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ABSTRACT

The interaction between the Coriolis force and the Stokifsasisociated with ocean surface
waves leads to a vertical transport of momentum, which caexpeessed as a force on the
mean momentum equation in the direction along wave crestanVéstigate how this
Coriolis—Stokes forcingffects the mean current profile in a wind-driven mixed laysing

simple models, results from large eddy simulations andrvbsenal data.

The effects of the Coriolis—Stokes forcing on the mean ciinpeofile is examined by
re-appraising analytical solutions to the Ekman modelithgtide the Coriolis—Stokes
forcing. Turbulent momentum transfer is modelled using@alyeviscosity model, first with
a constant viscosity, and second with a linearly varyingyadsicosity. Although the
Coriolis—Stokes forcing penetrates only a small fractibthe depth of the wind-driven

layer for parameter values typical of the ocean, the ar@@lsiolutions show how the current
profile is substantially changed through the whole depthefwind-driven layer. We show
how, for this oceanic regime, the Coriolis—Stokes forcinggorts a fraction of the applied
wind stress, changing the boundary condition on the wirndedrcomponent of the flow, and

hence changing the current profile through all depths.

The analytical solution with the linearly varying eddy wasay is shown to reproduce
reasonably well the effects of the Coriolis—Stokes for@mnghe current profile computed
from large eddy simulations, which resolve the three-disi@mal overturning motions
associated with the turbulent Langmuir circulations inwed-driven layer. Finally, the
analytical solution with the Coriolis—Stokes forcing i to agree reasonably well with

current profiles from historical observational data andately agrees much better than the



standard Ekman model. This finding provides compellingeva that the Coriolis—Stokes

forcing is an important mechanism in controlling the dynesrof the upper ocean.



1. Introduction

The fully-developed wind-driven current in the upper ocesamsually assumed to be a
formed from a balance between Coriolis force and the diverg®f vertical momentum
transfer by turbulence stresses, as originally analysdekinyan (see e.g. Mellor 1996).
Wunsch (1996) has noted however, that at least in 1996 whearakevriting, there was no

observational evidence to support directly the Ekman model

The oceanic wind-driven current profile is difficult to obgebecause the velocities are
small and of similar magnitude to the velocities associat#d inertial oscillations and
surface wave motions. Nevertheless, observations sutigestfeatures of the wind-driven
current profile that need to be addressed. Firstly, the seidarrent lies at an angle of
between 10and 45 to the surface wind stress (Huang 1979). Secondly, at a depétreen
5m and 20m the current is deflected by approximateit@%he wind stress (Price and
Sundermeyer 1999). Thirdly, the current speed is rapidgnatated with depth. The Ekman

model cannot explain all these observed features (LewiBahzher 2003).

The difficulties in observation due to similarity in magrmabetween the current speed and
the speeds associated with other physical processes @igests that other processes may

be dynamically important. Surface waves are a ubiquitoatufe of the ocean surface. The
leading order water motions associated with the surfacesvaxe periodic and do not affect
the time-averaged, mean, current profile. Surface wavegatgluce, however, a mean

Lagrangian transport in their direction of propagatior, $tokes drift (Phillips 1977),



whose vertical variation is

us = Uge?*?, U, = (ak)?c, (1)

for wave amplitude:, wavenumbetk, wave phase speecand depth: that is zero at the
mean sea level and decreasing downwards. The significattzatjsn an inviscid fluid, lines
of vorticity move with fluid parcels, and so the Stokes diltstand stretches initially
vertical vorticity into the horizontal plane. In the oceaixed layer there are two sources of
vertical vorticity: vorticity from three-dimensional tomlent motions within the mixed layer,
and planetary vorticity. Distortion of turbulent vortigiby Stokes drift is at the heart of
models for Langmuir circulations (Leibovich 1983; Teixe& Belcher 2002). The

interaction of the Stokes drift with planetary vorticitytise subject of this paper.

The effects of Stokes drift in a rotating frame was first cdased by Ursell (1950), Pollard
(1970) and Hasselmann (1970) who showed that, for an i/®s@an, there can be no net
mass transport associated with the Stokes drift. Subségualiso using a Lagrangian
description, Weber (1983a,b) showed how including vidgpsbd matter how small, actually
yields a non-zero net mass transport. However, Hasselni®&0) did show that the
interaction between the planetary vorticity and the Stakésyields a force on the Eulerian
momentum balance, namefyx u,. We refer to this forcing as th@oriolis—Stokes forcing
Madsen (1978) and Huang (1979) showed that this CoriolakeStforcing acts in
combination with the Coriolis force and the divergence atigal momentum transfer by
turbulent stresses, thereby changing the usual Ekmandsaianhe wind-driven mixed

layer and the current profiles. Later studies have develtpetheory for more sophisticated



representations of the turbulent stress (Jenkins 198,) 188 finite depths (Xu and Bowen
1994), and for the role of Langmuir circulations (Gnanakkesiand Weller 1995). More
recently McWilliams and Restrepo (1999) have shown thatlépeh integrated transport
associated with the Coriolis—Stokes forcing can be confgaraith the transport associated
with the wind-forced Ekman transport, which suggests thaiGoriolis—Stokes forcing is a
signficant force in the upper ocean. Further evidence widlilken here. A number of

guestions remain however.

Firstly, can the Coriolis—Stokes forcing, which penetsataly into shallow depths, affect
the current profiles through its whole depth? If so then bytvahgsical mechanism? Here
we address these questions in section 3 by re-appraisirantigtical solution for the
current profile when the turbulent stress is parameteriseglg This analysis also then
shows the parameters that control the magnitude of the esaonghe current profile by the

Coriolis—Stokes forcing.

Secondly, what evidence is there that the role of the Cer@8tiokes forcing is real and
measurable? This question is addressed here in two wagslyHin section 4 the results of
the simple models are compared with current profiles congpiuoen large eddy simulations
of the wind-driven ocean mixed layer that account for thec# of the Stokes drift. And
secondly, in section 5 the results of the simple model arepawed with recent observations
of the wind-driven ocean mixed layer. We begin in section thwan interpretation of the

Coriolis—Stokes forcing.

2. Stokes drift in a rotating frame



The Coriolis—Stokes forcingf x ug, is a forcing by the surface waves on the mean flow.
This term can be understood in two ways. First an intuititerjoretation. Vortex tubes are
carried in the flow with fluid elements, and hence are trartegdrsy the Stokes drift. Since
the Stokes drift varies with depth, vorticity that is inilyavertical is tilted and stretched into
the horizontal. There are several sources of this inithaditical vorticity. For example,
random vorticity fluctuations associated with turbulencéhe mixed layer have vertical
components and when tilted and stretched these lead toatkhgortices in the streamwise
direction, namely Langmuir circulations (Teixeira and &wdr 2002). Additionally, the
planetary vorticity has a vertical component and hence tsamiateract with the Stokes

drift, leading to the Coriolis—Stokes forcingj, x w.

Alternatively, thef x wu, forcing can be interpreted as the divergence of a wave-giuc
stress that arises through modification by Coriolis aceélem of the orbital motions
associated with the surface wave. The Eulerian velocitgtthposed into a
rapidly-varying wave component, and a mean component, In a rotating ocean, the
plane of the orbital motions associated with the surfaceavistilted in the along wave crest

direction by the Coriolis acceleration, as shown scherabyion Fig. 1.

[Figure 1 about here.]

This tilting introduces an along wave crest component ineoEulerian velocity field
associated with the wave, namelyThis component is correlated with the vertical
component;s, and hence yields a non-zero wave-induced styess, when averaged over

many wave cycles. As shown by Hasselmann (1970), the fosmceded with the



divergence of this wave-induced stress can be expressed as

0 ==
—p5 VW = —plf X usl, (2)

acting in the direction along wave crests. Hence the Eulanations in the upper part of
the wind-forced mixed layer are subject t¢f ax u, forcing arising from the interaction of
the Coriolis acceleration with the Stokes drift associatét the surface waves. It is the
effect of this Coriolis—Stokes forcing on mean currenticattprofiles that is the focus of

this paper.

3. Structure of the mean current profile in the Ekman—Stokes &yer

When the Coriolis—Stokes forcing is introduced into theatyics of the wind-driven mixed
layer the structure of the mean current profile changestreguh theEkman-Stokes layer
Simple models are used to show how this forcing, which foapeaters typical of the ocean
acts only in a small upper fraction of the mixed layer, chape currents over the whole

depth of the layer.

The equations governing the mean, steady-state, agebstmprent are given by

or

pfix(u—l—us):%, (3)

wherep is the density aner is the turbulent stress. This flow satisfies the following

boundary conditions. Firstly, at the sea surface 0, a constant wind stress,, is applied



in the z-direction:

To = puiia (4)

whereu, is the friction velocity. Secondly, at large depths, thétkent stress and

ageostrophic velocity tend to zero:
u — 0; T—0 as Z — —00. (5)

In this section the stress, is parameterised with a simple gradient transfer eddyesgity

model, namely

™= s, 6)

wherek,, is the eddy-viscosity.

There are two important depth scales in this problem. kjrdtere is the Stokes depth scale,
ds, Which scales as the depth of penetration of the Stokes dgiftand thef x u, forcing.
Secondly, there is the Ekman depth scélepver which motion is influenced by the Earth’s

rotation. These are given by

1 2Km
53—%7 56—1/7. (7)

In the real ocean mixed layéy (approximatelyp0m) is much greater thad,
(approximatelypm). In this section we investigate solutions to (3) by (a) cdesng the
depth integrated transport, then by considering solution&) a constant eddy-viscosity

km and (c) a linearly varying eddy-viscosity,, .



a. Transport in the Ekman—Stokes layer

The depth-integrated transport gives a first indicatiorhefrelative magnitude of the wave

forcing compared to the wind forcing. The transport is defibg

0 0
T:/ udz, Tsz/ ugdz = Ugd,. (8)

Integration of (3) and rearranging gives

9)

We define the Ekman-Stokes numbgy,(c.f. McWilliams and Restrepo 1999), to be a

measure of the wave-forced transport compared to the vargked transport, namely

_ wave-induced transport Ts|  Usds
* wind-induced transport |z x Topf| U’

(10)

whereU. is the velocity scaling for the pure Ekman current, whichafied by the

transport relation (8) and givég s, = u?/f.

As a guide, we can expregs in terms of thel0 m wind speed/;, (McWilliams and

Restrepo 1999; Kenyon 1969). Kenyon (1969) fitted wave speleta to deduce

coefficients for an empirical formula af,, based on the Pierson and Moskowitz (1964) fully
developed sea model, as a function of wind spedd &tm. McWilliams and Restrepo

(1999) used this to calculaté, (implicitly approximating thel9.5m wind speed to bé&/).

Here, assuming a log profile for the wind speed, we presentraaed expression fat, as



a function ofU;, that is given by

U 21n1.95\"
B, — 0.30L410 (1+ o M ) , (11)
CpD K
wherecp, is the atmospheric drag coefficient definedy= p,cpU?,, with air density
pe = 1.2 kg m~3. The expression fat,, is taken from Garratt (1992, equation 4.24),
cp = (0.75 4+ 0.067Uy) x 1073, (12)

Fig. 2 shows howF, increases with wind speed for 4 different latitudes. Fomepie, at a
latitude of50°N, F,(U;, = 12 ms~1) = 0.4 suggesting that the wave-induced transport can
be a significant fraction of the wind-induced transport.shimding motivates analysis of the
effects of the Coriolis—Stokes forcing on the current peafil the Ekman—Stokes layer,

which is considered next.

[Figure 2 about here.]

b. Current profile with a constant eddy-viscosity

Just as for the classical Ekman layer, many of the charatiteyiof the current in the
Ekman-Stokes layer are shown in the solution to the dyndmeeaations with a constant
eddy viscosityk,,. This problem was first considered by Madsen (1978) and H{EP).
Here we re-appraise the solution by writing it in a form thigttights how the shallow wave

process can change the current profile over the whole depkie @kman—Stokes layer.

The solution in this case is obtained by recasting the monmerejuation (3) into complex

10



notation, wherew = ui + vj is re-expressed d¢ = u + iv. The solution to (3) can be

written as
U= ue + ues + usa (13)
where
U, = (1—¢)Ueexp{(1+i)5i}, (14)
. Lz (10,6, 1
U, = (1—d)U.exp (141 —}(— - ), (15)
(- iyvexpl(1+)7 ST T
(1+i53) 0s

Herelt, is the pure Ekman solution and would be the only solutionefwrave-induced
affects were not included. However, the Stokes-Coriolisifay introduces two new terms
into the solution. Firstly, there is a Stokes component efdlrrent//,. This part of the
solution is forced directly by the Coriolis—Stokes forcegtirematically it arises as a
particular integral solution to the Coriolis—Stokes foigi The Stokes component of the
current decays over the Stokes depth scale;The Stokes component of the curréftis

the dynamical response to the Coriolis—Stokes forcing aodlg not be confused with the
Stokes driftu,). Secondly, there is an Ekman-Stokes component of therduirg.
Importantly, this term decays over the Ekman depth séal@nd so changes the current
profile through the whole depth of the layer. This part of thiison arises to ensure that
the solution satisfies the wind-stress boundary conditigpoised at the sea surface. That is,
the Stokes component of the solution carries some of the stieds supplied at the surface,
hence the stress carried by the Ekman-type components sbliigon changes to satisfy the

boundary condition. In this sense the effect of the waves chainge the boundary condition

11



on the Ekman current.

The decomposition of the solution (14)-(16) is shown in adgydph and as depth profiles
in Fig. 3. The thick lines represent the full solution, thatsolid lines represent the Ekman
component, the dashed lines denote the Ekman-Stokes cemipamd the dotted-dashed
lines denote the Stokes current component. Notice how thealBkStokes component of the
solution penetrates through the whole depth of the windedriayer, whereas the Stokes
component of the solution penetrates only the upper fracifahe layer. The wave-induced

effect is to further rotate the current vectors, as compasiddthe pure Ekman solution.

[Figure 3 about here.]

Here we are particularly interested in the Ekman-Stokes,tas this has the same depth
structure as the pure Ekman term and so penetrates the wétle af the layer. So consider

the ratio,R, of the Ekman-Stokes current to the pure Ekman current,wisigiven by

|ues| - lUs/és
.|  2U0./6.

1
52

102 :
1+’l§¥

R= (17)

There are two limiting cases.

Firstly, consider the case whépn>> §,, so that the Stokes component of the current decays
rapidly within the upper portion of the Ekman—Stokes layiédris is the limit that is typical
of the real ocean mixed layer. In this cd$et i16? /62| ~ 162/62, so that

2

R~ =FE,. (18)

12



Hence, whem, > 4, the ratio of the Ekman-Stokes to Ekman component of thesatirs
the ratio of the wave-induced transport to wind-inducedspert,E,. That is, in this case,
the wave-driven transport is carried by the Ekman-Stokeisgbaéhe solution, and is carried

over the Ekman depth.

Secondly, consider the case wheng d,. This limit of a thin Ekman boundary layer with a
deeper Stokes layer might be generated in a laminar EkmakesSlayer when the viscosity
is small, such as might be produced in a laboratory expetiniiethe ocean this regime
might represent swell propagation over a shallow windetrilayer. In this case
|14 i362/6% ~ 1 so that

1 U, /4,

RZEUe/ae’

(19)

which is a scaling for a ratio of the gradients of the StokethéoEkman components. To
understand the physics behind this balance, consider tfecsistress boundary condition

for the flow (4) and (6), which can be rewritten as

ou  u? U,
9: my s, ® 0 =2=0 (20)

Equation (14) shows that the pure Ekman current shear satisiis boundary condition.
Hence the Ekman-Stokes component, of the solution is required to give a surface shear
that is equal and opposite to the shear in the Stokes compdnhenf the current. When

). < d, the magnitude of the Stokes contribution in (16) is at itsatgst. Hence, the
gradient of the Stokes current sheat/igd,. Rewriting R as the ratio of the Ekman-Stokes

component’s gradient/; /J, to the Ekman component’s gradient (20) we recover (19).

13



Note, however, that in this regime smalldoes not necessarily imply that must be small
sinceR = 0.5E,(6./d,)?. For example, taking = 1 x 10~*s~!, a smaller eddy viscosity
coefficientx,, = 1 x 10* m?s™!, u, = 6.1 x 10* ms~! anda = 1.3m and

k =0.042m™ !, such that, = 11.9m > §, = 4.5m, thenR = 0.10 andE, = 1.5.

c. Linearly varying eddy-viscosity

A more quantitatively accurate model for the turbulent Ekrfatokes layer can be

constructed with an eddy-viscosity that varies linearlyhvdepth, so that
REm(2) = —KUyz = Kuszy, (21)

whenz < 0 andx = 0.4 is the von Karman constant, and = —z.

The momentum equations then reduce to

o (.ouU
el

a—g) U = Cu, (22)

where(? = i;—inr. The particular solution is obtained by the method of varraof

parameters, giving (following Madsen 1977; Lewis and Betck003)

Y {2u* +4@./2+ Io(V/8it)iig(t) dt} Ko(C) + 4i1o(C) /OO Ko(V8it)i(t)dt, (23)

K

wherel, and K, are modified Bessel functions (Abramowitz and Stegun 1972),

Zy =24 /0e, Oe=2ru,/f, and us(t) = Usexp (—tde/ds).

14



In the limits thatd. /d; > 1 and|z| > 4, the solution simplifies to

2u, Usds
Ur = {1—2U856}K0(g). (24)

Hence the ratid? (17) of the Ekman-Stokes component to the wind-driven Ekman
component is again given by, the ratio of wave- to wind-induced transports. This is in
agreement with the value found with the constant eddy-gi$gaase. This agreement is no
accident. In this limit ob. /d, > 1, the Stokes response (the last term in (23)) tofthe u
forcing is negligible (as is the corresponding contribatio the net transport). Hence the
wave-induced Eulerian transport, which has to egt@l] by the integral constraint (9),
must be carried by the Ekman-Stokes component of the soludenceR = E,. The
significance, is that in this limit of. /0, > 1, which is the limit appropriate for much of the
ocean mixed layer, the Eulerian transport associated Wwilf t< u forcing is carried
through the same depth as the wind-driven Ekman solutiod.\#ehave shown here that
this result must follow through independently of the edaseusity model used to compute

the turbulent stress.

d. Effective boundary condition for a shallow wave forcing

Above it was shown how in the limit af. /s > 1, when the Ekman-Stokes layer is deep
compared to the depth of the Coriolis-Stokes forcifis us, the effect of the forcing on the
current profile reduces to a canonical form. We now develogrgament to show how this
can be understood as the Coriolis-Stokes forcing changmgdoundary condition on the

wind-driven layer.

15



Recall that the Coriolis-Stokes forcing arises from a stezsised by the motions associated
with the surface wave, see (2). Hence the momentum equatmeTiging the wind-driven

layer can be written

OTtot
0z’

pfz X u= (25)

where the total stressy,: is the sum of the turbulent stressand a wave-induced stress,
associated with a wave train propagating in the directionofin the limit of 6./, > 1, the
wave-induced stress tends to zero beneath the surface aoe the Ekman—Stokes layer can

be modelled using standard Ekman theory (25) subject taolfening boundary conditions

Teot = pu? (o — 2 X 4sE,) onz =0, u— 0 asz— —oo, (26)

for arbitrary wind and wave directions (with hats denotimgt wectors). This finding may
have implications for representation of the Coriolis—$tterm in ocean general circulation
models. These models do not typically have sufficient valrtiesolution to compute the

flow within the upper part of the mixed layer where the Cosebtokes force acts. The
present analysis shows that the effect of this forcing omih@d layer can be represented

by changing the boundary condition on the standard Ekmaates.

4. Large eddy simulation of the Ekman-Stokes layer

We have developed simple models for the wind-driven mixgdr#hat show how the
Coriolis—Stokes force changes the mean current profileitiir@all depths. These models
represented the turbulent stress associated with thmeendional overturning turbulent

motions through simple eddy-viscosity models. These feriiumotions are represented

16



more faithfully through large eddy simulation (hereaft&3), where the fully nonlinear
equations of motion are integrated forward in time with sigfit resolution to compute
explicitly the large-scale turbulent motions. The smakds turbulence is parameterised. In
this section the mean current profiles are computed by an L&&hof the turbulent

Ekman-Stokes layer.

Following Skyllingstad and Denbo (1995) and McWilliams e{4997), we perform LES of
the wave filtered Craik-Leibovich equations to account fave+length averaged effects of

surface waves. With this procedure the momentum equaticorbes

D
F?+fx(u+us):—vﬁ+usxw+SGS. (27)

Herew is the wave-averaged Eulerian velocify= fz is the Coriolis parametez, is the
upward unit vectorp = V x w is the local vorticity vector an@ /Dt = 0/0t +u - V is the
material derivative. The subgrid scale processes (dertxi&t) are parameterised using a

standard Smagorinsky model. Finaltyis the generalised pressure given by

1
7= (e wf? — ). (28)
Po

We consider the simplest problem when the density is pigsdrio be constant with depth.

The governing equations then contain the Coriolis—Stodesrig, f x us, and also the
vortex force us x w, which represents the straining of the vorticity assodatéh resolved
mean and turbulent motions by the Stokes drift. This lagentgives rise to Langmuir

circulations (Leibovich 1983), which lead to enhancedigaltmixing. The LES with the

17



vortex force yields a turbulent boundary layer with elorgtangmuir vortices on a range
of scales, whose dynamics are described in Skyllingstadamio (1995), McWilliams
et al. (1997) and Teixeira and Belcher (2003). Here we focuthe mean current profiles

produced by the LES.

The equations are integrated numerically using a code las#dte atmospheric boundary
layer code BLASIUS (Wood and Mason 1993), which has beerségetjuto include the two
wave forcing terms. The code is run in LES mode (Brown et a8012Qising a Smagorinsky
subgrid model. For further model details refer to Wood e{£98). The domain is periodic
and isotropic in the horizontal directions spanni2g m with a resolution o8 m. In the
vertical direction 200 grid points sp& m with a resolution ob.46 m. This is similar to the
3m x 3m x 0.6 m resolution used by McWilliams et al. (1997), which is veatlg uniform.
Our model also has a uniform vertical resolution except éutpperl m where we use a
stretched grid over 4 levels. The most significant diffeeebetween our simulations are
those of McWilliams et al. (1997) is in the stratification.the McWilliams et al. (1997)
study, the uppes3m is neutrally buoyant and the rest is stably statified. We Bfynihe
study by making the whole domain neutrally buoyant. At theéagie a constant wind-stress

is applied in thec-direction such that at = —z,

Fm— =0 (29)

wherek,, is the mixing-length eddy viscosity, which parameterisesdtress very near the
surfaceyu, is the friction velocity, andy is the roughness length. At the lower boundary a

no-flow condition is imposed. The code was checked by peifaggra simulation with the

18



parameters of McWilliams et al. (1997). Results for the mig@am and turbulence statistics

from our simulation (not shown) are in good agreement withPiliiams et al. (1997).

A total of 16 simulations have been performed for a range afidU, wave parameters.
Each of the simulations had. = 6.1 x 1073 ms~* (corresponding to &0 m atmospheric
wind speed{/;p ~ 5ms™1), f =1 x 107 s~ andz, = 0.1 m. The wave parameters are
k = 0.02625,0.0525,0.105,0.210m~*, which yields wavelength = 240, 120, 60, 30 m,

and a surface Stokes drift 6f = 0,0.017,0.034, 0.068,0.271 ms~!. Each run is integrated
t0 90 0005 (including an inertial spin up time @ (1/f) ~ 10s). Starting ab000s, mean
flow and turbulent statistics are computed from instantaaéwmrizontal averages that are

taken approximately everny0s.

a. LES results and comparison with eddy-viscosity closureaihod

The mean current profiles obtained from the LES are now coadpaith the simple
eddy-viscosity closure model discussed in section 3c.4ginows solutions from four
simulations, all withk = 0.0525m™~! (A = 120m) but with increasing wave amplitudes, and
hence increasing;. (SinceF; « U,/2k, increasing: has the same qualitative effect as

decreasing/,).

[Figure 4 about here.]

The upper panels show hodographs of the locus of the cureetdivas the depth increases.
The middle panels show corresponding profiles of mean alang-velocity,z against
depth. The lower panels show the corresponding mean awiiosisvelocity,v, against
depth. In each panel the thicker solid line is the LES da®thimner sold line is the
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solution from the model with linearly-varying eddy-visa@gg<losure and the dashed line is

LES data from a run without wave forcing (that is the pure ERrsalution).

First consider the LES solutions. Even for moderate valtiéiseoStokes drift, for example
whena = 0.95m so thatek = 0.05 andU, = 0.034 ms~!, the LES with wave forcing is
markedly different from the pure Ekman solution without wdercing. The effect of the
Coriolis—Stokes force is primarily to rotate the currerdfpes southwards, consistent with

the effective boundary condition ideas in section 3d.

Comparing the LES solutions with the solution from the maowiigh linearly-increasing
eddy-viscosity we see that there is a reasonably good dqatwdiagreement, particularly
within the bulk of the Ekman—Stokes layer. Very close to tindasce, within the layer

affected directly by the Coriolis—Stokes forcing| < d; ~ 10m, the LES shows less shear
than the solution from the closure model. It seems likely thea enhanced mixing due to the
Langmuir circulations, which are undoubtedly present eltES, reduce the shear there.
The eddy-viscosity model has a prescribed linearly vargiddy-viscosity, which makes no
attempt to represent these Langmuir circulations. Need#is, these comparisons show that
the Coriolis—Stokes forcing leads to significantly changeshn current profiles and that the

closure model represents this effect throughout the butk@mixed layer.

5. Evidence for effects of Coriolis—Stokes forcing in obseational data

In this section we compare the simple analytical model, iséloe LES comparisons, with
long-term observations of the upper ocean. We will find thatdbservational data is

explained by the model much better when the Coriolis—Stékesng is included.
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Extraction of the mean wind-driven current profile from tteekground of wave motions,
inertial oscillations and geostrophic eddies requireh&tjgated and sensitive instruments
that can be deployed for long periods. Consequently it ig melatively recently that data
sets have been collected that can be compared with modéis @fibhd-driven current. Here

we use data described in Price and Sundermeyer (1999).

The LOTUS3 data, 'Long Term Upper Ocean Study’, (Briscoe \&dler 1984; Price et al.
1987) was collected from a surface mooring in the Westergesan Sea3({°N, 70°W)
spanning 160 days during the summer months of 1982. Vectasieg Current Meters
and a buoy mounted meteorological mast were used to receahaurrents and wind
velocity. The data is processed by first subtracting thetgalsic velocity (the velocity at
some depth deeper than the wind penetration depth, whidhsicase is taken as o).
Secondly, since the wind direction was not steady over tl@edby period, daily averages of
wind and current were rotated such that the wind was aligritdam arbitrary north. This

daily data was then averaged over the 160 days.

The EBC data - 'Eastern Boundary Current’, is reported inr€&lén (1995). This data set
is taken from a mooring00 km off the coast of North California3(°N, 128°W) and was
collected, over a 6 month period from April 8th to October20993, using ADCP and
buoy wind observations. The data required no rotating po@veraging as the wind was

unidirectional over the 6-month collecting period.

Price and Sundermeyer (1999) also describe a third dattne€EPHS data, 'Transpacific
Hydrographic Section’, that was originally reported in #dis et al. (1994). Again this data

was processed using the same procedure as described faD1Ti¢93 data (see Price and
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Sundermeyer 1999, for details). However, since the Carfmdrameter is much smaller and
the corresponding depth scales are larger (the wind péioetigepth is150 m) the linearly
varying eddy-viscosity and uniform density assumptiorakreown (Lewis and Belcher

2003) and so we consider this data set no further.

Since no observations of surface waves were made with tmerduand wind measurements
Lewis and Belcher (2003) use empirical formulae to dediuicandk from the observed
wind stress as a function of fetch and for a fully developed(§®S). They also develop a
coupled linear eddy-viscosity closure ocean-atmospheueitio deduce, from the wind
stress. Here we take a more pragmatic approach to deducaltieswf unknown
parameters. Firstly, the atmospheric component to the hi®det used because the results
are not particularly sensitive tg provided it lies within the rang&0~*m to 103 m.
Secondly, all the observation sites are sufficiently fanfland that the waves cannot be
fetch limited and so we assume here for simplicity that theesare fully developed and
that the peak frequency and the significant wave heightare the appropriate terms in the

expression for Stokes drift (c.f. equations 6.71a-b Konteal.e1994):

g2pta’ ocus [ p 0.5
-tk (L) —sex 10 (30)
P Uy g \ Pa

Finally, we vary the key wave parametetsandU,, to examine the sensitivity of the results

to the wave properties.
[Figure 5 about here.]

Fig. 5 shows hodographs of the current vector for the LOTUSBEBC data. The solutions
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from the analytical model with linearly-varying eddy vistty and accounting for the
Coriolis—Stokes force (the solid line) show strikingly gloagreement with the
measurements. The results of the model when the Coriobg&eStorce is set to zero (the
dashed line) does not agree well. Also shown is the rangehbadtodograph from the

theory can take when the wave parameters are varied. Thkséalding denotes the range of
solutions from the model when the wavelength of the wavebasged byt+-100%. The
hatched envelope arises from changing the square of theavapbtude, and hendg,, by
+50%. The observational data all lie within these bounds, whetlea pure Ekman solution

lies some distance outside.

We acknowledge the suggestion of Price and Sundermeye®@)18& diurnal variation in
the depth of the layer could explain the deviation from theegtkman solution. As pointed
out by Lewis and Belcher (2003) this approach, howeverdgial surface current whose

angle to the surface wind is outside the range of obsenation

Hence the comparisons provide compelling evidence thaCthmlis—Stokes force

produces measurable changes to wind-driven current gofile

6. Concluding Remarks

We have examined the role of the Coriolis—Stokes forcifig, u,, in shaping the mean
current profile in the wind-driven ocean mixed layer. At fggjht this force might be
thought to be small, since it involves the Stokes drift, viarscales on the wave slope
squared. Estimates show that in conditions of even modastage the depth-integrated

transport associated with this forcing can be a consideraattion of the depth-integrated
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wind-driven transport. This observation motivated thespré more detailed examination of

the role of this forcing.

Simple analytical solutions, based on parameterisingutimitence using simple
eddy-viscosities, show how the Coriolis—Stokes forcirtgracts with the Coriolis force and
the turbulent stress divergence. The resulting wind-driugrrent profile is characterised by
two length scales, namely the depth scale of the wind-diiasger, é., and the depth of
penetration of the Coriolis—Stokes forcing, In typical ocean condition, < ¢., and yet
the current profile is completely changed through all depthi the current vectors rotated
further away from the direction of the wind stress. The redsdhat the Coriolis—Stokes
forcing absorbs a fraction of the applied wind stress, tianging the effective boundary
condition on the standard wind-driven Ekman solution. Aoflary to this finding is that the
effects of the Coriolis—Stokes forcing can be represeritagdlg by changing the boundary
condition on the standard equations of motion. Hence ttseme need for numerical ocean

models to resolve explicitly the region affected directjytbe Coriolis—Stokes forcing.

We investigated the relevance of these findings to the resroby comparing the results of
the simple models to large eddy simulations (LES) and olagiemns. The LES resolve the
large-scale turbulent motions, but represent the effddtseovaves through their wavelength
averaged effects only. Nevertheless, the wind and waveittomslare prescribed and
remain constant, giving clean data to compare with the srtipdory. The observational
data, taken from the LOTUS3 and EBC campaigns, on the othnet, ltantain the
complexity of the real world, including variable wind spest direction. Wave properties
were not measured during the observations and so were éstifnere by assuming that the

waves were fully developed with respect to the local wincesh&Vhen compared to both
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the LES and the observations the simple models that accouttté Coriolis—Stokes forcing
have shown encouraging agreement. This provides perhapisshevidence of the
signature of the Coriolis—Stokes forcing in observatidrtgese findings suggest that future

observations of the wind-driven mixed layer also need tosueasurface wave properties.

Ultimately it is the wind that provides the momentum flux te gurface wind-stress, with its
wind-driven flow, and to the surface waves, with their asstec the Coriolis—Stokes
forcing. In the present paper the wind and waves have bee@ifispeseparately. An
important topic for future research will therefore be toraxae the partition of the

momentum flux between these two components.
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wave direction

Figure 1: Schematic illustrating the that orbital path fquaaticle under a wave is tilted, by
planetary rotation, in the along wave crest direction. Ta& fi component orbital velocity
correlates with theo component to produce a non-zero stress. The divergencésdtthss

can be written as (Hasselmann 197Q)f X u.
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Figure 2: Graph showing how,, the ratio of wave-induced to wind-induced transports,
varies withU, for 4 different latitudes:40°, 50°, 60°, 70°. Even moderate wind speeds of
Uy = 12ms! suggest wave-induced effects could have a non-negligibfgact in the
ocean mass transport.
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Figure 3: Schematic showing the mean flow velocity compafata solution to the eddy-
viscosity closure model with constant eddy viscosity. Theameters arek,, = 1.16 x
1072m?s ™, u, =6.1x102ms !, f=1x10"*s"1, uy, = 0.068 ms~! andk = 0.105m™*
giving depth scales. = 15m andd, = 5m. The thick line is the full solution and the solid
thin line is the Ekman component, the dashed line is the Ek8takes component and the
dotted-dashed line is the Stokes component. All the veésciére normalised by the friction
velocity u,.. The wind stress and wave propagation direction are in te@ipex-direction.
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Figure 4: Plots comparing LES solutions with wave forcirigdk solid lines) with LES solu-
tions without wave forcing (thin dashed solid lines) ane&neddy-viscosity closure model
The upper panels are
hodographs of /u, againstu/u, and the middle and lower panels argu, andv/u, depth
profiles respectively. The eddy-viscosity closure moditsan is in remarkably good quali-
tative agreement with the wave forced LES solution. The vianding and wave propagation
are both directed along the positiveaxis. With varyingUs, the corresponding wave ampli-
tudea andE, are:U, = 0.017ms™! (@ = 0.67m, E, = 0.4), U, = 0.034 ms~! (a = 0.95m,
E, =0.9),U, = 0.068ms™! (¢ = 1.34m, B, = 1.7) andU,; = 0.271 ms~ ! (a = 2.68m,

solutions (thin solid lines) for a range 6f, andk = 0.0525m™*.

E, = 6.9).
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Figure 5: Hodograph comparisons between simple analytidein@ssuming a fully de-
veloped sea) and observational measurements from (a) LOTWS= 8.3 x 103 ms™!,

2 = 1.6 x 1072m) and (b) EBC ¢, = 9.4 x 103 ms™!, 2y = 1.4 x 10~3m) data sets.
Single dash line: model with, = 0 — no wave effects. Heavy solid line: model with wave
effects. Solid shaded envelope(from FDS)+100%. Hatched envelopd?? (that isa? from
FDS)+50%. Crosses denote observational measurements.
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