drift terms
Phillips [1985, p. 528]. However, the dynamic range of (see Table 1 for naming and labeling conventions used in the
the measurements is not sufficient to capture the variatiorfigures). For this investigation we choose a reference wind

using the linear dispersion relation. The constanscales
the PDF so tha}foOO plc] de = 1. A curve fit of the observa-
tions gives (see Figure 2)
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Table 1. Simulation properties

Name Forcing Stokes  Symbol

drift line 1 :
U uniform stress No black/ 1L il
no wave effects dash-dot = I |

U+ST uniform stress Yes red solid N
B 100% breaking No blue solid 11 ]
B+ST 100% breaking Yes  black solig -0.5 1 h 1
i L i

U, = 10m s~ ! and a small surface heat flax, = 2W m—2. ) )
This fixes the atmospheric momentum and energy fluxes ant ] ]
the equilibrium wave field. For this wind speed, the atmo- -1~~~ 4 ‘ L ) ]
spheric drag coefficien€; = 0.0013 based on the model 0 10 20 0 10 0 2 4
of Liu et al. [1979], water friction velocityu, = 0.011m W22 V202 w202
s™1, the Stokes driftu®!(z = —1 m) = 0.1 m s1, and the
turbulent Langmuir numbeka; = /(u./u5t) ~ 0.3. Ini- _ _ _
tially, the mixed layer is neutrally stratified over the depth Figure 3. Mean square variances for cases with no wave
h = —32m< z < 0. Belowh, the water is stably stratified effects (dash-dot line), Stokes drift (red line), wave breaking
with the temperature decreasing at a constant rate of 0.05 Kblue line), and Stokes drift plus breaking (black line).
m~1.

The basic numerical algorithm is fully described $nl-
livanet al. [1994, 199_6];MCV\M_I|amset al. [1997]; Sullivan . scalar and momentum fluxes, and entrainment at the ther-
et al. [2004]. Numerical testing shows that the stochastic ,,jine all exhibit a sensitivity to the surface wave field.

breaker forcing requires sp_emal treatment in Fhe LES codeyne of the most striking results is the greatest mixing arises
in order to capture its full impact over the wide range of \when wave breaking and Langmuir circulations (resulting
breaker scales. We employ a novel strategy that integrateg,m stokes drift) act together. In general simulations with

the breaker forcing on a separate f|r_19 spatial mesh qnd SL%l%"xplicit wave influences differ from their counterparts driven
sequently averages the breaker forcing to the LES grid. Th'%y constant stress and no wave effects. Some of the statis-
scheme conserves the total momentum from a breaker irre5.o; evidence from the LES is displayed in Figures 3, 4

spective of its time ?ndns_pace scale and hence even small,j g Inspection of the turbulence variance profiles (see
scale breakers are “felt” in the LES grid. Random OlraWSFigure 3) highlights the competition and trade-offs between
are made from _the PDF of breaker speeds at a rz_ﬂe SO th%‘feaking and Stokes drift compared to the flow with the same
the momentum imparted to the water matches the input Suloélverage forcing but with no wave effects. In simulation B,

plied by the atmosphere. The initial location of a breaker at;\ yiiqual breakers impart a forward impulse and generate
the water surface is drawn from a uniform PDF (see discusy, aar surface vortexSiillivan et al., 2004]. The cumula-
sion inSullivan et al. [2004]). tive effect of all breakers is to enhance the w)-variances
The computational domaifL,, Ly, L.) = (300, 300, - in the region—0.3 < z/h < 0 compared to the case with
110)m is discretized with(300, 300, 128) gridpoints, thus  no wave effects (simulation U). In the simulation with con-
the constant horizontal grid spacing\z, Ay) = 1.0 M. stant stress and Stokes drift streamwise oriented Langmuir
Vertical meshes are generated using constant algebraic stretgéytices form McWilliams et al., 1997] that amplify the
ing with the ratio of any two vertical cell&’ = Azy11/Azr = (v, w)-variances at the expense of the-variance. In sim-
1.012 held constant. All simulations are run for approxi- ylation B+ST, the two wave effects both compete and or-
mately 10 (physical) hours which takes about 50,000 com-ganize; breakers tend to lessen the spanwise coherence of
putational steps. As is customary practice, statistics are genhe Langmuir vortices, but they also act together to notice-
erated by combining spatial — y and temporal averaging.  ably amplify the vertical velocity. Near the water surface
The observed response of the OBL to vortex forces andhe magnitude of thev—variance increases by a factor of
wave breaking suggests a close connection between the sualmost two for case B+ST compared to cases B and U+ST.
face wave conditions and vertical mixing in the OBL. We This increase inv—variance enhances the vertical mixing in
find that the mean currents, turbulence variances (and TKE)he OBL over a significant depth.
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The vertical velocity skewnes&o?) /(w?)3/2, shown in
Figure 4, further illustrates the synergistic behavior that can
occur when breaking and Langmuir cells act togethdo-
eng and Rotunno [1990] find that a bias in vertical veloc-
ity skewness is one of the statistical measures indicating the
presence of coherent structures in convective flows. Thus,
the large negative skewness observed in the present flow
with breaking and Stokes drift suggests that the two wave ef-
fects have potentially combined to form a coherent structure
roughly analogous to a thermal plume. In order to examine
this possibility, we performed extensive visualization of the
LES solutions and present typical snapshotswin x — y
planes at selected vertical locations in Figure 6. These pic-
tures along with animations of other LES solution variables
do indeed reveal the existence and life cycles of vigorous
“downwelling jets”.

We find that the origin of the downwelling jets can be
traced to sites where breaking first occurs. At the water
surface, the forward and local impulse from an intermittent
breaker supplies an excess of horizontal momentum com-

cases with no wave effects (dash-dot line), Stokes drift (redpared to the average background state. Previous studies have

line), wave breaking (blue line), and Stokes drift plus break-

ing (black line).

T
0
05}
= |
N -
.1 -
- 1
15 -
WerQ,

Figure 5. Vertical scalar flux normalized by its surface
value. Simulations are cases with no wave effects (dash-d
line), Stokes drift (red line), wave breaking (blue line), and
Stokes drift plus breaking (black line).

found that breaker debris can persist for multiple wave pe-
riods [Melville et al., 2002; Sullivan et al., 2004] despite
the limited lifespan of active breaking, a time scale of or-
der\/c = 2mwc/g. Thus remnants from the breaking pro-
cess are available to fully interact with the Stokes drift. Our
visualization shows leftover breaker momentum being ad-
vected forward and then squeezed laterally by the relentless
action of Langmuir vortices. Particle tracing in our previ-
ous LES McWilliamset al., 1997] indicate how this conver-
gence process leads to a dense concentration of particles and
the subsequent merging of individual particle lines. The con-
vergence of foam into forward looking Y-junctions is clearly
visible in Figure 1. These same mechanisms are at work
here, but now act on the momentum supplied by breaking.
At a convergence point (or Y-junction) the excess horizon-
tal motions are deflected sharply downward and emerge be-
neath the water surface in the form of vigorous downwelling
jets. In a neutrally stratified OBL these structures penetrate
to considerable depths and play important roles in setting the
structure and mixing of the OBL. We find that the scale and
intensity of the downwelling jets varies as expected with the
breaker phase speed

The downwelling jets in Figure 6 play a critical role in
setting the scalar mixing efficiency of the OBL (see Figure
5). The entrainment of cooler water from below the thermo-
O%Iine increases by almost a factor of six in the simulations
with both wave breaking and Stokes drift. At the same time,
these coherent structures alter the shape of the thermocline
temperature profile and potentially are powerful enough to
excite internal gravity waves.
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Figure 6. Snapshots of vertical velocity im — y planes from an LES with intermittent breaking waves plus Stokes drift.
Panels (left, middle, right) correspondo= —(1.5, 6.1, 11)m. The color bar is in units of ms". Notice close to the surface

(left panel) how the combination of Langmuir cells and breaking waves generate strong downwelling (blue shading) in the
form of a Y-junction. Deeper in the water (middle and right panels), the surface organization appears in the form of a roughly
circular downwelling jet. The upwelling motions (red shading) are induced by a ring vortex that develops as the jet descends.

Discussion trainment. If, followingPhillips [1985] we take the lower
limit to be ¢ ~ u., then the PDF will change significantly;

These first simulations hint that the impact of wave break-/€ading to a shift in the peak of the PDF to lower values of
ing at high winds is not confined to the oceanic surface¢ @nd & reduction of the PDF at largeras shown in Fig-
layer but can act in concert with Langmuir circulations to Ure 2. This would lead to more frequent breaking at smaller
greatly enhance OBL mixing and entrainment. (Langmuirsca|95 (smaller) and less frequent breaking at larger scales.
circulations themselves penetrate throughout the boundary he empiricalU; dependence leads to a shift of breaking to
layer in these simulations even in the absence of breakingdr9er scales a#/, increases. However, with the rapid de-
[McWilliamset al., 1997].) A preliminary sweep across the Créase ofA(c) asc increases, the measurementsvidville
wind regime, 7.5ms! < U, < 15m s ' shows that these and Matusov [2002] do not show a clear cutoff at large
downwelling jets are robust, play active roles in the mixed Which is expected to occur far ~ U,. We believe that the
layer, and enhance entrainment at the thermocline. These ré0€asurements are merging into the noise at large

sults contrast with those dfioh et al. [2004] who found no In view of the limited measurements of breaking statis-
such structures when wave breaking is modeled by stochagics, we also plan to conduct model runs usiplg] based
tic uniform noise at the water surface. on the theory of equilibrium wind waves first proposed by

While we expect the qualitative features of these simu-Phillips [1985]. In this theory, the equilibrium range is
lations to be robust, the details will depend on the specificloosely defined ag;, < k < ki, wherek; is the wavenum-
inputs to the model. Perhaps the most significant of thes@®r of the peak in the wave spectrum ahd is a high-
is the PDF of the breakers as a functionZaf (or u,) and ~ Wavenumber cut-off to the range, whéreandk, both vary
c. In this work we have used the measurements.0f) by ~ With wind speed:~ ¢/U? and~ g/uZ, respectively. In
Melville and Matusov [2002] to infer the PDF for an equi- this range, the wave-dissipation spectrum varie$ ds In-
librium wave field at a wind speed @f, = 10 m s~'. The tegration of the wave-dissipation and momentum-flux spec-
PDF, p[c], was bounded below by the m s™! cutoff in the tra over all wavenumbers and matching the resulting expres-
measurements, and above by. However, in the obser- sions to the bulk formula in (3) leads to a strongly wind-
vations, the low-speed limit was determined by the visible SPeed dependent PDF. The strong variatiomef with U,
limit of the whitecaps rather than the dynamical limit that iS due to both the strong dependence /bfc) on ¢, and
one might obtain for breaking waves with no visible air en- the wind-speed variation of the cutoff wavenumbers, i.e.,
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(kp, k1) = f(U,), which significantly focuses breaking to- Kantha, L. H., and C. A. Clayson, On the effect of surface gravity
ward larger scales dg, increases. However, discrepancies waves on mixing in the oceanic mixed lay&gcean Modelling,
between the observed surface wavenumber spectra and those6. 101-124, 2004.

predicted byPhillips [1985] suggest that Phillip’s equilib- Kenyon, K. E., Stokes drift for random gravity wavdsGeophys.
rium range may not extend out kq as defined above. Thus Res., 74, 6991-6994, 1969.

. . Liu, W. T., K. B. Katsaros, and J. A. Businger, Bulk parameteriza-
we expect that the development of consistent breaking mod-""" . . . )
tion of air-sea exchanges in heat and water vapor including the

_els_, With refined estimates gfc], will also lead to improved molecular constraints at the interfade Atmos. Sci., 36, 1722—
insight into wave spectral models. 1735, 1979.
The above predictions need to be validated against obseMcWilliams, J. C., and J. M. Restrepo, The wave-driven ocean cir-
vations in high-wind conditions. A central quantitative issue  culation,J. Phys. Oceanogr., 29, 2523-2540, 1999.
is the breaker spectrum as a function of wind speed, WhiCHVICg/\lﬂlgr?(Tesi’nJ{hi.éJ(l':,‘).egrljS;ll!Ji;/dalr\-]/I’ eiﬂd 3(,334"'1 '\/'3%9”1%9'-7?3“9”“" tur-
Ihs needed as empirical input in the mo_dellng approach WeMcWiIIiams,J. C.,JR. 'Restrepo, ar;d E.’Lane,’An asymptotic the-
ave taken here. For example, the wind spégdabove

. S . . ory for the interaction of waves and currents in shallow coastal
which the equilibrium momentum flux occurs primarily water J. Eluid Mech. 511 135-178. 2004

on the resolved scale, hence is appropriately modeled agjeyville, w. K., and P. Matusov, Distribution of breaking waves at
stochastic impulses, needs to be determined. In this regime the ocean surfacé\ature, 417, 58—63, 2002.

downwelling jets can be prominent features in the LES solu-Melville, W. K., F. Veron, and C. J. White, The velocity field under
tion. Nevertheless, we feel confident that this phenomenon breaking waves: Coherent structures and turbuledcé]uid

is likely to be important in a sufficiently high-wind regime. ~ Mech,, 454, 203-233, 2002.

Given its strong enhancement of the boundary-layer entrainMoeng, C.-H., A large-eddy simulation model for the study of plan-
ment rate, it might, e.g., play an important role in coolingthe ~ €tary boundary-layer turbulencé Atmos. &i., 41, 2052-2062,

S0 . 1984.
surface temperature and limiting the air-sea enthalpy Sljppl)K/Ioeng C.-H., and R. Rotunno, Vertical velocity skewness in the

under hurricanes. We look forward to exploring these issues buoyancy-driven boundary layek, Atmos. Sci., 47, 1149-1162,

further. 1990.
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