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ABSTRACT

The surface current response to winds is analyzed in a two{yrme 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 td2.6f 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-&tutenirentJ i, representative of the top
1 to 2 m of the water column, and part of the wave-induced Stdkit U ;s at the sea surface. Here
U ;s is estimated from the third moment of the wave frequency tspecwith a directional correction.
Using observed wave spectild;, is found to be very well approximated by a simple function o t
wind speed and significant wave height, generally increggiradratically with the wind speed. Results
from a new numerical wave model are presented, that repeoghed this variability ofUs,,. Focusing
on a site located 100 km from the mainland, the estimatedibotion of U, to the radar measurement
has a magnitude of 0.6 to 1.3% of the wind speed, in the wiretton, a fraction that increases with
wind speed. The differencE ¢ of Lagrangian and Stokes contributions is found to be of thieio
of 0.4 to 0.8% of the wind speed, and 45 to 70 degrees to thé ofgthe wind. This relatively weak
quasi-Eulerian current with a large deflection angle isrpieted as evidence of strong near-surface
mixing, likely related to breaking waves. Summer stratifimatends to increase tHég response by
up to a factor 2, and further increases the deflection anglg ofby 5 to 10 degrees. At locations
closer to coastl/,, is smaller, ad/g is larger with a smaller deflection angle. This decompasitio
into Stokes drift and quasi-Eulerian current is most imgatrfor the estimation of energy fluxes to the
Ekman layer.

1. Introduction Recent theoretical and numerical works (Ardhuin &t al.
) ) . 004; [Rascle et al. 2006; Ardhuin et| &l. 2008c) have
_ Surface drift constitutes one of the mostimportant ags gt to reconcile historical measurements of Eulerian
plications of the emerging operational oceanography sygyq | agrangian (i.e. drift) velocities with recent knowl-
tems, and pllays an important role in Iqrvae recrmtme@&QG on wave-induced mixinfj (Agrawal e} . 1992) and
and ocean blogeoch.eml_stry. A quantitative understandilgye-induced drift[(Rascle et]dl. 2G08). These suggest
of the relative contribution of the wave-induced Stokeg,at the surface Stokes driit,, induced by waves typi-
drift to the near surface velocities is also paramount fhyy accounts for 2/3 of the surface wind-induced drift,
the proper estimation of air-sea energy fluxes. The quaR-ne open ocean, and that the wind-related Lagrangian
titative variation of surface drift as a function of the fercvelocity Uy, is the sum of the strongly shear&d, and a
ing parameters is still relatively poorly known. In areags|atively uniform quasi-Eulerian curredts, defined by

of strong currents due to tides or quasi-geostrophic dyznkink (1997) and aeneralizedby Ardhuin etlal. (2b0sc).
namics, the surface drift current is highly correlated '- ) g Lby #tial. (2pogc)

the sub-surface current. Otherwise, winds play a majgrBecause the depth-integrated current is constrained by
role in defining the surface velocities. the balance between the Coriolis force and the wind
stress, the magnitude of the quasi-Eulerian current is ex-
Corresponding author address$zabrice Ardhuin, Service Hydro- pected to be. _modulated by th.e surface stratlflca_tlon,_wnh
graphique et Océanographique de la Marine, 29609 BremtcEr larger velocities in shallow mixed layers, and directions
E-mail: ardhuin@shom.fr of Ug more strongly deflected to the right of the wind
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(in the Northern Hemisphere) than previously expectéd Lagrangian and quasi-Eulerian current from HF
(Rasclf2007) radars
These predictions were verified py Rak§le (32007) with
mooring data at depths greater than 5 m. When extrapgn-Radar measurements and processing
lated to the surface using a simple numerical model, theyHiqh frequency radars measure, among other things

give directions ot/ between 45and 90, moretk:)a;rétﬁe %e.g.llvonin et al[ 2004), the phase veloaityof Bragg

45° given by the constant eddy viscosity mod allaves that have a wavelen
i by Gont : gth equal to one half of the
(LL903), as extended by Gonglla (1p71), and thiegigen gadar electromagnetic wavelength and that propagate in

by the linear eddy viscosity model of Madign (1977} tions away from and toward the radar. This phase ve-
This surface angle is also critical for the estimation of th city is a combination of the quasi-Eulerian curréns

flux of wind energy to the Ekman layer (e.g. Wang an =
- : tewart and Joy 19y 4; Kirby and Clien 1j989), the phase
Huang| 2004), or the analysis of near-surface drifter daf ced of Iineard)\l)/vavelg;m, an)él 2 non:i;rlfeajrjwa\ze corrpec-

which often does not take into account the wave—induccﬁ n (Weber and Barrictmlﬂ) that can be interpreted as

E?r?igl%r(])(@e.q' Rio and Hernandz 2p03; Elipot and LUMPY filtered surface Stokes drifts ;. For monostatic sys-
)- tems, the usual radial current velocity in the directiign

High Frequency (HF) radars can provide measurgswards one radar can be expressed as
ments much closer to the sea surface, depending on their

operating frequency. Using a 30 MHz radar, Mao and Ur(0p) = C(0p)— Cip - eq,
Heron [200B) made observations that are also consistent — Us;(0p) +Up-e 1)
with the idea that the drift current, found to be 2.1% of SFVB B %8s,

the wind speed on average, is the sumlof which, whereey . is the unit vector in directiofiz. This velocity
according to their theory, depends quadratically on the, pe |oosely interpreted as the projection in direction
wind speed, and/;; which they estimate to depend lin-y . of o current vectol/ z. The reason why this is not
early on the wind speed, with a variation according to t%«actly true is that/s;(0) for all directions cannot be
fetch. Unfortunately, their analysis relied on empiric xactly given by the projection of a vectbfs;. In other

wave estimates that give large relative errors (of the ordgpgs| (7 +(0) is not exactly proportional teos(f;
of 100%, see e.g.| Kahma and Calkden 1992; Ardhullkhough it is a reasonable approximatit al.

et al.[200f7), and a limited range of wind speeds. Ot)_
HF-radar observations give a surface_current of the ordeT; order to exprests;, we first define the Stokes drift
of 1.5 to 2.5% ofU19 * [1993) with 25 to 30 MHZ yecior for waves with frequencies up fo from the di-

radars. Dobson et al. (1989 ) also report a ratio of 2.0p4ctional wave spectrud( £, 0)
using a 22 MHz radar, arjd Sha et 007) report ara- T

tio of 2 to 3% using a 16 MHz radar in water depths of fo ponm
20 to 50 m. These analyses are very difficult to interpret U, (f.) = 47r/ fk(f,OE(f,0)df, (2)
due to the filters applied on time series to remove motions 0o Jo

(tides, geostrophic currents ...) that are not relatedédo th . 5
wind, and also because of the importance of inertial Oﬁl_herek:(f) is the wave number, equal (@r f)?/g for

cillations that make the wind- and wave-driven current {'€ar waves in deep water, agds the acceleration of
paravity. Starting from the full expression given by Weber

of the wind vector at the same time and location. and Barrick [1977), Broche etjal. (1983) showed that the
filtered Stokes drift component that affects the radial cur-

In the present paper we extend the previous analy PR :
of HF radar data by independently estimating the Stok%ﬁt measured by one radar station is well approximated

drift, using an accurate wave model. We find that at ou
deep water North-East Atlantic site the quasi-Euleriary;_ (.. ¢ ~ U.. .
currentUy is of the order of 0.6% of the wind speed with si(ks,05) s(fB) - €as

function of the full wind history, and not just a functio

oo 27
adirection that is, on average, 6 the right of the wind. 0
This result is expected to be representative of the open + o dmks /B 0 fcos(0 = 05)E(F,0)d0df
ocean. Therefore the estimates of the flux of wind energy ©)

to the Ekman layer by Wang and Huamng (2004), who used

an angle of 45, are likely overestimated by 20%, and Qvhere f5; is the frequency of the Bragg waves, akg

proper analysis of the effects of waves is needed. Daiane corresponding wavenumber vector, with a direction

and processing are reviewed in section 2, and the analygjs ang magnitudesz. _The full expression, correcting

of the stratification effect is presented in section 3 Witﬂ/pographic errors ih Broche et]dl. (1983) is given in Ap-

conclusions in section 4. pendix A. In order to simplify the notations, the variable
ky in Ugy will now be omitted, but the filtered Stokes

1This means deeper than both the Stokes depth and the expe(géii_(t is always a fU”Qtion of the Bragg Wav_enumber, thus
Ekman depth, s05). being different for different radar frequencies.
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The depth-varying quasi-Eulerian currél{tz) is de- gaps in the time-series. Second, the time-series of all the
fined as the difference of the Lagrangian velocity angkid points in the box around A were converteditand
Stokes drift | Jenkiﬂm?), and can generally be esti-components and averaged.
mated from the full velocity field using a Generalized La- The Cartesian componentslgfz andU g with respect
grangian Mean|(Ardhuin et §I. 2098c). The valiig; es- to west-east (componenf and south-north( direc-
timated from the radar is, according to linear wave theonyons are calculated from the radial componeantsnea-

a convolution ofu(z) and the Bragg wave Stokes driftsured by the radars, before and after the substraction of
profile (Stewart and Jpy 19[7@; Kirby and Cflen 1989). U, (6). These Cartesian components suffer from a ge-
Here we use data from a 12.4 MHz WERA HF-radagmetrical dilution of precision (GDOP), varying with po-
system ((Gurgel et al. _1999), manufactured by Helzsition (Chapman et d. 199f; Shay ef[al. 4J007). The radar

GmbH, for which the Bragg wavelength is 12.1 m, colbeams intersect at point A with an angle= 34° and
responding to a wave frequency of 0.36 Hz in deep wi-is possible to estimate the GDOP values foand v,

ter. Thus the value dfx corresponds, for 50%, to wateri.e. the ratiosS, /s and S, /s whereS,, S, andS are
depths less than 0.6 m from the moving sea surface, cotiie errors inu, v andu,, respectively. Assuming that
pared to 0.28 m with the 30 MHz radarrog has no bias and is uniformly distributed from,, /2
(R008). The relative contributions from deeper fayers o -+d, /2, each radar measurement has an intrinsic error
Ug decrease exponentially with deptheas (2k2). S, =0.04ms!andS, =0.11ms L.

The radar system has been deployed and operated byhijs compiled time series, extending from July 5 2006
Actimar SAS, since July 2006 on the west coast of Frangg July 31 2008, is the basis of the following analysis.
(figure 1), measuring surface currents and sea states Me 1200 s resolution data was averaged over 3 h blocks
ery 20 minutes. The area is characterized by intense tigghtered on round hours. Gaps shorter than 6 h were
currents, in particular between the largest islands whajigearly interpolated. That time series is 97% complete,
it exceeds 3 m's' during mean spring tides. Also im-and thus covers two full years. Other parts of the radar
portant, the offshore stratification is largely suppressggid of view yield similar results, briefly discussed be-
by mixing due to the currents in the areas shallowgsw. Due to the averaging in space and time, each point
than 90 m, resulting in complex temperature fronts th@ the time series is the combination of about 30 range
are related to the bottom topography (e.g. Mariette agd|ls and 9 time intervals, i.e. 180 independent velocity
Le Cann[1985). ] ] . . measurements when the full radar range is obtained. The

Each radar station transmits a chirped continuous waggor on the velocity components are thus likely less than
with a repetition frequency of 4 Hz and a 100 kHz bang cm 51,
width which gives a radial resolution of 1.5 km. The Because we wish to focus on the random wind-driven
raw data is processed to remove most of the interferenggrents, we also performed a tidal analysis using the T-
signals [Gurgel and Barlin 2408). Ensemble-averagifgpe software Wm. 2002) applied to each
over 4 consecutive segments of 512 pulses yields a \@mponent. This analysis on the full time series (before
locity resolutiond,, = 0.09 m/s for each individual ra- time averaging) allows the removal of the deterministic
dial current measurement. The receiving antennas &fiirnal constituentss;, O;, P, andQ, that have am-
16-element linear arrays with a spacing of 10 m, givingitudes of 1.5 to 0.3 cms', with estimated errors of
typical angular resolution of 15 degrees. 0.1 cm s. Because this only corrects for 95% of the

We will consider only the temporal evolution of theypparent variance in th&/, and S, semi-diurnal tides,
wave field at one point of the radars’ field of view thajhese will be further filtered using a time filter.

is representative of the offshore conditions, with a water

depth of 120 m. In practice, interferences and ships cayse\umerical wave model and estimations of Stokes drift
some data to be rejected in the radar processing, or yield

bad measurements, and heavy seas or calm seas also rés expressed by eq.[](3), the estimationldf;(65)
duce the working radar range. In order to obtain a neargquires the measurement or modelling of the wave spec-
continuous time series, we compiled and filtered dateum E(f,0). In situ buoys were moored for restricted
from a 0.2 in latitude by 0.3 in longitude box around periods at several locations for the investigation of off-
that point (A in figure 1, the arrow spacing indicate thehore to coastal wave transformatiOOG) and
resolution of the radar grid). This compilation was dont® provide complementary data for radar validation. The
in two steps. First, based on a visual inspection of thgdar also measures the sea state, but the coverage is often
data, at each radar grid point 0.05% of the total numblited, and its accuracy for a 20 minute record is typi-
of data points in the radial velocities time-series are cogally only of the order of 25% for the significant wave
sidered spurious and removed. These points are seledigiht . Thus, in order to use the full current time se-
as the points where the raw radial current time-series difes at the offshore location (point A) we have to estimate
fers most from the result of a 3-points median filter. Thihe sea state using a numerical wave model.

0.05% value was selected as a convenient rule-of-thumbThe model used is an implementation of the WAVE-
which permits the removal of most of the visibly spuriWATCH 11l code, in its version 3.14[(Tolmaf 2007,
ous points, but does not introduce too many unnecess), with minor modifications of the parameterizations,
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x (km) related to the surface mean square slgpe (Gourrion et al.
2 12 “
0 0 40 60 &O, = ‘_‘190‘ 10 p00?%;[Vandemark et hJ. 20004). The reason for this cor-
BN

T
qyﬁ relation is that the wind speed is obviously related to the
% SO high frequency part of the wave spectrum, which deter-
a q mines most of the Stokes drift, whilH is a surrogate
_ -! variable for both the presence of swell and the stage of
- oy g development of the wind sea. Here we find,
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Ao’ x  min {Uyg,14.5} + 0.025 (Hs — 0.4) .
(4)

; < oise The relationship given by eq[|(4) appears to be very ro-
e bust, with a 2.6 cnt! r. m. s. difference compared to
s = Cap global hindcast values df;(o0), which is a 16.9% dif-
ference. Nevertheless, when compared to buoy data, an
accurate wave model generally provides a better fit to the
observations (Appendix C).

We have no wave measurement at point A, and no per-
manent spectral measurement in the area. A detailed val-
idation of Uss was thus performed for the U.S. North-
west Pacific Coast (appendix C). The present model es-
o0 3930 ) .5°g' W 4030 timates ofH, are more accurate at buoy 62163, located

—— Tng't‘“ e‘( )‘ ‘ > 150 km west of point A, than at Pacific buoy locations.
Further, the model estimate of the fourth moment of
00 05 10 15 20 25 30 35 40 45 50 55 60 65 . . .
Hs (m) the wave spectrum is better correlated in the Bay of Bis-
cay to radar altimeter C-band cross-section, compared to
Efjalauifa‘is?fz?c?saftal ZS%%WSTGCEA é\;ﬁg :tL gi%iﬂczn;uxaa\ﬁa::igmther regions of the world ocean (Appendix C). We thus
model (se)e/ Appendi)y( B), and the instantaneous surfacentumea- expect the model eStlmatg UES.(fB = 0.36 Hz) to have
sured by the H.F. radars installed at Porspoder and Cledgrsizun. @ bias smaller than than 5%, with a random error less than
In situ measurement stations include the weather buoy B&staind the  20% (see Appendix C). As a result, We chose to use this

Pierre Noires (62069) directional Datawell waverider bymstalled numerical wave model for the estimationiaf; andUs .
from November 2005 to March 2006 and back again since January
2008), and a previous waverider deployment (Iroise), mepgasen- . . .
tative of the offshore wave conditions. The large black sezmound 3. Analysis of wind-driven flows
point A is the area over which the radar data has been comipilptb-
vide the time series analyzed here, representative ofafistonditions. .
a. Rotary spectral analysis

480 0"

0S

0 80

The rotary spectral analysis gives both the frequency
see appendix B, and the addition of advection schemesdstribution of the signal, and an indication of its circu-
unstructured grids. lar polarization [Gonell4 19f1). The positive frequen-

The model setting consists of a two-way nested pair ofes correspond to counter-clockwise motions, and the
grids, covering the global ocean at 0.5 degree resolutinagative frequencies correspond to clockwise motions,
and the Bay of Biscay and English channel at a resoltive usual polarization of inertial motions in the Northern
tion of 0.1 degree. A further zoom over the measuremeRtemisphere.
area is done using an unstructured grid with 8429 wetThe instantaneous measurements of the radar are dom-
points (figure 1). The model setting is fully described iinated by tidal currents, and the variance of motions with
appendix B. frequencies less than 1.75 count per day (cpd) only ac-

In practice, Ugy is dominated by the first termcounts for 8% of the total variance (figure 2). These low
Us(fB), in eq. (B). Examining a large number of spedrequency motions include the diurnal tidal constituent,
tral data (6 buoys for 2 years spanning a range of waweost importantly/; andO,, but these only account for
climates, see appendix C), we realized tiaf /) is es- 0.1% of the variance. Measured currents also contain a
sentially a function of the wind speédd, and the wave mean circulation not related to the wind forcing. Based
heightH,. While Uy, explains typically only 50% of the on ADCP data acquired in the area over 3 months in the
variance ofU(f) with 0.3 < f < 0.5, U;p andH, gen- Fall 2007, this mean currentis expected to be of the order
erally explain over 85% of the variance. This behaviowf 10 cm/s with a subsurface maximum when the surface
of Uss(f) is similar to that of the fourth spectral momentis stratified. The low frequency motions are generally
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dominated by near-inertial motions, which are polarized
clockwise with frequencies close to the inertial frequency
fr = 1.3 counts per day (c.p.d.).

o
0

b. Co-spectral analysis
0.

n

(o))

Here we investigate the relationship between measur
currents, processed as described above, and winds, ta
from 6-hourly wind analyses from ECMWF. These anal-
yses were verified to give excellent correlatior 0.92)
with the BEA buoy (WMO code 62052), which unfortu- &
nately malfunctionned during large periods of time. TheS 0.2
wind and current data are thus completely independent.
The wave model was forced by these same winds, and

An3gnitude

erence
o
~

thus the high level of coherence between the predicted _%
Stokes drift and the wind (figure 3) is not surprising.
In order to isolate the wind-correlated dynamics from 2

-3 -2 -1. 0 1 2 3 4
Frequency (cpd)

the shorter (tide) and longer (general circulation) time 90
scales, we first perform a co-spectral analysis of the mea-
sured_currents with the wind, following the method of

ble between data gaps, the Fourier transforms are taken

over 264 hours, which corresponds to 24 tidal cy- — 45"

(%)

cles. The measured currents are significantly cohereiy
with the wind vector over the range -1.75 to 1.75 cpds

Stokes componeidfs ¢ is subtracted from the radar mea- g,

Gonellh [1971). In order to keep as much data as possi- gg}!-

30t~
(figure 3). This coherence is generally reduced when th§ 5|l

-15 -1 05 0 05 1 1.5 2

surements.

Log (Spectral density (nf/s?/Hz))

0 0.5 1 15 2 2.5 3 3.5
frequency (cpd)

FIG. 2. Rotary power spectra of the current measured by the,rad
ﬁ}the contributiorlU 5 5 to the surface Stokes drift estimated via eq
(A1). Clockwise (CW) motions are shown with solid lines amdicter-
clockwise motions are shown with dashed lines. The spectra wsti-
mated using half-overlapping segments 264 h long over ths pathe
time series with no gaps. The number of degrees of freedoaként
to be the number of non-overlapping segments, i.e. 59, adfbetral
resolution of 0.09 cpd, giving a relative error of of 35% at 5%
confidence level. The lighter pink and grey curves corredgorl g

andUg from which the tidal components with frequencies largentha

e

........................................

——wind and U R

Coherence phas

——windand U =g Ug

3 ——wind and Uy

‘.| —— T and UE

FiG. 3. Rotary co-spectra of the wind and wind stress with tharad
derived current, Stokes drift and Eulerian current. (a) mitage and
(b) phase. The number of degrees of freedom is 108 at therapect
resolution of 0.09 cpd. Coherence is significant at the 95f6idence
level for a value of 0.1. Negative and positive frequenciescébockwise
and counter-clockwise polarized motions, respectively.

The radar-measured current vectbrg have stable di-
rections relative to the wind, 20 to 4@o the right for
& > — f1, given by their coherence phase (figure 3). The
coherence phase of the Stokes drift increases with fre-
guency. This pattern is typical of a time lag, that can be
estimated to about 1.5 hours, due to the relatively slow re-
sponse of the wave field compared to the current. This is
rather short compared to the time scale of wave develop-
ment, but one should bear in mind that the Stokes drift is
mostly due to short waves that respond faster to the wind

1x10~5 Hz have been removed. This tide-filtered time series is usd@rcing than the dominant waves. Because the wind pref-

in all of the following.

erentially turns clockwise, the Stokes drift is slightly to
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the left of the wind. The asymmetry in the phasdiafy depth (Gonella 1972). Ekman theory in unstratified con-
for clockwise and counter-clockwise motions is likely reditions, that should apply to our winter and spring mea-

lated to varying fetch when the wind turns. surements, would give a much slower decrease, propor-

As expected from the theory y Gonglla (I972), thional to1/+/(f +w) (Gonella 1972). Together with this
phase of the quasi-Eulerian currdnt jumps by about

180 at the inertial frequency-f;. In the frequency
range from -1.2 to 0.2 cpd, that contains 40% of the non-

tidal signal,Ug is at an angle between 45 and°60 the 100 i ——wind to Up

right of the wind. This conclusion is not much altered ;| ——wind to Ug =Ug-Usg:
when one correlates the Eulerian current against the wing- 7, to Ug

stress, which, for simplicity is estimated here with a con—.g —fitted c /(ft0)) |i. ... .
stant drag coefﬂment_: 1:3 ><_10 3U19U;0. One may ¥ To5% bonfidence intevalsT
argue that the theoretical filtering of the Stokes drift is no 3 Pl

well validated. A lower bound on the estimateldf; can g

be given by removing the contribution from waves shorte a I WX VR S
than the Bragg waves. This has very little impact on theg : X LSRR s ISP
estimation ofU. = /
The observed coherence phasel pfandU; are sim-
ilar to the values given by Gonella (1972, figure 5), based
on the constant eddy-viscosity mode fn (1905) ... EEEE LELLLY :
but for a depth as large as 1/4 of the Ekman depth. Since frequency (cpd)
the radar measurements are representative of theupper > 15 -1 05 0 05 1 15 2
2 meters, and the mixed layer depth is most of the time 9o
of the order of the water depth (120 m), Ekman theory
does not hold. Namely, the eddy viscosity is not con- 7> [f-
stant, and the velocity profiles must be closer to the ones 60
obtained with a high surface mixing such as induced by
breaking waves (e.¢. Mellor and Blumbgrg 2004; Rascle. 45

et al.[200p). o

c. Effects of stratification

[rg——
I

30

degre

S 15
Following the theory of Gonella (1972) and the previ-Z
ous observations by Price and Sundernjelyer (1999), it ® O |-
expected that the stratification has a significant effect o# 15
the surface currents. Here we used sea surface tempeta-
ture time series to diagnose the presence of a stratific& -30
tion. Because of the strong vertical mixing year-roun j : :
at the site of buoy 62069, the horizontal temperature dife -45 |- |{¥ 1 ——windandU =U -U [
ference between points A and point 62069 is a good ir? ' BRSSP
dicator of the vertical stratification at point A. This tem-
perature difference reaches up toC2 and was present ;5 | i ©: ‘|1 and U
in 2006, 2007 and 2008 from early July to late October, : : £
as revealed by satellite SST data. We thus separated the-90
data records used for the spectral analysis into "stratified

and "homogeneous” records based on the date of the mid-
point in these time series. FiG. 4. Amplitude transfer functions (top) and coherence phéset-

These two series show a significant difference (at tlﬁzg) between the wind forcing and the current response. Esbatl

) s correspond to records where a stratification is exgettt be im-
95% confidence level) when the spectra are smoot ant (18 out of 108), and the solid lines correspond todther

over 0.3 c.p.d. bands, with a twice larger response in thegords. Confidence intervals for the two group of recorgsstown

i i ; he native spectral resolution of 0.09 c.p.d. In ordebecat a com-
cases expected to be stratified (dashed lines, figure 4) R T8I SRSEe, o0 on 00 B mting e

frequencies in the range -1.7 to 1.5 c.p.d. Imeres_tindﬁénsfer function. The two peaks of the transfer functions/a2 cpd
the transfer functions decrease from a peak at the inertia due to the tidal currents but do not correspond to a casisdion-

frequency ag/(f + w) wherew is the radian frequency. ship between the wind forcing and the current response.
This decrease is typical of slab-like behaviors that are ex-

i ——windand U "

-60 |-- -: ;_windandUSf

pected in mixed layers with a much larger surface mixirgironger amplitude of the current response in stratified

(e.g. Rascle et al. 2006) than predicted by Ekman theoepnditions, we find a larger deflection angle in the -0.8
or a mixed layer depth much shallower than the Ekmaa -0.2 c.p.d. frequency range. This pattern of larger cur-
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rents and larger deflection angles in stratified conditiotsthe enhanced mixing caused by breaking waves, which
is consistent with the observations of Price and Sundéends to mix the momentum over a scale of the order of
meyer -), and the numerical model resultsttlm windsea wave height, i.e. increasing with the wind
(). speed |(Mellor and Blumbegig 2004; Rascle 4f al. 2006).
Numerical models without stratification but with a real-
d. Relationship between tide-filtered currents and windsstic mixing tend to give a quasi-Eulerian current that in-

A proper model for the wind-induced current may bélreases with wind speed and with the inverse wave age.
]

. . . X re the stronger winds do not correspond to very differ-
given by the relationship between the wind speed a ?ft wave ages, and it is likely that a correlation of deeper
\t,;lgr\:gfgreégmtigma?a;g?eﬂ%ﬁztsio?]”:ﬁ dagﬂz;?g) ‘;for:‘nplte%]jxed layers with stronger winds is the cause of the re-
wind stress spectrum to the Eulerian current spectrum,CtIon oft/jy with increasing wind spee07).
following Gonella (1971) of Millot and Créppn (1981).

However, the transfer function is very peaked at the in-
ertial frequency, with a large jump in phase. At any given
time it is thus impossible to tell the current speed and
direction just by looking at the complex transfer func- L
tion, without integrating the full response to the forcing. < Ll SN
Thus, for practical reasons, there is a long tradition, forg 12 f--r-
search and rescue operations and ocean engineering ag- 1}--f*:
plications, of directly comparing current and wind magni- ’g 08 }--p
tudes and directions. Because of the inertial oscillations  og|..La
there is usually a large scatter in the correlation of the ,,]. I}
current and wind speed vectors. In order to compare with

16 f--

02}--f--

previous analyses (e.g. Mao and Hegfon 2008), we thus ol T :
perform such a comparison, after filtering out the domi- O 2 4 6 & 10 12 14 16 18 20
nant tidal current, by taking the inverse Fourier transform ~ ———— AU (m/s)
of the current, wind, and Stokes drift spectra in which the 5 l I .

B Rt Rl R TR et et et il -

amplitudes of components with frequencies higher than  of |2 T T R S .
1.75 cpd, and the zero frequency, are set to zero. Again, L S N ST TEa o

. -2
the Fourier transforms are taken over 264 hours. § 0

We find that the surface Euleridiiz current lies 40 o -0 (sl . NG
to 60° to the right of the wind, suggesting that the near® g} ITX:!. :
inertial motions only add scatter to the longer period mos
tions (f| < 1.3 c.p.d.) that were found to have sim-
ilar deflection angles. Interestingly, the typical magni- -100
tude of Ur decreases from about 0.8% bf, at low
wind to nearly 0.4% for high winds. This reduction in 1500
the relative magnitude o/ is accompanied by a re- g
duction of the deflection angle from 6%n average for g 51000

s
“““
. ‘e

Upo =3ms 040 for Uy = 15ms'. Onthe EZ 500 ‘,.*’t'","."_‘c?g‘?r_“?c_’“é"n,,'
contrary, the Stokes drift typically increases quadrdliica 2 . "stratified” >+ .

~.
==

with the wind speed. These result contradict the usual® ©
result by| Kirwan et gl.[(1979), Mao and Hedn (2008) o _ _ .
that the Stokes drift should be linear and the EuIerii%‘j'tg"W?nbjesrgggdt.'d%g‘;ﬁfggt?e“da?i;gg'igﬁgg’;‘)‘;ﬂ“&s Sﬁgﬁ&;’ég
current should be quadratic in terms of wind speed. TRghs only and dotted lines correspond to homogeneous tionsii The
fact that the Stokes drift is quadratic as a function of th@mber of data records in each of these cases is indicatbe ottom
wind speed is well shown by observations in figure 5, a@nel. The dashed line show results wbgsy, is replaced by/ss (f3).
the error infMao and Herbr (2008) i likely due to thel™or bars show,onh 2 f the standard deviaton or al condions
assumption that the Stokes drift is dominated by WaV@§rrent,US’f andUs, were filteredpin the same manner for consistency
at the peak of the spectrum. In the analysis of Kirwag@xcept for the initial de-tiding applied only to the curtetata) .
et al. (197P) ang Rascle et dl. (2006), the error essentially
arises from the assumed shape of the wave spectrum.

The less-than-linear dependenceldf on Uig CON- ¢ Effects of fetch or wave development
tradicts the usual simple Ekman model for the quasi-
Eulerian current, which would predict a current propor- The same analysis was also repeated for other points
tional to the wind stress, and thus varying as the squanethe radar field of view. For example at point B (figure
or cube of the wind speed. This difference is likely du&), where the radar data quality is generally better, but
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Homogeneous Stratified

due to inertial oscillations that can be well modelled us-

Low wind conditions (Uso ~ 3mis) Low wind conditions (Usg ~ 3mis) ing a Laplace transform of the wind stregs (Broche gt al.
i

Ust Ust B). This large deflection angle is robustly given by
Ut/ 100 Utg/ 100 the coherence phase for clockwise motions in the fre-
y guency range from 0 to the inertial frequency. The mag-
R nitude of U, appears to decrease with wind speed but in-
Ve creases when a stronger stratification is expected (figure
Ve - 5). These surface observations correspond to currents in
the depth range O to 1.6 m, and confirm previous analysis
High wind conditions (Uyg ~ 13mis) High wind conditions (U1o ~ 13ms) of deeper subsurface mooring data. It thus appears that

! > st the classical picture of the Ekman spiral does not hold in
k \\ Uyo/ 100
Ue

the ocean, and that the surface layer is much more slab-
like than assumed in many analyses, probably due to the
Ug large wave-induced mixing at the surfat al.
[L992). This finding is very important for a proper esti-
mation of the energy flux to the mixed layer. Instead of
7 the wind stress work on the Ekman current, this energy
flux should be dominated by the dissipation of wave en-
Fic. 6. Typical mean wind-correlated current vectors in low aigh  ergy induced by breaking (e.g. Rascle gt/al. 2008), and

wind conditions, with and without stratification, measucéidthe West  the work of the Stokes-Coriolis force that is smaller than

coast of France with the 12.4 MHz HF rad&f.r is the radar-measured il _
vector, that can be interpreted as a sum of a quasi-EuleviaarcU g, the Coriolis force by about a factor of 3 on average (Ras

representative of the upper two meters, and a filtered sgtokes Cl€ €t al.[2008), but that may give a comparable Work.
drift Ug . The full surface Stokes drift is typically 40% larger thaist  due to the smaller angle between that force and the quasi-

filtered value. Eulerian current. The accurate estimation of the surface
Stokes drift using a humerical wave model also opens
the way for a more accurate interpretation of space-borne

where the wave model may have a bias of about 10% Bigasurements of surface currents using Doppler meth-
U, and the ECMWF wind field may be less accurat@®ds, that are contaminated by a Stokes-like component
Point B is relatively sheltered from Southerly, and Nortr@mplified 10 times or morg (Chapron efal. 2005).
westerly waves, and the fetch from the East is 40 km at

most. If we assume that the winds are accurate at thaAcknowledgment§he efforts of Vincent Mariette and
site too, we find that the radar-derived current is weaklicolas Thomas are essential to maintain the radars in
relative to the wind, withlJ z /U, typically smaller by proper operating conditions. Funding for the radar pur-
0.2% point (i.e. a- 15% reduction) compared to pointchase and maintenance was provided by DGA under the
A. This appears to be due to a reductioriiig;, which is  MOUTON project, and funding for the wave model de-
only partially compensated for by a small increas&’jn ~ velopment was provided under the ECORS project. Flo-
This difference betweed and B nearly vanishes when rent Birrient performed the integration of Aaron Roland’s
only Westerly wind situations are considered (defined gutines into the WAVEWATCH Il framework. Wind

U
Uqg/ 100 o

a winds from the West with &Y. and wave data were kindly provided by ECMWF, Météo-
France, and the French Centre d’Etudes Techniques Mar-
4. Conclusions itimes Et Fluviales (CETMEF), and the sea surface tem-

perature data used to diagnose the presence of a stratified
Using a 2 year time series of HF radar data, and a noVayer was taken from the ODYSSEA Level 4 global anal-

numerical wave model that is shown to reproduce the ofsis product, produced as part of the MERSEA Integrated
served variability of the surface Stokes drift with windProject. The SHOM buoy deployments were managed by
speed and wave height, we have analyzed the wind-driveavid Corman with precious help from Guy Amis.
surface current. When tidal currents are filtered out, we
find that the measured velocities are a superposition of
filtered Stokes drift/ sy and a quasi-Eulerian curreti; .
With our 12 MHz radarl/s is of the order of 0.5t0 1.3% dispersion relation in a random sea state
of the wind at 100 km from the coast, the ratio increasing
linearly with wind speed. These values are a function of
the radar wavelengths and would be larger, by up to 20%,Based on the lowest order approximate theory of We-
with higher frequency radars that give currents represeser and Barrick[(1977) for deep water waves wjth~
tative of a shallower surface layer. The other componedt+/gk, the nonlinear correction to the phase speed of
Ug is found to be of the order of 0.6% of the wind speead,omponents with wavenumbgg and directiord, can
and lies, in our Northern Hemisphere, at an average 40de expressed as an integral over the wave spectrum.
70 degrees to the right of the wind, with a large scatt®efiningz = k/kp anda = 6 — 05, (I.

aAPPENDIX A Nonlinear correction for the wave
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, their eq. A2) give the following expression, elsewhere, and we only give here a description of their
v ) implementation.

V92 [T The parameterization of,, is taken from[Janssen
Usy(kp,0p) = 23"k /O /0 F(z,0)E(1,0)404f, " 997} as modified bly Bidlot et A[_(2405), with some fur-
. _ _ ther modifications for the high frequencies, and the addi-
where, correcting for typographic errors, and using:  tion of a wind output terns,,; (or “negative wind input”)

z'/? = f/fp anda = cosa, based on the observations|by Ardhuin gtfal. (2D08a). The
source term is thus
F(z,a) =y{2a —y + 3za} )
—a l
Y et o= (v Sn(7.0) = L2l (% ¥ za>
2 w
< {lva—a) (a:+ 1+ ep)?) /2 x cos*(0 — 0,)0F (£,6) + Sous (£.6),
+ (1 +ey)(1+exa+ey(x+ea)—ac)}, (B1)
(A1) whereG,.x iS @ (constant) non-dimensional growth pa-

with rameter,x is von Karman's constany, in the friction

e = (1 g 2€m)1/2 ' (A2) velocity in the air,C is the phase speed of the waves,

_ _ _ _ is the intrinsic frequency, equal for f in the absence of
These expressions give the correct flgur et@lrrents, and” (f,0) is the frequency-directional spec-
(£983). Forz < 1 one finds that(x,0) = 42%/2, and trum of the surface elevation variance. In the present im-

for + > 1, F(x,0) = 4z'/2, as previously given by plementation the air/water _den_sity ratio is constant. We
onguet-Higgins and Phillipg (1962), Huang and fungefineZ = log(n) wherey is given by Janssen (1991,
(1976) and Barrick and Wehef (1977). As commente€ld- 16), corrected for intermediate water depths, so that
by |Broche et a.[(1983)F (x, ) ~ F(z,0) cosa, with

the largest errors occurring far = 1 where F'(z, o) > Z = log(kz1) + r/ [cos (6 = 6.) (u}, +2a)],  (B2)
F(z,0) cosa for |o| by m/3, which, in our case makesy here ., is a roughness length modified by the wave-
Usy larger by 2 to 5% than the approximation given b¥upported stress,, andz,, is a wave age tuning parame-

edq. (3). ter. The effective roughness is implicitly defined by
APPENDIX B Parameterization and numerical Uio = Plog (10 m) (B3)
. K Z1
settings for the wave models )
Zp = max {ao%, 0.0020} (B4)
g
a. Parameterizations 20 (B5)
2] = ——,
The implementation of the WAVEWATCH IIl model ' 1—7w/T

used here was ran with source functidhs, S,,; and.Sy; . . ) )

parameterizing the wind input, nonlinear 4-wave interat¢here is the wind stress magnitude,, is the wave-

tions and whitecapping dissipation. An extra additiongupported fraction of the wind streds, is the wind at

dissipation termSy, is also included to enhance the dis10 m height ang is the acceleration of gravity.

sipation due to wave breaking in shallow water based onThe maximum value of, was added to reduce the un-

Battjes and Jansdeh (1978). realistic stresses at high W|_nds_ that are cherw_|se given
The parameterization fof,,; is taken from Hassel- by the standard parameterization. This is equivalent to

mann et al.[(1985) and the parameterizationssfgrand ~ Setting a maximum wind drag coefficient 8 x 10~°.
ﬂ

Sy. are very similar the ones used y Ardhuin e allhis, together with the use of an effective friction veloc-
(R008H), with modifications to further improve the highty u%(f) instead ofu, in (BJ) are the only changes to
frequency part of the spectrunf (Filipot et] &I. Joogfhe general form of Janssen’s (1991) wind input. That
Namely, the whitecapping dissipation is based on réiction velocity is defined by

cent_observations of wave breaking statistics (Banner

et al.[200D), and swell dissipatign (Ardhuin efal. 2(])08af.u'*(f>>2 = |u366

These model settings give the best estimates so far of fopemg (f',0")

wave heights, peak and mean periods, but also of param- — |54] / / e Lepdf’ded’, | .
eters related to the high frequency tail of the spectrum o Jo ¢

(appendix C). The present model results are thus a signif- (B6)
icant improvement over the results|of Bidlot e} @l. (4005)

and[Rascle et hl[ (20P8). The physical and practical mdere the empirical factos, = 1.0 adjusts the shelter-
tivations for the parameterizations will be fully descidbeing effect of short waves by long waves adapted from
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Chen and Belchgf (20DP0), and helps to reduce the inpuidpe out smaller waves of phase spegdBabanin and
high frequency, without which a balance of source terméung [200p). Due to uncertainties in the estimation
would not be possible (except with a very high dissipatioof this effect from observations, we use the theoretical
as in Bidlot et al. 2005). This sheltering is also appliechodel of[Filipot et a). [2038). Briefly, the relative ve-
in the precomputed tables that gives the wind stress amaity of the crests is the norm of the vector difference,
function of Uy andr,, /7 .). A¢ = |C — C'], and the dissipation rate of short wave is
The wind output term, is identical to the one used bsimply the rate of passage of the large breaker over short
Ardhuin et al. [2008b). Namely, defining the Reynoldwaves, i.e. the integral ahoA(C)dC, whereA(C)dC
number Re= 4uobaorh/Va, Whereuo,s, andae,t, are the is the length of breaking crests per unit surface that have
significant surface orbital velocity and displacement amrelocity components betweérn, andC.. + dC,, and be-
plitudes, and, is the air viscosity, we take, for Re10°> tweenC, andC, + dC, (Phillipg[1985). Because there
is no consensus on the form &f(Gemmrich et gl. 2008),
we prefer to linkA to breaking probabilities. Based on
Sout (f,0) = —1.20a {Qk\/2ua} F(f,0). (B7) Banneretal. (2000, figure 6), and taking their saturation
P parametee to be of the order ofl.6v/B, the breaking
and otherwise probability of dominant waves waves is approximately

2
P = 56.8 (max{\/E — \/B,.,O}) . Extrapolating this
result to higher frequencies, and assuming that the spec-
tral density of crest length per unit surfabik), in the
wavenumber spectral space/ (k) = 1/(27%k), we de-

B fine a spectral density of breaking crest lengtitk) =
fe=0.Tfe,car +[0.015 — 0.018 cos(6) — 0)] u*/u(‘g‘é’) 1(k)P(k), giving the source term,

Sout (f,0) = —Z—a {16f.0%uom/g} F (£,0), (B8)

where

where f. ¢ is the friction factor given by Grant and

_ 0.7f 27 56.3
Madsen’s (1979) theory for rough oscillatory bounda as,c(f,0) =—csF (f,0) fo S

0 T
layers without a mean flow, using a roughness length ad- /B(' 0 — /B Ac g/
justed to 0.04 times the roughness for the wind. This X max{ (#,6 ”0} Ca d'df
gives a stronger dissipation for swells opposed to winds. . (B13)

The dissipation term is the sum of the saturation-based ) . )
term offArdhuin et dl.[(2008b) and a cumulative breaking The tuning coefficients which was expected to be of

term Sy . of [Filipot et alf (200B). It thus takes the form order 1, was here adjusted to 0.2. The resulting r_nodgel
results appear to be very accurate for sea states with sig-

B() 2 nificant wave heights up to 8 m. Larger wave heights are
Sas(f,0) = o0Cas {0-25 {max {T -1 OH underestimated. Other parameter adjustments can correct
) for this defect, e.g. reducing, and increasings, but
B'(f.0) _ then the Stokes drift may not be so well reproduced, es-
+0.75 [max{ B L OH } pecially for the average conditions discussed here. These
X F(f,0) + Sas.c(f,0). (810) different possible adjustments and their effects will be
’ discussed elsewhere.
where
bso° b. Numerical schemes and model settings
B (f,0) = 27r/ k*cos® (0 — ') F(£,0')/C,d¢’, Spatial advection in the finer model grid is performed
6—80° using the explicit CRD-N scheme (Contour integration

(B11) hased Residual Distribution - Narrow stencil schemié Cs
, et al.[200R) that was applied to the Wave Action Equa-
B(f,) = max {B'(f,0),6 € [0,2n[}, (B12)  tion by[Rolan} [20d8) and provided as a module for the
andB, = 0.0009 is a threshold for the onset of breakingVWIII model. The scheme is first order in time and
consistent with the observations [of Banner ét [al. (Poospace, it is conservative and monotone.
and[Banner et &l[ (20b2), as discussed by Babanin andtll model grids are forced by 6-hourly wind anal-
van der Westhuysei (2408), when including the normalsis at 0.5 degree resolution, provided by ECMWF.
ization by the width of the directional spectrum (here reFhe model spectral grid has 24 regularly spaced direc-
placed by the:os? factor in eq[B1JL). tions, and extends from 0.037 tfi,., = 0.72 Hz
The dissipation constar@y, was adjusted t®.2 x Wwith 32 frequencies exponentially spaced. The model
10~ in order to reproduce the directional fetch-limitedhus covers the full range of frequencies that con-
data described by Ardhuin et|dl. (2007). tribute most to the filtered Stokes drii/sy. The
The cumulative breaking term represents the smootisual high frequency tail proportional t6=° is only
ing of the surface by big breakers with celer®y that imposed for frequencies larger than the diagnostic fre-
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quencyfy = F fn, 0,—1, with the mean frequencydefined rrrT—Trrr T T T

3 I I Vs
by fmo—1 = [[E(f)/fdf/ [ E(f)df]~. Here we E | E
take a factort” [[ 10, |éstea{j{)f the usual value of 2.5 0.4E Observed [ _ _ _1_ 'x*;*- - =]
(Bidlot et al[200p), so that, is aimost always larger than 3 N
the model maximum frequency of 0.72 Hz. Besides, the 3 ; v GRS (m):
time step for integration of the source function is adapta- 0-3; S e By iy X 11
tively refined from 150 s for the local model downto 10 s E 10
if needed, so that virtually no limiter constrains the wave E 9
field evolution 2). 0.2¢ ?
6
APPENDIX CModel accuracy for relevant 0.1 30_’ : 2
parameters EX : g’
E 1

In order to define the errors on the estimation$/gf =
used to determine the quasi-Eulerian velodity from 0 o U10 (m/s1)5 20 25
the radar measurement, it is necessary to examine the
quality of the wind forcing and model results in the area

of interest. The only two parameters that are measured 0.4 D Present b—-—-—-——g = -
continuously offshore of the area of interest are the Wavew El model
height H; and mean period., recorded at buoy 62163, E E . 0%
150 km to the west of point AH, and fo» can be com- 03k ——L L & _,ri:i:
blned to give the second moment of the wave spectrunin’ F I ! R
= (0.25H, fo2)". T ' ' tyg
Because there is no reliable wave measurement wnlﬁ% 02F - - L _ i = 4
spectral information in deep water off the French North- 5 E sha a@]g g.ﬁ
East Atlantic coast, we also use buoy data and model re=5 Ffo € * ® ‘é‘xx
sult in a relatively similar wave environment, at the loca- 5: 0.1 3.:{: 4 ’*ﬁn! _______
tion of buoy 46005, 650 km off Aberdeen (WA), on the :) : i m®
U.S. Pacific coast. Since this buoy is not directional we ‘Eﬁ gE4]
first examine the third moment of the wave spectrum 0 4“ ey PRI PR
fe
3 old
m(fo) = [ SES. (C1) 03F| model b oo X
If waves were all in the same directiong would be pro- | | ;
portional to the Stokes drift/;s(f.) of waves with fre- 02FE - -+ - =+ pa -
guency up tof., as given by eq.|[2). We thus define a | Jay 1*?*
non-directional Stokes drift s 3-38
01F — 27 g -
Ussna(fe) = (2)*ms(f.) /9. (C2) g2 8582,
111 L

Looking at buoy data we found that

FiG. C1. Variation of the wave spectrum third momeniz converted
U, toavelocityUsna = (27)3ms(f.)/g, that would equal the surface
10 stokes drift in deep water if all waves propagated in the saineetion.
For each data source a cut-off frequencyfef= fp = 0.36 Hz is
X min {U10, 14. 5} +0.027 ( —0. 4) taken and the data is binned wind speed, at Irhistervals, and sig-
nificant wave heigh#; (in colors) at 1 m intervals from 1to 11 m. The
(C3) top panel shows buoy data offshore of Oregon (NDBC buoy 45006
middle pannel shows present model results, and the bottoei paows
wheref, is in Hertz,Uy, is in meters per second, af] results from the same model but using the parameterizafi@tot et
is in meters. al. (2005), including a factoF" = 2.5. The vertical error bars indicate
lus and minus half the standrad deviation of the data valuesch
Taklng dlrect|onallty into account eq. |:| (2) yleld§ Ui, H,) class.
Uss(fe) ~ 0.850, ), for typical wave spectra, and
the relatlonshlp@3) becomes ecﬂ (4). For buoy 46005,
which is a 6 m NOMAD buoy, angl.. in the range 0.3 to
0.5 Hz, this relationship gives a root mean square (r. 5% of the r. m. s. value estimated using e}g_J (C2). This

s.) error less than 1.0 cnT, corresponding to less thanis smaller than the error of estimates using previous wave

(&

Ussna(fe) =~ 5.9x 10~ 4[125 025@5)
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models (24% with the parameterization by Bidlot et akistent with the saturation of the short wave slopes ob-

2005), but comparable to the 14.2% error obtained witterved by Vandemark et]al. (2004). For this parameter,

the present model. the model is found to be very accurate, especially around
the region of interest, relatively more than on the U.S.
Pacific coast.

Table C1. Model accuracy for measured wave parameters. alby indi i ; i -
dation span the entire year 2007, except for buoy 62069 fachwdata These indirect validations suggest that the third spec

covers the time frame 25 January to 20 August 2008, buoyaimsers  tral moment including waves up to the Bragg frequency
13 April to 20 May 2004, and JASON 1 data corresponds to Jgrtoar f = 0.36 Hz, which is proportional td/s,4, iS prob-
July 2007 for the global validation (JAS-Glo: 393382 datanfs) and ably estimated with bias between -5 and 10%, and an

the full year for a box centered on 48.5 N and 8 W or 45 N and 128 W. 0 ; i
(JAS-Gas or JAS-Was: 380 data points). Unless otherwisafsueby Vlv'm's' er.ror less than 20./0' The bias on the S|gn|f|_cant
the number in parenthesis, the cut-off frequency is takeet0 5 Hz, Wave height appears to increase from offshore (altime-

C stands for C-band anfls = 0.36 Hz corresponds to out 12 MHz ter and buoy 62163 data), to the coast (buoys Iroise and
HF radar. The normalized bias (NB) is defined as the bias efivily  62069), and we attribute this effect to the tidal currents,
the r.m.s. observed value, while the scatter index (Sl) imee as the notincluded in the present wave model. and coastal mod-

r.m.s. difference between modeled and observed values caftrection ..~ " . - .
for the bias, normalized by the r.m.s. observed value,aaPearson's ifications of the winds that are not well reproduced at this

correlation coefficient. 10-20 km scale by the ECMWF model. Because the cho-
dataset NB(%) SI(%) r sen area of interest lies offshore of the area where cur-
2004 rents are strongest (figure 1), we shall assume that, at this
H, 62163 6.8 11.1  0.977 site, the model bias ofV,s(f5) is zero, which appears
Jo2 62163 10.4 8.8  0.907 most likely, or possibly weakly negative. Extreme biases
H, Iroise 12.8 17.4 0.975 of £10% only result in deflections of degrees on the
fo2 Iroise -10.0  11.7 0.913 diagnosed quasi-Eulerian currdni .
Ussna(fB) Iroise 27.2 26.9 0.968
Uss(fB) Iroise 20.5 18,5 0.971
2007/2008
REFERENCES
H, JAS-Glo -0.6 11.4 0.966
S Agrawal, Y. C., E. A. Terray, M. A. Donelan, P. A. Hwang, A. J.
m4(C) JAS-Glo 0.6 9.1 0.939 Williams, W. Drennan, K. Kahma, and S. Kitaigorodskii, 1992
H, 62163 -1.4 8.8 0.985 Enhanced dissipation of kinetic energy beneath breakingesva
fo2 62163 6.3 7.3 0.938 Nature 359, 219-220. . .
Ardhuin, F., 2006: Quelles mesures pour la prévision dets @e mer
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