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ABSTRACT

The surface current response to winds is analyzed in a two{yrae series of a 12 MHz (HF) Wellen
Radar (WERA) off the West coast of France. Consistent wittvipus observations, the measured
currents, after filtering tides, are of the order of 1.0 td4 & the wind speed, in a direction 10 to 40
degrees to the right of the wind, with systematic trends amatfon of wind speed. This Lagrangian
current can be decomposed as the vector sum of a quasi-dulasirentU g, representative of the
top 1 m of the water column, and part of the wave-induced Stokit U ., at the sea surface. Here
U ;s is estimated with an accurate numerical wave model, thamksniovel parameterization of wave
dissipation processes. Using both observed and modelled sgectral/,, is found to be very well
approximated by a simple function of the wind speed and Bagmit wave height, generally increasing
quadratically with the wind speed. Focusing on a site latd@0 km from the mainland, the wave
induced contribution ol,, to the radar measurement has an estimated magnitude of 0.8%oof
the wind speed, in the wind direction, a fraction that inse=awith wind speed. The differentgég of
Lagrangian and Stokes contributions is found to be of therowél0.4 to 0.8% of the wind speed, and 45
to 70 degrees to the right of the wind. This relatively wea&sitEulerian current with a large deflection
angle is interpreted as evidence of strong near-surfacmqilikely related to breaking waves and/or
Langmuir circulations. Summer stratification tends to éase thd/r response by up to a factor 2,
and further increases the deflection anglelbf by 5 to 10 degrees. At locations closer to coast,
Uss is smaller, andJ is larger with a smaller deflection angle. These results wbel transposable
to the world ocean if the relative part of geostrophic cutsén U g were weak, which is expected.
This decomposition into Stokes drift and quasi-Euleriamment is most important for the estimation of
energy fluxes to the Ekman layer.

1. Introduction current. Otherwise, winds play a major role in defining

. . . the surface velocities.
| Surface drift constitutes one of the most important ap-

p|ications of the emerging 0perationa| Oceanography Sys-Recent theoretical and numerical works (Ardhuln et al.
tems (e.gl_Hackett et dl. 2006), as it plays an importa#@04; |Kantha and Clayson_2004; _Rascle etlal. 2006;
role in the fate of oil pollutions and larvae recruitment. Ardhuin et al. 2008b) have sought to reconcile histor-
quantitative understanding of the relative contributién dcal measurements of Eulerian and Lagrangian (i.e.
the wave-induced Stokes drift to the near surface velogtift) velocities with recent knowledge on wave-induced
ties is also paramount for the proper estimation of air-s&3Xing_(Agrawal et al.| 1992) and wave-induced drift
energy fluxes (Kantha etlal. 2009). The quantitative vafiRascle etal._2008). These suggest that the surface
ation of surface drift as a function of the forcing parameStokes driftUs, induced by waves typically accounts
ters is still relatively poorly known. In areas of strong-curfor 2/3 of the surface wind-induced drift, in the open
rents due to tides or quasi-geostrophic dynamics, the s@¢ean, and that the surface wind-related Lagrangian ve-
face drift current is highly correlated to the sub-surfadecity UL (z) is the sum of the strongly sheared Stokes
drift Ug(z) and a relatively uniform quasi-Eulerian cur-
responding author addresEabrice Ardhuin. Service Hvdro. JENtU(2), defined by Jenkins (1987) and generalized by
graphide 6 Ockanograpnidue de 1a Marine, 20606 Bramcer IArdhuin et al. (2008b). The Stokes drift decays rapidly
E-mail: ardhuin@shom.fr away from the surface on a scale which is the Stokes
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depth Dg. For deep-water monochromatic waves ahooring measurements (Rascle and Ardhuin 2009). Yet,
wavelengthZ, we takeDg = L/4, by analogy with the this is not always the case (e.g. Nerheim and Stigebrandt
usual definition of the (twice larger) depth of wave influ2006), possibly due to baroclinic currents and other phe-
ence for the orbital motion (eg. Kinsman 1965). Namelpomena that are difficult to separate from the wind-driven
at that depth, the Stokes drift is reduced to 4% of itsomponent.
surface value. For random waves, a similar result re- The vertical profile of the quasi-Eulerian current is, un-
quires a more complex definition, but the approximatéer the same homogeneous and stationary circumstances,
same result can be obtained by using the mean watee solution of [(Xuand Bowen 1994; Ardhuin et al.
length Loz = ¢gT2,; WhereT},,o3 is the mean period de-2008b)
fined from the third moment of the wave frequency spec- . 5 o5
trum (see Appendix). Smaller values, likg/ (47) used u _ u
by e.g.[Polton et al[ (2005), are more rngéns)entative of ot + (U4 ug) x e, = Oz (K&) ’ @)
the depth where the Stokes drift is truly significant.
For horizontally homogeneous conditions, the deptlhereK is a turbulent mixing coefficient.
integrated quasi-Eulerian mass transport ve®t¥br is These predictions were verified by Rascle (2007) with
constrained by the balance between the Coriolis force amboring data at depths greater than 5 m and surface-
the wind ¢,) and bottom ;) stresses (Hasselm&ann 1970following measurements by Santala and Terray (1992) at
Ardhuin et all 2004; Smith 2006), depths larger than 2 m. When extrapolated to the sur-
oM face using a simple numerical model, these observations
" m w o give directions ot/ between 45and 90, more than the
a T (M™ +MY) x . =70 =7, (1) 45° given by the constant eddy viscosity model of Ekman
) (1905), as extended by Gonella (1971), and thedigen
whereM" is the (Stokes) mass "transpdrthduced by by the linear eddy viscosity model bf Madsén (1977).
surface gravity waves, is twice the vertical componentThis surface angle, and the magnitudé/of is also criti-
of the Earth rotation vector, usually called the 'Corioliga| for the estimation of the flux of wind energy to the Ek-
parameter’, and. is the vertical unit vector, pointing up. man layer (e.d. Wang and Hudng 2004), or the analysis of
The surface stress vectey is typically of the order of near-surface drifter data (elg. Rio and Hernardez 2003;
paCaUfy with p, the air density and’; in the range 1- [Efipot and Lumpkih 2008). For a better understanding of
2x107" andU, the wind speed at 10 m height. The horthese questions, it is thus necessary to use ocean veloci-
izontal homogeneity is obviously never achieved strictlyes measured much closer to the surface.

(e.g. qulard 1983), and this aspect will be further dis- H|gh Frequency (HF) radars can provide such mea-
cussed in the context of our measurements. surements, at depths that depend on their operating fre-
The wind-driven current is not expected to be signiguency. Using a 30 MHz radar, Mao and Hérbn (2008)
icant at a depth greater than 0.7 times the Ekman depifade observations that are also consistent with the idea
Dg = 0.4\/(Ta/pw)/f (i.e. less than 0.2% of the windthat the drift current, found to be 2.1% of the wind speed

speed if the surface value is 2.8%l6f,, IMadsen 1977). on average, is the sum éfg which, according to their
For a wind speed;p = 10 ms™1, 0.7Dp is of the order theory, depends quadratically on the wind speed, and
of 30 m. In locations with a larger water depth, the bo#,, which they estimate to depend linearly on the wind
tom stress is thus expected to be negligible. Further, tiseed, with a variation according to the fetch. Unfortu-
depth of maximum influence can also be limited by a venately, their analysis relied on empirical wave estimates
tical stratification, with larger velocities in shallow neidt  that give large relative errors (of the order of 100%, see
layers, and directions o/ more strongly deflected e.g.| Kahma and Calkoen 1992; Ardhuin €t al. 2007), and
to the right of the wind (in the Northern Hemispherea limited range of wind speeds. Other HF-radar observa-
than previously expected (Price and Sundermeyer|199®ns give a surface current of the order of 1.5 to 2.5%
Rascle 2007). It has also been proposed by Polton et@fllU; (Essen 1993) with 25 to 30 MHz radars. Dobson
(2005) that the wave-induced mass 'transpdft” may et al. (1989) also report a ratio of 2.0% using a 22 MHz
play a role in the modification of near-surface currentsadar, and Shay et al. (2007) report a ratio of 2 to 3% us-
but M is generally less than 30% of the Ekman tran$ag a 16 MHz radar in water depths of 20 to 50 m. These
port ME = 7,/ f, and its effect appears to be secondamnalyses are difficult to interpret due to the filters applied
compared to the stratification (Rascle and Ardhuin 2009n time series to remove motions (tides, geostrophic cur-
The time-averaged balance given by (1) is thus approxénts ...) that are not related to the wind, and also because
mately, M™ = —M" + (7, x e,) /f. This was nearly of the importance of inertial oscillations that make the
verified for the LOTUS3 dataset (Price and Sundermey®ind- and wave-driven current a function of the full wind
1999), when allowing for wave-induced biases in thkistory, and not just a function of the wind vector at the

5 — wum bal Wt ar same time and location.
ecause in the momentum balarick e tAdti drives a com- ;
ponent of mean transport that oppofes”, there is no net wave- In the present paper we extend the previous analyses

induced transport, except in non-stationary or non-homogs con- Of_HF radar data by independently eStimat_ing the Stokes
ditions[Hasselmanin (1970); Xu and BowEen (1994). drift, using an accurate wave model. We find that at our
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deep watél North-East Atlantic site the quasi-Euleriaracceleration of gravity. Starting from the full expression

currentUg is of the order of 0.6% of the wind speed withgiven by Weber and Barrick (1977), Broche et al. (1983)

adirection thatis, on average, 6 the right of the wind. showed that the filtered Stokes drift component that af-

We also find that the time-dependent response of surfdeets the radial current measured by one radar station is

current to the wind is typical of a slab layer with a transwell approximated by

fer function proportional tal/(f + w), wherew is the

radian frequency considered. This result is expected@(kp.05) =~ Us(fB) - ey

be representative of the open ocean. Therefore the es- 0 2w

timates of the flux of wind energy to the Ekman layer + 47rk:B/

by e. g.Wang and Huang (2004) may not be quantita- fB Jo

tively correct: they used an angle of4% surface veloc- (5)

ity which is 2+/7,/p., for steady winds (about 0.2% of ,

the wind speed),/and a transfer function proportional ¥$here /s is the frequency of the Bragg waves, akg

1/v/f +w. A proper analysis of the effects of waves ¢S the corresponding wavenumber vector, with a direction

needed to properly evaluate energy fluxes. 05 and magnitude:z. The full expression, correcting
Our new data and its processing are described in sdyrographic errors in Broche etiél. (1983) is given in Ap-

tion 2, and the analysis of the stratification effect is préendix A. In order to simplify the notations, the variable
sented in section 3 with conclusions in section 4. » In Usy will now be omitted, but the filtered Stokes
drift is always a function of the Bragg wavenumber, thus

2. Lagrangian and quasi-Eulerian current from HF  being different for different radar frequencies.

radars The depth-varying quasi-Eulerian currer(tz) is de-

fined as the difference of the Lagrangian velocity and

Stokes drift (Jenkins 1987), and can generally be es-

timated from the full velocity field using a General-
High frequency radars measure, among other thinged Lagrangian Mean|_(Ardhuin etlal. 2008b). The

(e.g.Llvonin et al._2004), the phase velocityof Bragg valueU g estimated from the radar is, according to lin-

waves that have a wavelength equal to one half of tiear wave theory, the integral af(z) weighted by the

radar electromagnetic wavelength and that propagateBragg wave Stokes drift profile_(Stewart and|Joy 1974;

directions away from and toward the radar. This phase w&irby and Chen 1989). In deep water this is,

locity is a combination of the quasi-Eulerian curréht

(Stewart and Joy 1974; Kirby and Chen 1989), the phase

speed of linear waves);,,, and a nonlinear wave correc- Ug = 2kpeq, - /

tion (Weber and Barrick 1977) that can be interpreted as -

a filtered surface Stokes driffs;. For monostatic sys- Here we use data from a WERA HF-radar system

tems, the usual radial current velocity in the directign  (Gurgel et all 1999), manufactured by Helzel GmbH, and

Feos(0 — 05)E(f,0)d0df

a. Radar measurements and processing

ez, (6)

towards one radar can be expressed as operated at 12.4 MHz. The Bragg wavelength is 12.1 m,
_ . corresponding to a wave frequency of 0.36 Hz in deep

Ur(05) C05) — Cuin - €0, water. Thus half of the weight?*z= in eq. [T) comes
= Uss(08)+Ug - epy, (3)  from water depths less than 0.6 m from the moving sea

whereey , is the unit vector in directiofiz. This velocity surface, compared to 0.28 m with the 30 MHz radar of
can be loosely interpreted as the projection in directid¥ao and Heran(2008). The relative contributions from
0 of a current vectol/ . The reason why this is notdeeper layers t@/p decrease exponentially with depth
exactly true is that/s(6) for all directions cannot be a8sexp(2kpz). ThereforelUz can be interpreted as the
exactly given by the projection of a vectbks . In other quasi-Eulerian current in the top 1 m of the ocean.

words,Us¢(6) is not exactly proportional teos(fz), ~ The radar system has been deployed and operated
although it is a reasonable approximation (Broche et &y Actimar SAS, since July 2006 on the west coast of
1983). France (figure 1), measuring surface currents and sea

In order to expresEs 7, we first define the Stokes driftStates every 20 minutes. The area is characterized by

vector for waves with frequencies up fo from the di- intense tidal currents, in particular between the largest
rectional wave Spectru[ﬁ’(f)@)' islands where it exceeds 3 nT's during mean Spring

tides. Also important, the offshore stratification is ldyge
o suppressed by mixing due to the currents in the areas
Usa(fe) = 47TA 0 F(f.0)E(f,0)dfdo,  (4) shallower than 90 m, resulting in complex temperature
) , fronts that are related to the bottom topography (e.g.
wherek( f) is the magnitude of the wavenumbderequal [\iariette and Le Carin 1985) pography (e.g
2 H : .
to (27f)*/g for linear waves in deep water, apds the 'Each radar station transmits a chirped continuous wave
2This means deeper than both the Stokes dépshand the expected With & repetition frequency of 4 Hz and a 100 kHz band-
Ekman depthD . width which gives a radial resolution of 1.5 km. The re-

fe  p2m
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ceiving antennas are 16-element linear arrays with a spazities time-series are considered spurious and removed.
ing of 10 m, giving a typical angular resolution of 15 deThese points are selected as the points where the raw ra-
grees. The raw datais processed to remove most of thedial current time-series differs most from the result of a
terference signals (Gurgel and Barbin 2008). Ensembkpoint median filter. The 0.05% value was selected as
averaging over 4 consecutive segments of 512 pulsesonvenient rule-of-thumb, which removes most of the
yields a velocity resolutiod,, = 0.09 m/s in the Doppler visibly spurious points, but does not introduce too many
spectrum used to estimate each individual radial curanecessary gaps in the time-series. Second, the time-
rent measurement. Yet, the current value is obtained bgries of all the grid points in the box around A were con-
a weighted sum over a 9-point window applied to theerted tou andv components and averaged.

Doppler spectrum. Provided that some inhomogeneitythe Cartesian componentstdt; andU 5 with respect
exists in the current field, the width of the Doppler _SpeTé({) west-east (componeun} and south-northy) directions
trum permits a measurement resolution that is infinitelyta ca1culated from the two radial componetiig(0s1)
small, but with an accuracy that is difficult to define, b ind Ug (052, each measured by one radar station, be-
cause no other instrument, except maybe for the CODfgye and after the substraction®fs(65). These Carte-
type drifter (Davis 19€5), is able to measure surface C;ﬁran components suffer from a geometrical dilution of

rent in the top one meter of the ocean. Similarly, sat tecision (GDOP), varying with position (Chapman ét al.
lite altimeters are reported to measure the mean sea ley§67- [ Shay et al. 2007). The radar beams intersect at

position with an accuracy of the order of 2 cm whereasyint' A with an angler = 34° and it is possible to
their typical range resolution is close to 40 cm._Prandi&siimate the GDOP values for and v. i.e. the ra-
(1987) used the coherence of the tidal motions to infgps o /s andS, /s whereS,, S andS,are the uncer-
that the accuracy of his 27 MHz radar system was indegg ios inw, v and . res;e,ctiijlely. Assuming the
less than the Doppler resolution when averaged over 0h&s o bias and is uniformly distributed fromi,, /2 to

hour. We will thus take the accuracy to be equal to the; /5 each radar measurement has an intrinsic uncer-
resolution, but as it will appear below, the only source QéintyS —004ms'andS. =01lms!
u — Y- v — U. .

concern for our analysis is not so much the random error__ ", . . . .
but a systematic bias, since we will average a very Iar(t;;eTh'S compiled time series, extending from July 5 2006
number of independent measurements. 0 July 31 2008, is the basis of the following analysis.
Because we investigate the relationship between sif?€ 1200 s resolution data was averaged over 3 h blocks
face currents and winds based on modelled winds afgntered on round hours. Gaps shorter than 6 h were lin-
waves, we will consider only the temporal evolution of&'1Y interpolated. That time series is 97% complete, and
the wave field at one point of the radars’ field of vieWlus covers two full years. Other parts of the radar field of
that is representative of the offshore conditions, at a di§€W Yield similar results, briefly discussed below. Due
tance of 80 to 100 km from shore and with a water deptf the averaging in space and time, each point in the time
of 120 m. The reason for chosing this location is that wgETi€S iS the combination of about 30 range cells and 9
have verifed the wind and wave model results to be md4€ intervals, i.e. 180 independent velocity measure-
accurate offshore where they were verified in situ witfients when the full radar range is obtained. Even with
measurements that only span 6 and 9 months of our raiay: €M S uncertainty on the original measurement, the
time series. Other reasons for looking at offshore conlmfz(pe‘:ted r.m.s. error on the velocity components are thus
tions are the expected limited effect of the bottom, ar§Ss than 1 cm's'. This analysis assumes that the in-
the expected small horizontal gradients of both tidal cupifument is not biased. After verification of the radar an-
rents and other processes. Namely, we stay away from {RBN@ lobe patterns using both in situ transmitters and a
thermal front that typically follows the 90 m depth conP0Vel technique based on the analysis of radio interfer-
tour (Mariette and Le Cafin 1985; Le Boyer et al. 2009§¢"¢e (to be described elsewhere), the main lobe of the
The down side of this choice is that the HF-derived cufa,daf is known to be mispointed by less than 5 degrees,
rent is generally less accurate as the distance from #{h @ -3dB width less than T5The largest source of un-

coast increases, and the coverage is not permanent, G&tainty is thus the interpretation of the phase speed and
pecially during severe storms (e.g. figlife 1). These tWd€ numerical estimation of the Stokes drift, as discussed

drawbacks are limited in practice, as we now discuss. P€IOW.

Interferences and ships cause some data to be rejecteBecause we wish to focus on the random wind-driven
in the radar processing, or yield bad measurements, andrents, we also performed a tidal analysis using the T-
heavy seas or calm seas also reduce the working ra@#DE software |(Pawlowicz et al. 2002) applied to each
range. In order to obtain a nearly continuous time serieglocity component. This analysis on the full time series
we compiled and filtered data from a 0.@ latitude by (before time averaging) allows the removal of the deter-
0.3 in longitude box around that point (A in figure 1, theministic diurnal constituent&’;, Oy, P; and@; that have
arrow spacing indicate the resolution of the radar gricdmplitudes of 1.5 to 0.3 cnT3$, with estimated errors of
This compilation was done in two steps. First, based @1 cm s!. Because this only corrects for 95% of the
a visual inspection of the data, at each radar grid poipparent variance in th&/, andS2 semi-diurnal tides,
0.05% of the total number of data points in the radial véhese will be further filtered using a time filter.
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0 2 0 60 (kmgo 100 120 ries at the offshore location (point A) we have to estimate
e e s@\r ———————— the seastate using a numerical wave model.
%:a 2 \)«de We use an implementation of the WAVEWATCH I
@ o code, inits version 3.14 (Tolman 2007, 2008), with minor
* o modifications of the parameterizations, see appendix B,
L o _| and the addition of advection schemes on unstructured
B R 5 grids [Roland 2008).
The model setting consists of a two-way nested pair of
. grids, covering the global ocean at 0.5 degree resolution
{ and the Bay of Biscay and English channel at a resolu-
X tion of 0.1 degree. A further zoom over the measurement
. area is done using an unstructured grid with 8429 wet
N " points (figure 1). The model setting is fully described in
g o F appendix B.
s’ “lroise In practice, Us; is dominated by the first term
e Uss(fB), in eq. [B). Examining a large number of spec-
S 2.0aF tral data (6 buoys for 2 years spanning a range of wave
climates, see appendix C), we realized tia{ f5) is es-
sentially a function of the wind spedd,, and the wave
heightH,. While Uy, explains typically only 50% of the
variance ofU(f) with 0.3 < f < 0.5, U0 andH, gen-
erally explain over 85% of the variance. This behaviour
of U (f) is similar to that of the fourth spectral moment,
: : , , related to the surface mean square slm etal.
60 530 Lon if:ge w) 4°30 [2002; Vandemark et £l. 2004). The reason for this corre-
| I e | lation is that the wind speed is obviously related to the
00 05 10 15 20 25 30 35 40 45 50 55 60 65 h|gh frequency part of the wave spectrum, which deter-
Hs (m) mines most of the Stokes drift, whilH is a surrogate
variable for both the presence of swell and the stage of

Fic. 1. Map of the area showing a map of significant wave heigr@jeve|opment of the wind sea. Here we find,
on January 1st 2008, at 12:00 UTC, estimated with a numeriaaé

model (see Appendix B), and the instantaneous surfacentumea-
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sured by the H.F. radars installed at Porspoder and Cl€ad@rSizun. 4 0.5 1.3

In situ measurement stations include the weather buoy B&sdand the  Uss(f.) =~ 5.0 x 10 1.25-0.25 | — Uio
Pierre Noires (62069) directional Datawell waverider bimstalled Je

from November 2005 to March 2006 and back again since January .

2008), and a previous waverider deployment (Iroise), mepeasen- x  min {Uig, 14.5} 4+ 0.025 (Hs — 0.4) .
tative of the offshore wave conditions. The large black sg@aound (7)

point A is the area over which the radar data has been comipilptb-

vide the time series analyzed here, representative ofafistonditions. . . .

When the radar functionned, over the entire square measatsrare | he relationship given by eq[](7) appears to be very ro-

available for more than 80% of the 20 minute records, a nurtiteer  bust, with a 2.6 cnt! r. m. s. difference compared to

rises to 99% for the area East of35'W. The partial radar coverage global hindcast values @f (oo) which is a 16.9% dif-

around point A is typical of high sea states with, > 6 m offshore, feren Neverthel V\ifS} n ! mpared to b : dat n

which are rare events. erence. Neveritneless, en co p:_:\ ed 1o buoy .a a, a

accurate wave model generally provides a better fit to the

observations (Appendix C). We thus have used our hind-

sts using WAVEWATCH lll to provide an estimate for

Sf-

b. Numerical wave model and estimations of Stokes dr

1) GENERAL PRINCIPLES 2) UNCERTAINTY ON Ugy AROUND POINTA

As expressed by eq[](5), the estimationldf;(05) We have no wave measurement at point A, and no per-
requires the measurement or modelling of the wave sp@ganent spectral measurement in the area. A detailed val-
trum E(f,0). In situ buoys were moored for restricteddation of U,; was thus performed for the coastal buoys
periods at several locations for the investigation of of62069 (figure 1), 62064 (off Cap Ferret, 600 km to the
shore to coastal wave transformatiM‘l?EOOG) aiseutheast of point A), the U.S. Northwest Pacific Coast
to provide complementary data for radar validation. Thappendix C), U.S. East coast, Gulf of Mexico and Cali-
radar also measures the sea state, but the coverage is dfiemia.
limited, and its accuracy for a 20 minute record is typi- We further use wave information at buoy 62163, lo-
cally only of the order of 25% for the significant wavecated 150 km west of point A, reprensentative of the off-
height H. Thus, in order to use the full current time seshore conditions found at point A, and a combination of
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satellite altimeter data. The present model estimates of SN
H, are more accurate at buoy 62163, located 150 km S e
west of point A, than at Pacific buoy locations. Fur- L ‘”‘\- 2020

ther, the model estimate of the fourth moment of the

wave spectrum is better correlated in the Bay of Biscay to [y 6-0 R
radar altimeter C-band cross-section, compared to ot e )
regions of the world ocean (Appendix C). We thus expe ) - - — g
the model estimate df;(fp = 0.36 Hz) to have a bias - §
smaller than than 5%, with a random error less than 20% Elro-1z2.5
(see Appendix C). As a result, We chose to use this nu- Es-0 §
merical wave model for the estimation bt andUgy. Il s-5

We can thus propose an error buget for our estimate of " Bl e-o

the wind-driven quasi-Eulerian current in which the mea- - i -

surement error is dominated [Bys; with a bias of 5%

at most and a stgndard deviation less than 20%.0verall«,. 2. Wind rose for the years 2006 to 2008 at point A, based on
Using the analysis of 2 years of model results, this staBEMWF analyses. The observations at BEAtrice buoy give alaim

dard deviation at the Pacific buoy 46005 is 24% for win@sult. For each direction, the cumulative frequency iscaied with

1 0 1 0 1 wind speeds increasing from the center to the outside, witladmum
speeds of 3m's’, 20% for5ms~, 16% for7ms", of 4.3% maximum from West-South-West (heading 26@\n isotropic

11% for 11 m s'. Given the general accuracy of theiistribution would have a maximum of 2.7%.
wave model in the North-East Atlantic, we expect similar
results here.

We thus estimate that the root mean square error of #ies correspond to counter-clockwise motions, and the
modelled quasi-Eulerian currebt; at 3 hour intervals negative frequencies correspond to clockwise motions,
is of the order of 0.2% ot/;10. On this time scale, it is the usual polarization of inertial motions in the Northern
difficult to rule out contributions from horizontal pressur Hemisphere.
gradients in the momentum balance, and this current mayrhe instantaneous measurements of the radar are dom-
not be purely wind-driven. . _inated by tidal currents, and the variance of motions with

The averaged current, e.g. for a given class of wifbquencies less than 1.75 count per day (cpd) only ac-
speed, as shown on figure 7, has a relative accuracy k@funts for 8% of the total variance (figure 3). These low
ter than 0.1% ofU;o. In-situ measurements of time-frequency motions include the diurnal tidal constituents,
averaged velocities from 10 to 70 m above the bottofjpst importantlyk; andO;, but these only account for
at 486'N and 523'W (south of point A, see figure 1) 9,19 of the variance. The low frequency motions are
using a RDI Workhorse ADCP deployed from June tgenerally dominated by near-inertial motions, which are
September 2007 (Le Boyer et al. 2009) give tide-filterggharized clockwise with frequencies close to the inertial

when averaged following the wind direction (the instan-

taneous measurements are rotated before averaging), gndo-spectral analysis

less than 0.1% when winds stronger than 10 m.s

This is typically less than 20% dfs;. Assuming that Here we investigate the relationship between measured
wind-correlated baroclinic currents are negligible dgrincurrents, processed as described above, and winds, taken
the ADCP measurement campaign, the wind-correlat@m 6-hourly wind analyses from ECMWEF. These anal-
geostrophic current is expected to be less than 0.2%ysies were verified to give excellent correlation 0.92)

Uio. Gereralizing this result to the entire radar time savith the BEA buoy (WMO code 62052), which unfortu-
ries, the averaged values bf; can be interpreted as anately malfunctionned during large periods of time. The
wind-driven current with an accuracy to within 0.3% ofvind and current data are thus completely independent.

Uto. The wave model was forced by these same winds, and
thus the high level of coherence between the predicted
3. Analysis of wind-driven flows Stokes drift and the wind (figure 4) is not surprising.

(I order to isolate the wind-correlated dynamics from
file shorter (tide) and longer (general circulation) time
scales, we first perform a co-spectral analysis of the mea-
sured currents with the wind, following the method of
Gonella (1971). In order to keep as much data as possi-
ble between data gaps, the Fourier transforms are taken
over 264 hours, which corresponds to 24, tidal cy-

The rotary spectral analysis gives both the frequencles. The measured currents are significantly coherent
distribution of the signal, and an indication of its circuwith the wind vector over the range -1.75 to 1.75 cpd
lar polarization [(Gonella 19¥1). The positive frequenfigure 4). This coherence is generally reduced when the

The study area is characterized dominated by mod
ate 6 to 12 m s! winds, from a wide range of direc-
tions, with slightly dominant South-Westerly and North
Easterly sectors (figufé 2).

a. Rotary spectral analysis
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Stokes componetifs is subtracted from the radar mea- 1
surements.
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FiG. 3. Rotary power spectra of the current measured by the,raddr
the contributionU s ¢ to the surface Stokes drift estimated via €g.1(A1).
Clockwise (CW) motions are shown with dashed lines and @sunt
clockwise motions are shown with solid lines. The spectraevesti-
mated using half-overlapping segments 264 h long over ths pathe
time series with no gaps. The number of degrees of freedoakent FIG. 4. Rotary co-spectra of the wind and wind stress with tharad
to be the number of non-overlapping segments, i.e. 59, aghetral derived current, Stokes drift and Eulerian current. (a) mitade and
resolution of 0.09 cpd, giving a relative error of 35% at th®®con- (b) phase. The number of degrees of freedom is 108 at therapect
fidence level. In the bottom panel the the tidal componente haen resolution of 0.09 cpd. Coherence is significant at the 95ffidence
filtered out, which clearly removes the diurnal peak Howetlee the level for a value of 0.1. Negative and positive frequenciescéockwise
semi-diurnal tides are only reduced by a factor 25, whichoisemough ~ and counter-clockwise polarized motions, respectively.

compared to the magnitude of the near-intertial motions, r@quires
the use of an additional filter. This tide-filtered time sgilieused in all
of the following.

|——t and U
E

faster to the wind forcing than the dominant waves. Be-
cause the wind preferentially turns clockwise, the Stokes
The radar-measured current vectbrg have stable di- drift is slightly to the left of the wind. The asymmetry
rections relative to the wind, 20 to 4@o the right for in the phase o/s+ for clockwise and counter-clockwise
f > —f1, given by their coherence phase (figure 4). Thaotions may be related to varying fetch when the wind
coherence phase of the Stokes drift increases with fterns.
guency. This pattern is typical of a time lag, that can As expected from the theory by Gonella (1972), the
be estimated to about 1.5 hours, consistent with the rehase of the quasi-Eulerian currdiit jumps by about
atively slow response of the wave field compared to tH80° at the inertial frequency-f;. In the frequency
current. This is rather short compared to the time scal@nge from -1.2 to 0.2 cpd, that contains 40% of the non-
of wave development, but one should bear in mind thatlal signal,U is at an angle between 45 and°@0 the
the Stokes drift is mostly due to short waves that resporight of the wind. This conclusion is not much altered
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when one correlates the Eulerian current against the wind

stress, which, for simplicity is estimated here with a con- 190 :: ——wind to U

stant drag coefficient; = 1.3 x 1073UqU;o. One may | wind to UR =UR-Ust
argue that the theoretical filtering of the Stokes driftis no : 7 tp. to 6

well validated. A lower bound on the estimatelg; can  § —— fitted ¢ /(fm)E

be given by removing the contribution from waves shorters
than the Bragg waves. This has very little impact on theg
estimation ofU%.

The observed coherence phasel pfandU; are sim- R & : :
ilar to the values given by Gonella (1972, figure 6), baseds AN e
on the constant eddy-viscosity model .of Ekman (1905)= ' ' ' :
but for the current considered at a depth as large as 25%
of the Ekman depth. Since the radar measurements are 1
representative of the upper 1 meter, and the Ekman depth
is generally of the order of 30 m, it follows that the
classical Ekman theory, with a constant eddy viscosity,
does not apply here. Instead, this large near-surface -2
deflection is consistent with model results obtained with
a high surface mixing such as induced by Langmuir cir-
culations [(McWilliams et al. 1997; Kantha and Clayison
2004), breaking waves | (Craig and Banner 1994; 60
Mellor and Blumberg 2004; Rascle el al. 2006) or both,
and consistent with the few observed near-surfacg
velocity profiles|(Santala and Terray 1992). o

5};5%

sfer f

......
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c. Effects of stratification 15

Following the theory of Gonella (1972) and the previ-% ol--
ous observations by Price and Sundermeyer (1999), it
expected that the stratification has a significant effect oo -15
the surface currents. Here we used sea surface tempe?:’a—
ture time series to diagnose the presence of a stratific - -30
tion. Because of the strong vertical mixing year-roun& ¢
at the site of buoy 62069, the horizontal temperature dif: .
ference between points A and point 62069 is a good in- -60 |--{l§%------:{ ——wind and Ug
dicator of the vertical stratification at point A. This tem- ' '
perature difference reaches up toC2 and was present  -75
in 2006, 2007 and 2008 from early July to late October,
as revealed by satellite SST data. We thus separated the™?
data records used for the spectral analysis into "stratified
anq ”homOgen.eOUS” records based onthe date of the mll—% 5. Amplitude transfer functions (top) and coherence phéiset-
point in these time series. tom) between the wind forcing and the current response. Hsael

These two series show a significant difference (at tliges correspond to records where a stratification is ergett be im-

0 : tant (18 out of 108), and the solid lines correspond todtier
95% confidence level) when the spectra are smoot ords. Confidence intervals for the two group of recorésshiown

over 0.3 c.p.d. bands, with a twice larger response in thr?the native spectral resolution of 0.09 c.p.d. In ordelb¢cat a com-
cases expected to be stratified (dashed lines, figure 5) fatable level the wind stress was multiplied by 50 beforeneging the

frequenciesintherange-1.7to 1.5 c.p.d. Interestingly tHansfer function. The two peaks of the transfer functions/a2 cpd
wransfer functions decrease likg(f ) ffom a peak at Zre (6 he 102 cuteni bt 1 ot comeepond o cackstr
the inertial frequency, wherew is the radian frequency. '

This decrease is typical of slab-like behaviors that are ex-

pected in mixed layers with a much larger surface mix-

ing (e.g. Rascle et al. 2006) than typically used with

i ——windand U "

5 — wind and U E=UR-USf

— and UE

Ekman theory, or a mixed layer depth much shallowgponse in stratified conditions, we find a larger deflection
than the Ekman depth (Gonella 1972). Ekman theogngle in the -0.8 to -0.2 c.p.d. frequency range. This
in unstratified conditions, that should apply to our winpattern of larger currents and larger deflection angles in
ter and spring measurements, would give a much slowgfatified conditions is consistent with the observatidns o

decrease, proportional tb/\/(f + w) (Gonella 1972). [Price and Sundermeyer (1999), and the numerical model

Together with this stronger amplitude of the current reesults by Rascle and Ardhuin (2009).
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d. Relationship between tide-filtered currents and windthe windsea wave height, i.e. increasing with the wind

| for the wind-i speed|(Terray et al. 1996; Rascle et al. 2006). Numeri-
A proper model for the wind-induced current may bea| o dels without stratification but with a realistic mix-

given by the relationship between the wind speed afg teng to give a quasi-Eulerian current that increases

wave height, giving the Stokes drift, and the compley;:,

h li h f1h layers with stronger winds is the cause of the reduction
Such a model is beyond the scope of the present papegs' (7, with increasing wind speed (Rascle and Ardhuin
Simpler models that would give the current speed ap#9). As a result, the nonlinear current response to the

direction as a function of the instantaneous wind vect@find stress will likely limit the accuracy of models based
are even less accurate. Because the transfer functiogStransfer functions.

very peaked at the inertial frequency, the current speed

may vary widely for a given wind speed. Yet, for prac-

tical reasons, there is a long tradition of directly com- JIT
paring current and wind magnitudes and directions for |
search and rescue operations and ocean engineering ap-, .| ..
plications. Because of the inertial oscillations, there isg
usually a large scatter in the correlation of the currentS ™[ K
and wind speed vectors. In order to compare with pre-§ "2 [
vious analyses (e.Q. Mao and Heron 2008), we thus per€ 1=
form such a comparison, after filtering out the dominant 2 08 }--F=%
tidal current, by taking the inverse Fourier transform of o6 |- &=t
the current, wind, and Stokes drift spectra in which the o4 }-.}--:
amplitudes of components with frequencies higher than ,,|.|. ..
1.75 cpd, and the zero frequency, are set to zero. Again, i R S S S S
the Fourier transforms are taken over 264 hours. 6 2 4 6 8 10 12 14 16 18 20

We find that the surface Euleridiiz current lies 40 20 Y .(mls.)
to 60° to the right of the wind, suggesting that the near- ..:.;l-i-.__j_,;_j_T._:-T..:_q_i_wi.....: =

inertial motions only add scatter to the longer period mo-
tions (f| < 1.3 c.p.d.) that were found to have sim-5
ilar deflection angles. Interestingly, the typical magnig
tude of Ug decreases from about 0.8% bfiy at low o
wind to nearly 0.4% for high winds. This reduction ing
the relative magnitude o/ is accompanied by a re-
duction of the deflection angle from 6®n average for N
Uio = 3ms!tod® for Ujg = 15 ms L. On the -100 —
contrary, the Stokes drift typically increases quadréica

with the wind speed. These observations contradict the 1°%°
usual theoretical statements|of Kirwan et al. (1979) andg
Mao and Herdn[(2008): they concluded that the Stokeis3'*®
drift should be linear and the Eulerian current shoul§
be quadratic in terms of wind speed. The fact that t
Stokes drift is quadratic as a function of the wind speed
is well shown by observed wave spectra in figure C —_ . . . .

2l e fted eqUATOTI(). The error i Ma0 AN Herdh s e e 1ered sss Slrn ety s, o
(2008) is likely due to their erroneous assumption thaf. The linear increase dfs;/Uio with Ui is consistent with the
the Stokes drift is dominated by waves at the peak wadg?gfe%egggg%?ﬁe tt(f)fs Vcir?g lshg géveggghegéltltlé)d méesfull dg;a;et
the spectrum. In the analysis|of KII‘W&.m el al.‘ (1979) ar~Ytltflastified conditions c?nly and do?ted lines correspond md;sq;p:neous
Rascle et @l (2006), the error essentially arises from th&ditions. The number of data records in each of these s iei-
assumed shape of the wave spectrum. cated in the bottom panel. The dashed line show results Whgnis

The less-than-linear dependenceléf on Uy, con- eplaced b"yUSS(J.B) Error g?rsdsho‘” ‘é”'WQ of the ﬁta”‘fhf;g db‘TVi‘
: . tion for all conditions combined, in order to make the p able.
tradicts the usual S|mple Ekman model for the quaiﬂ time series (wind, currentl/s; andUss were filtered in the same

EUlerian current, which would predict a current propOtnanner for consistency (except for the initial de-tidinglsl only to
tional to the wind stress, and thus varying as the squaine current data). The error bars do not represent measnterers
or cube of the wind speed. This difference is Iikely du@“ rather the geophysical variability due to inertial roo8.

to the enhanced mixing caused by breaking waves, which

tends to mix the momentum over a scale of the order of
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Hom ogeneous Statfied

currentUg. With our 12 MHz radarl/s is estimated to
Low wd condons U3~ 3n ) Low wind condons U1 ~ 3 /) be of the order of 0.5 to 1.3% of the wind speed, with a

\ Vst percentage that increases linearly with wind speed. These
values are a function of the radar wavelengths and would
be larger, by up to 20%, with higher frequency radars
that give currents representative of a shallower surface
layer. The other componebty is found to be of the or-
der of 0.6% of the wind speed, and lies, in our Northern
Hemisphere, at an average 40 to 70 degrees to the right of
the wind, with a large scatter due to inertial oscillations
that may be well modelled using a Laplace transform of
the wind stress (Broche et|al. 1983). This large deflection
angle is robustly given by the coherence phase for clock-
wise motions in the frequency range from 0 to the inertial
frequency.

When instantaneous currents are compared to the
wind, the magnitude di; appears to decrease with wind
N speed but it increases when a stronger stratification is ex-
pected (figure 6). These surface observations correspond
Fic. 7. Mean wind-correlated current vectors in low and highdvint0o currents in the depth range 0 to 1.6 m, and confirm
conditions, v_vith and without stratification, measured b# WWest coast previous analysis of deeper subsurface mooring data. If
of France with the 12.4 MHz HF radar, based on the results show \,inq.correlated geostrophic current are negligible in our
figure 6. U is the radar-measured vector, that can be interpreted as . -

a sum of a quasi-Eulerian currebt;, representative of the upper two easurements, the shape of the classical picture of the

meters, and a filtered surface Stokes diifs ;. The full surface Stokes EKman spiral is not correct, and the surface layer is much

e o T o oo ot s o' Sab-lke than assumed in many analyses, proba-

wave gontribution to the radar measuremen?. The dashelg sinow bly due to the large Wave_mdlflce.d mixing at the S.urfac.e

the expected error on the interpretatior[of as a wind-driven current, (Agrawal etall 1992). These findings are summarized in

based on the ADCP measurements at depth of 60 to 120 m, aspunﬁlgure 7.

that the baroclinic part of the geostrophic current is rgile. If we neg|ect the wind-correlated geostrophic currents,
which we deem reasonable, and intergret as being
purely wind-driven, our observations &f; /U, at point

e. Effects of fetch or wave development A are expected to be representative of the open ocean,

Oimgereas in coastal areas and small basins, a less devel-

&Ped sea state will lead to a smaller valueldf; and

ficlarger value ofUz, as we observe at point B. Such

a generic relationship di’z and U, is very important

for a proper estimation of the energy flux to the mixed

yer. Besides, on top of the wind stress work on the

Ug

High wnd condions Uqq ~ 13m /&)

‘.' o Ui J@Jw

The same analysis was also repeated for other p
in the radar field of view. For example at point B (figu
1), the radar data quality is generally better, but where t
wave model may have a bias of about 10%lay, and
the ECMWEF wind field may be less accurate. Point B

relatively sheltered from Southerly, and North-westerl X ;
waves, and the fetch from the East is 40 km at most. < a" current, this energy flux should be dominated by

we assume that the winds are accurate at that site too,t“g dissipation of wave energy induced by breaking (e.g.

find that the radar-derived current is weaker relative to ﬂRascIe etal. 2008). Also, there is the depth-integrated
okes-Coriolis force which is equal to the product of the

wind, with U r /U, typically smaller by 0.2% point (i.e. >
a~ 15% reduc/tion) compared to point A. This appears tgegthr;mtegratlf_ad Stokes transrp])_Mt;” = puw | Usll(z)dﬁ'
be due to a reduction itis ¢, which is only partially com- ahn é € ﬁquo IS pa:jargetg‘r.l_ Tf IS orl;:e |sbsma efrt an .
pensated for by a small increaselin,. This difference U'€ 9epth-integrated Coriolis force by about a factor o
betweenA and B nearly vanishes when only Westerly3 on averagel (Rascle ef al. 2008), but that may give a
wind situations are considered (defined by winds withi pmparable work dL.’e to the smaIIeAr angle between that
60° from the Westerly direction). orce and the quasi-Eulerian curreatz). The accu-
rate estimation of the surface Stokes drift using a numer-
ical wave model also opens the way for a more accu-
rate interpretation of space-borne measurements of sur-
Using a 2 year time series of HF radar data, and a noate currents using Doppler methods, that are contami-
numerical wave model that is shown to reproduce the obated by a Stokes-like component amplified 10 times or
served variability of the surface Stokes drift with windnore (Chapron et &l. 2005).
speed and wave height, we have analyzed the wind-driverAcknowledgment§.he efforts of Vincent Mariette and
surface current. When tidal currents are filtered out, thiicolas Thomas are essential to maintain the radars in
ory predicts that the measured velocities are a superpoeper operating conditions. Funding for the radar pur-
sition of a filtered Stokes drif/s; and a quasi-Eulerian chase and maintenance was provided by DGA under the

4. Conclusions
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MOUTON project, and funding for the wave model dea. Parameterizations
velopment was provided under the ECORS project. Flo- . .

rent Birrien performed the integration of Aaron Roland’s Tgilmplementatlo_tr;] of the VfVAVEWATgH I (;godel
routines into the WAVEWATCH IIl framework. Wind USed here was ran with source functiéh, 5y, andsSqs

and wave data were kindly provided by ECMWF, MéetedR@rameterizing the wind input, nonlinear 4-wave interac-
France, and the French Centre d’Etudes Techniqgues M ns and whitecapping dissipation. An extra additional
itimes Et Fluviales (CETMEF), and the sea surface te ISsipation termsg, is also |_nclqded to enhance the dis-
perature data used to diagnose the presence of a stratifipgtion due to wave br(eaklng in shallow water, based on
layer was taken from the ODYSSEA Level 4 global anafaties and Janssen (1978). _

ysis product, produced as part of the MERSEA Integrated 1h€ _parameterization forS,,; is taken from
Project. The SHOM buoy deployments were managed asselmann et al. (1985), with a minor reduction of

David Corman with precious help from Guy Amis. the coupling coefficient fron2.78 x 107 to 2.5 x 10"
The parameterizations fd¥;,, and S, are very similar

. ] the ones used by Ardhuin et al. (2008a), with modifi-
APPENDIX A Nonlinear correction for the wave  cations to further improve the high frequency part of
dispersion relation in a random sea state the spectruml(Filipot et al. 2008). Namely, the white-
capping dissipation is based on recent observations of
Based on the lowest order approximate theory ¥fave breaking statistics (Banner etial. 2000), and swell
Weber and Barrick [ (1977) for deep water waves witfissipation(Ardhuin etal. 2009). These model settings
f ~ 2r\/gk, the nonlinear correction to the phase spedtivé the best estimates so far of wave heights, peak
of components with wavenumbéy; and directionds, and mean periods, but also of parameters related to the
can be expressed as an integral over the wave spectrfiiih frequency tail of the spectrum (appendix C). The
Definingz = k/kg anda = 6 — 6, (Broche et dl. 1983, Present model results are thus a significant improvement
their eq. A2) give the following expression, over the results of Bidlot et al. (2007) ahd Rascle et al.
(2008). The physical and practical motivations for the
NG 0o p2m parameterizations will be fully described elsewhere, and
Usf(kp,0p) = —kng/Q/ / F(xz,a)E(f,0)d0df, we only give here a description of their implementation.
2 o Jo We only note for the interested users, that the parameter

_ ) ) settings given here tend to produce larger negative
where, correcting for typographic errors, and using:  pjasses o7, for H, > 8 m than the parameterization

2'/? = f/fp anda = cos a, by|Bidlot et al. (2007). Better settings féf, in extreme
waves would bes, = 0 andes = 0.5 (see below), but
F(z,a) =y{2a -y + 3xa} this tends to give too large values &f, which is why
4y, e we do not use these settings here.
e==+1 a57(1+5y)2 . . .
The parameterization of;, is taken from_Janssen
x {(ya — ) (as +(1+ 5y)2) /2 (1991) as modified by Bidlot et al. (2007), with some fur-

ther modifications for the high frequencies, and the addi-
+(14ey) (1 +eva+ey(x+ca)—a)},  tionofawind output terns,,; (or "negative wind input”)
(A1) based on the observations|by Ardhuin etial. (2009). The
source term is thus

with ,
Aez = (1 + $2 + 251'(1)1/2 . (AZ) S (f 9) — p_aﬁmax eZZ4 (’U/_i 1z )
. . . : o puw K2 c
These expressions give the correct figures in Broche et al. 5
(1983). Forz < 1 one finds that?'(x,0) = 43/2, and x cos”(0 = 0u)o F' (£, 0) + Sout (,6),
for z > 1, F(2,0) = 42'/2, as previously given by (B1)

Longuet-Higgins and Phillips| (1962), Huang and Tung ) ) )

(1976) and Barrick and Weber (1977). As commentédhereSmax is a (constant) non-dimensional growth pa-
by [Broche et al.[(1983)F (z, o) ~ F(x,0)cosa, with rameter,s is von Karman's constani, in the friction
the largest errors occurring far = 1 where F(z,) > Velocity in the air,C' is the phase speed of the waves,
F(z,0) cosa for |a| < m/3, which, in our case makesis the intrinsic frequency, equal for f in the absence of

Us larger by 2 to 5% than the approximation given bgurrents, and” (f, ) is the frequency-directional spec-
eq. [3). trum of the surface elevation variance. In the present im-

plementation the air/water density ratio is constant. We
o ) defineZ = log(n) wherep is given by Janssen (1991,
APPENDIX B Parameterization and numerical eg. 16), corrected for intermediate water depths, so that
settings for the wave models
Z =log(kz1) + K/ [cos (0 — 0,) (v + 2z4)], (B2)
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wherez; is a roughness length modified by the wavewhere f, ¢ is the friction factor given by Grant and
supported stress,, andz,, is a wave age tuning parame-Madsen’s (1979) theory for rough oscillatory boundary
ter. The effective roughness is implicitly defined by  layers without a mean flow, using a roughness length ad-
ju_sted to 0.04 times_ the_ roughness for the wind. _This
Ui = % log <10 m) (B3) gives a stronger dissipation for swells opposed to winds.

The dissipation term is the sum of the saturation-based

z
! term of_lArdhuin et al.[(2008a) and a cumulative breaking

2
0 = max {ao&,0.0020} (B4) termSgs . ofEilipot et al. (2008). It thus takes the form
g
2
_ <0 — B() _
N o B5)  Su(f,0) =oCa {0.25 [max { 52 1,0}
’ 2
wherer is the wind stress magnitude,, is the wave- +0.75 [max {%{’6) -1 OH }
supported fraction of the wind streds,, is the wind at
10 m height and is the acceleration of gravity. XF(f,0) + Sas,c(f,0). (B10)

The maximum value ofy was added to reduce the UNyyhere
realistic stresses at high winds that are otherwise given

by the standard parameterization. This is equivalent to, 6+80° _ , , ,

setting a maximum wind drag coefficient®® x 10-3. B’ (f,0) = / k>cos” (0 — 0°) F(f,0')Cy/(2m)d8",

This, together with the use of an effective friction veloc- 0-80° (B11)

ity u/ (f) instead ofu, in (B2) are the only changes to _ /

the g((anzaral form of Janssen’s (1991) wind input. That B(f) = max {E (£,6),0 € [0, 2x[}, (B12)

friction velocity is defined by and B, = 0.0009 is a threshold for the onset of
breaking consistent with the observations of Bannerlet al.

(u’*(f))Q _ |ufe9 (2000) and|[ Banneretal.l (2002), as discussed by

Babanin and van der Westhuysen (2008), when including
52 Sin (f',6) i the normalization by the width of the directional spec-
*|5u|/ / Te(”df A9, - trum (here replaced by thes? factor in eq[B11L).
0 7o The dissipation constantys was adjusted t®.2 x
(B6) 10~ in order to reproduce the directional fetch-limited
. , data described by Ardhuin etlgl. (2007).
Here the empirical factos, = 1.0 adjusts the shelter-  The cumulative breaking term represents the smooth-
ing effect of short waves by long waves adapted frofig of the surface by big breakers with celerity
Chen and Belcher (2000), and helps to reduce the inputat that wipe out smaller waves of phase spe€d
high frequency, without which a balance of source terni§apanin and Younf 2005). Due to uncertainties in the
would not be possible (exceptwith a very high dissipatiogstimation of this effect from observations, we use the
as in Bidlot et al. 2007). This sheltering is also appliegheoretical model df Filipot et al. (2008). Briefly, the rel-
in the precomputed tables that gives the wind stress agtg/e velocity of the crests is the norm of the vector differ-
function ofU andr,, /7 (Bidlot et al. 2007). ence,A¢ = |C — C’|, and the dissipation rate of short
The wind output term, is identical to the one usegave is simply the rate of passage of the large breaker
by |Ardhuin et al. (2008a), based on the satellite obsejyer short waves, i.e. the integral &f-A(C)dC, where
vations ofl Ardhuin et &l. (2009), with an adjustment tQ\, (C)4C is the length of breaking crests per unit surface
Pacific buoy data. Namely, defining the Reynolds_nuqhathave velocity components betwe&nandC, +dC,,
ber Re= duoraorh /Va, Whereuo, andag,, are the sig- and betweert, andC,, + dC,, (Phillip$1985). Because
nificant surface orbital velocity and displacement amplihere is no consensus on the form/otGemmrich et 4.
tudes, and, is the air viscosity, we take, for Re10°  2008), we prefer to linkA to breaking probabilities.
Based on Banner et al. (2000, figure 6), and taking their
Sout (f,0) = —1.282 {ka 21/0} F(f,0). (B7) saturation parameterto be of the order ol.6v/B, the
Pw breaking probability of dominant waves waves is approx-

. 2
and otherwise imately P = 28.4 (max{\/E ~ VB, 0}) . In this ex-

Pa 9 pression, a division by 2 was included to account for
Sout (f,0) = T w {16fc0%uor/9} F(f,6), (B8)  the fact that their breaking probabilities was defined for
waves detected using a zero-crossing analysis, which un-
where derstimates the number of dominant waves because at any
given time only one wave is present, and thus low waves
fe=0.7fcam +[0.015 — 0.018 cos(f — 6,,)] us/uorn, Of the dominant scale are not counted when shorter but
(B9) higher waves are present.
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Extrapolating this result to higher frequencies, and asf interest. The only two parameters that are measured
suming that the spectral density of crest length per umibntinuously offshore of the area of interest are the wave

surface/(k), in the wavenumber spectral spacd(ls) = heightH and mean periodl., recorded at buoy 62163,

1/(27%k), we define a spectral density of breaking cre4t50 km to the west of point AH, and f,2 can be com-

length,A (k) = I(k)P(k), giving the source term, bined to give the second moment of the wave spectrum
mo = (0.25H5f02)2.

Sas.c(f>0) = —c3F (£,0) 00'7f 02” 56.3 Because there is no reliable wave measurement with

spectral information in deep water off the French North-
X max {\/B(f’, 9 — /B, 0} Ac? do’df’  East Atlantic coast, we also use buoy data and model re-

! (B13) sult in a relatively similar wave environment, at the loca-

tion of buoy 46005, 650 km off Aberdeen (WA), on the

The tuning coefficient; which was expected to be ofY-S. Pacific coast. Since this buoy is not directional we
order 1, was here adjusted to 0.4. The resulting mod&pt €xamine the third moment of the wave spectrum
results appear to be very accurate for sea states with sig- y
nificant wave heights up to 8 m. Larger wave heights are _ [ s
underestimated. Other parameter adjustments can correct ma(fe) = o FRE(f)df. (€1
for this defect, e.g. reducing, and increasings, but
then the Stokes drift may not be so well reproduced, déwaves were all in the same directiang would be pro-
pecially for the average conditions discussed here. Thgemtional to the Stokes drift/s;(f.) of waves with fre-
different possible adjustments and their effects will bguency up tof., as given by eq.[{4). We thus define a
discussed elsewhere. non-directional Stokes drift

b. Numerical schemes and model settings Ussna(fe) = (2)3ms(f.)/g. (C2)

Spatial advection in the finer model grid is performe
using the explicit CRD-N scheme (Contour integratio
based Residual Distribution - Narrow stencil scheme 05 13
Csik et al.l 2002) that was applied to the Wave Actio ~ —4 :
Equation by Roland (2008) and provided as a module fgrfs“d(fc) = 5.9x10 ll'% —0.25 (_)
the WWIII model. The scheme is first order in time and .
space, it is conservative and monotone. min {Us, 14.5} + 0.027 (Hs — 0.4),,

All model grids are forced by 6-hourly wind anal- (C3)
ysis at 0.5 degree resolution, provided by ECMWF.

The model spectral grid has 24 regularly spaced diregheref, is in Hertz,U;, is in meters per second, aifl,
tions, and extends from 0.037 tf,.. = 0.72 Hz isin meters.

with 32 frequencies exponentially spaced. The model Taking directionality into account eq. [1(4) yields
thus covers the full range of frequencies that coli(f.) ~ 0.85Ussna(/fc), fOr typical wave spectra, and
tribute most to the filtered Stokes drilys;. The the relationship[{Q3) becomes ef] (7). For buoy 46005,
usual high frequency tail proportional t6=> is only whichis a 6 m NOMAD buoy, and. in the range 0.3 to
imposed for frequencies larger than the diagnostic fré-5 Hz, this relationship gives a root mean square (r. m.
quencyfq = F fm 0,1, With the mean frequency defineds.) error less than 1.0 cnT§, corresponding to less than
by fmo—1 = [ E(f)/fdf/ [E(f)df]"". Here we 15% of the r. m. s. value estimated using €q.]1(C2). This
take a factorF” = 10, instead of the usual value of 2.5'S smaller than the error of estimates using previous wave
(Bidlot et al. [2007), so thaf, is almost always larger models (24% with the parameterization by Bidlot et al.
than the model maximum frequency of 0.72 Hz. BeZOO?), but Comparable to the 14.2% er_rOI’ obtained with
sides, the time step for integration of the source funf1€ present model. The same analysis was performed,
tion is adaptatively refined from 150 s for the local mod&¥ith similar results, for very different sea states recarde

down to 10 s if needed, so that virtually no limiter conPy NDBC buoys 51001 (North-East of Hawaii), 41002
strains the wave field evolution (Tolman 2002). (U.S. East coast), 46047 (Tanner Banks, California), and

42036 (Gulf of Mexico).
Another source of continous wave measurements is
APPENDIX CModel accuracy for relevant provided by altimeter-derivedd,, which we correct
parameters for bias followingl Queffeuloul (2004), and fourth spec-
tral momentmy. The latter is approximately given by
In order to define the errors on the estimation$/ef (Vandemark et al. 2004)
used to determine the quasi-Eulerian velodity from

the radar measurement, it is necessary to examine the 0.64g2

quality of the wind forcing and model results in the area mq = (27)40,’

ﬂooking at buoy data we found that

Uio

c

X

(C4)
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F | | I xmAd Table C1. Model accuracy for measured wave parameters iougar
E | | | E regions of the world ocean. Buoy validation span the entrar 2007,
0.4F Observed T " 'x’r*- - except for buoy 62069 for which data covers the time frame &6 J
= ) . E uary to 20 August 2008, buoy Iroise covers 13 April to 20 Map£20
E I I : [ U |_A~‘ and JASON 1 data corresponds to January to July 2007 for diaigl
0.3E | ; il i 44 a|Hs (m): validation (JAS-Glo: 393382 data points) and the full yeard box
' A b “ X 11 3° by 4° centered on 48.5 N and 8 W or 45 N and 128 W. (JAS-Gas
“. +‘ 10 or JAS-Was: 380 data points). Unless otherwise specifiethéoytim-
¢ 9 ber in parenthesis, the cut-off frequency is take to be 0.5(Hgtands
; | 8 for C-band andfp = 0.36 Hz corresponds to our 12 MHz HF radar.
| 7 The normalized bias (NB) is defined as the bias divided by .tinesr
| 6 observed value, while the scatter index (SI) is defined asthes. dif-
I AS ference between modeled and observed values, after gorrdot the
o4 bias, normalized by the r.m.s. observed value, ai& Pearson’s cor-
1% 3 relation coefficient. Only altimeter data are available @hpA but the
® 11a 2 uniform error pattern and the model consistency suggesethars at A
EESAAT 1 should be similar to offshore buoy errors such as found ay 62463
offshore of A, or at the U.S. West coast buoy 46005. ErroroattiB,
0 5 10 -)15 20 25 not discussed here, are expected to be closer to those a¢dhshore
U1io (rmvs buoys 62069 and Iroise.
:- ™TT | T TT | T TT | T TT | T dataset NB(%) Sl(%) r
E | R D I 2004
— 04| Present Yy . 62163 68 111 0977
= E| model 8, 88 fo2 62163 104 8.8  0.907
= 3 [ | a_,04.8%) H, Iroise 128 174 0.975
] T T € e ety foo lroise  -10.0 11.7 0.913
T 3 | | iaabddel Usna(fs)  Iroise 272 269 0.968
© 3 | cieamtace® | Uss(fB) Iroise 205 185 0.971
S i e ’}fﬁ;i T 200712008
S E o «"(iajigdsnx | . JASClo  -0.6 114 0.966
7 0.1Eed ‘vi—:{"' | | ma(C) JAS-Glo 0.6 9.1 0.939
v g’#f: - e H, 62163 14 88 0.985
PRIt p®af | | Foo 62163 6.3 73 0.938
:‘.; 1 i Ll 1 1 l Ll 1 1 l L 1 1 l L 1 1 HS 62069 10-1 14-1 0-974
04— AT 3 fo2 62069 7.7 11.8 0.886
old | .o* ma(fB) 62069 15.8 241 0.955
del \ o e E Ussna(fz) 62069 13.9 230 0.965
0.3 moae R - il Uss(f5) 62069 111  21.0 0.963
; | g,;+| 3 s JAS-Gas -2.6 8.8 0.983
09F = — + = — + otapd L _ ] m4(C) JAS-Gas 1.0 6.7 0.962
| . ’*: | E H, 46005 4.9 10.2 0.975
| : sg | | fo2 46005 -2.8 6.6 0.931
0.1F — = lo_ca¢88” A ma(f5) 46005  -5.4 135 0.965
WYY b | : Usna(fz) 46005 -49 126 0.973
h!ﬁ : : : Ussna(0.5) 46005 6.2 12.7 0.971

Hy JAS-Was 2.4 7.9 0.985
my(C) JAS-Was 1.8 7.3 0.953

FiG. C1. Variation of the wave spectrum third momemiz converted
to a velocCityUgsna = (27)3ms(fc)/g, that would equal the surface
Stokes drift in deep water if all waves propagated in the sdineetion.
For each data source a cut-off frequencyfef= fp = 0.36 Hzis der to fit airborne observations (Hauser et al. 2008). The

taken and the data is binned wind speed, at Ihistervals, and sig- ; ; i _
nificant wave heigh#f; (in colors) at 1 m intervals from 1to 11 m. The model estimation Ofn4(0.72 HZ) IS eXtrapOIated to C

. 1
top panel shows buoy data offshore of Oregon (NDBC buoy 4pabs _Pand by the addition of a constahd11g?/(2m)*, con-
middle pannel shows present model results, and the bottaei paows ~ Sistent with the saturation of the short wave slopes ob-
results from the same model but using the parameterizafi@idot et served by Vandemark etlal. (2004). For this parameter,
al. (2007), including a factoF’ = 2.5. The vertical error bars indicate the model is found to be very‘accurate especially around
plus and minus half the standard deviation of the data valuesch h . fi lativel ! h h
(Uro, H.) class. the region of interest, relatively more so than on the U.S.
Pacific coast.
These indirect validations suggest that the third spec-
tral moment including waves up to the Bragg frequency
whereoy is the normalized radar cross-section, correctefdg = 0.36 Hz, which is proportional td/ss,q, iS prob-
for a 1.2 dB bias on the C-band altimeter of JASON in oably estimated with bias between -5 and 10%, and an
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r.m.s. error less than 20%. The bias on the significaBbche, P., J. C. de Maistre, and P. Forget, 1983: Mesureautar r
wave height appears to increase from offshore (altime- décamétrique cohérent des courants superficiels ergepdr le

: vent.Oceanol. Acta6, 43-53.
ter and buoy 62163 data), to the coast (buoys Iroise aEIQapman, R.D., L. K. Shay, H. Graber, J. B. Edson, A. Kardskin
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ifications of the winds that are not well reproduced at thig _ SensorsJ. Geophys. Resl02, 18737-18748.

hapron, B., F. Collard, and F. Ardhuin, 2005: Direct meesnts of
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