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Abstract. Two high-frequency (HF) radar stations were in- morican, Aquitaine and Cantabrian slopes, is the transition
stalled on the coast of the south-eastern Bay of Biscay irbetween the deep sea and the continental shelf. It is very
2009, providing high spatial and temporal resolution andsteep and fractured by numerous canyons. The continental
large spatial coverage of currents in the area for the first timeshelf (water depths of less than 200 m) is wider in the north-
This has made it possible to quantitatively assess the air—searn part, whilst the southern part (Cantabrian shelf) is ex-
interaction patterns and timescales for the period 2009—201Gremely narrow with a mean width between 30 and 40 km.
The analysis was conducted using the Barnett—Preisendorférhe study area, the south-eastern Bay of Biscay, is located
approach to canonical correlation analysis (CCA) of reanal-in the innermost part of the Bay, where the orientation of the
ysis surface winds and HF radar-derived surface currentscoast changes from east—west to north—south (Fig. 1). Here,
The CCA yields two canonical patterns: the first wind— the continental shelf is the narrowest ranging from just 7 to
current interaction pattern corresponds to the classical Ek20 km wide (Pascual et al., 2004; Liawet al., 2006).
man drift at the sea surface, whilst the second describes The atmospheric circulation over the Bay is characterised
an anticyclonic/cyclonic surface circulation. The results ob-by prevailing winds from the west to south-west. However,
tained demonstrate that local winds play an important role inthe winds are not spatially homogeneous and vary season-
driving the upper water circulation. The wind—current inter- ally. The wind tends to come from the south-west in winter
action timescales are mainly related to diurnal breezes andnd from the west and the north-west in summer (OSPAR,
synoptic variability. In particular, the breezes force diurnal 2000). In particular, the dominant winds within the south-
currents in waters of the continental shelf and slope of theeastern part of the Bay are from the south-west in winter and
south-eastern Bay. It is concluded that the breezes may forcautumn, while they tend to be northwesterly and northeast-
diurnal currents over considerably wider areas than that coverly in spring and summer.
ered by the HF radar, considering that the northern and south- The surface water circulation over the region is mainly
ern continental shelves of the Bay exhibit stronger diurnalforced by the wind and partially constrained by the
than annual wind amplitudes. bathymetry. As such, the surface flow over the abyssal plain
is eastward in winter, whereas it is to the south and the south-
east in summer in agreement with the seasonal wind-driven
Ekman drift (Van Aken, 2002; Charria et al., 2012). Over
1 Introduction the continental slope, the surface flow is derived from wind
and thermohaline forcing. The slope current is markedly sea-
The Bay of Biscay, located in the eastern North Atlantic song) in relation to the seasonal wind regimen in the Bay.
Ocean, is characterised by its complex submarine topogram winter the prevailing winds reinforce the slope current,

phy. This consists of an abyssal plain with water depths offjowing eastward along the Cantabrian slope. In summer this
around 4500 m. The continental slope, formed by the Ar-
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: : : . .., Fig. 1. Location of the study area showing the position of the HF
surface currents are partially driven by wind forcing on dail
P y y N y radar points with more than 50 % data coverage, CFSR grid points,

tlmesc_ales, as the local Wl.nd tends to favour or preven_t th(?-|F radar antennae and the two spatial domains considered (D1 and
extension of the geostrophic current. It should be underllnedDz) Bathymetric contours show the 200-, 2000- and 4000-m iso-

however, that most of the research undertaken on the SUlsaihs.
face circulation, in the south-eastern coastal and continental
shelf areas (lahez, 1979; Goralez et al., 2004; Foah et al.,
2006; Fonan et al., 2009; and Foat et al., 2013) together  timescales within the south-eastern Bay of Biscay for the pe-
with that attempted in the south-eastern continental slope ofiod 2009—-2010. This has been accomplished by applying the
the Bay (Caballero et al., 2008; Gdlez et al., 2008; Abas- Barnett and Preisendorfer (1987) approach to canonical cor-
cal et al., 2009; and Rubio et al., 2013), has been focusegelation analysis (CCA) of surface wind and current fields
on short-term datasets and fixed locations (moored buoysyith high spatial and temporal resolutions. The data and the
or model simulations. In particular, the surface current mea-analytical procedures adopted are described in Sect. 2. Sec-
surements are scattered in temporal and spatial distributiongon 3 presents the wind variability and its influence on sur-
over the south-eastern Bay of Biscay. This lack of long-termface water circulation. The wind—current interaction patterns
and large spatial coverage measurements has impeded tl@d timescales are presented and discussed in Sect. 4. Finally,
understanding of the timescales and spatial patterns associve summarise the new results and outline the main conclu-
ated with the surface wind-induced currents over wider areasions and future perspectives in Sect. 5.
in the region, such as the one considered in this paper.

Recently, the Directorate of Emergency Attention and Me-
teorology (Basque Government) has established a region@ Data and methods
system for operational oceanography in the area. Initially,
the data acquisition system was formed by six coastal staThe data used in this study are hourly marine currents for
tions and two offshore buoys, which provide oceanographica 2 year period (2009-2010) derived from the HF radar sys-
and meteorological information at fixed locations. In 2009 tem. Two HF radar stations were installed on the coast of
the system was upgraded with the installation of a high-the south-eastern Bay of Biscay (see Fig. 1) and have been
frequency (HF) radar array. This has greatly improved theoperational since 2009. The stations are equipped with CO-
data acquisition system, providing measurements of marin@AR SeaSonde systems, working in the 4.5 MHz frequency
currents in the area with high temporal and spatial resolu-band with a 40 kHz bandwidth. The antennae cover a 150 km
tions and large spatial coverage for the first time. To daterange with 5km radial and°sangular resolutions. The data
the only research published based on these HF radar curremtere preprocessed by applying standard procedures in ac-
measurements is that of Rubio et al. (2011), which focusedcordance with the manufacturer's recommendations. Thus,
on the spatial and temporal distribution of inertial variabil- radial velocities were obtained with the multiple signal clas-
ity in the south-eastern Bay. The present study, made posskification (MUSIC) algorithm (Schmidt, 1986). These ve-
ble by these newly available observations, aimed to explordocities were then moving-averaged over 3 h to increase the
and quantitatively assess the air—sea interaction patterns arafatistical robustness of the estimates. Hourly total current
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Fig. 2. Averaged Lomb-Scargle periodograms (99 % confidence levelpjaronal and(b) meridional HF radar currents for the period
2009-2010. Spectra were computed on total and low-pass filtered cu(mmResponse factorR) of the low-pass filter (with a cut-off of
20h and 137 points). NoteS, is semidiurnal principal solar gravitational tid&, is semidiurnal principal lunar gravitational tidg; is
inertial period ands4 is wind-induced (breezes) diurnal component.

vectors were obtained from these radial velocities by a leastestimates. The high-frequency variability in surface currents
squares approach with an interpolation radius of 20 km. Fi-is associated with semidiurnalg andS»), inertial (7;) and
nally, hourly currents were derived over a regular mesh withdiurnal (S1) motions (see Fig. 2). In order to determine the
a 5km horizontal resolution. Standard quality control pro- wind—current interaction patterns and timescales, the effects
cedures were applied to radial and total velocities (Rubio ef unwanted high-frequency motions, such as inertial and
al., 2011). The HF radar currents were validated by Rubiosemidiurnal tidal variability, were eliminated by applying a
et al. (2011); these authors concluded that the HF radar cutow-pass filter specially designed to suppress those compo-
rents agree well with in situ measurements in the area.Thaents (with a cut-off of 20h and 137 points) (see Thomp-
wind components at 10 ma.s.l. of the Climate Forecast Sysson (1983), for further details). This filter consists of a 137 h
tem Reanalysis (CFSR), provided by the National Centers foweighted moving average. Since the HF radar-derived cur-
Environmental Prediction (NCEP), were also analysed in thisrents are unequally spaced, this filter is applied provided that
study (Saha et al., 2010). The wind dataset covers the perio ) . . N .
1979-2010 with spatial and temporal resolutions of 02312 the fiter weights ) satisfy|1— <w°+2,§lwk> <04in
and 1h, respectively. These data were used to describe theach 137 h segment, where=1,...,N. This condition is eas-
wind variability and the air—sea interaction patterns over theily accomplished if the neighbouring values are present, since
area. Xue et al. (2011) validated the surface winds from thehe filter gives more weight to values at those points. Figure
CFSR and concluded that they generally agree well with the shows that the semidiurnal tidal componersts génd M>)
observations over the region. and the inertial motionsf{) have been efficiently eliminated
The HF radar grid points with data coverage of more thanfrom the currents by applying the digital filter. Conversely,
50 % were selected for further analyses (Fig. 1). As the HFas can also be seen in this figure, the wind-induced currents
radar-derived currents contain data gaps, the Lomb-Scarglgue to diurnal breezess{) have been preserved in the low-
method was used to compute the periodogram of unevenlyass filtered currents. Low-pass filtering of the CFSR winds
spaced data (Press et al., 1992). Spectra were determined f@Kith a cut-off period of 20 h) was also performed to remove
each HF radar grid point and were then averaged in ordehigh-frequency signals. The low-pass filtered wind and cur-
to increase the number of degrees of freedom of the spectraknt fields became the basis of subsequent analysis.
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CCA of the low-pass filtered surface current and wind by simple stopping rules (Navarra and Simoncini, 2010). As
fields, for the period 2009-2010, was used to characterisa first order approximation, the serial correlation was not
the wind—current interaction patterns and timescales acrossonsidered in the EOF analysis, overestimating the number
the south-eastern Bay of Biscay. This analysis identifies newof EOFs retained. Afterwards, as part of the CCA phase, the
basis vectors for two sets of variables such that the correlaoptimum number of PCs to be retained for the CCA model
tion between the projections of the variables onto these bawas determined by a cross validation method (Feddersen,
sis vectors are mutually maximised. In the present work, the2003; Feddersen and Andersen, 2005; Xoplaki et al., 2003;
Barnett and Preisendorfer (1987) approach to CCA was apamong others) that takes into account the temporal autocor-
plied, which involves the application of empirical orthogonal relation of the series. This enabled us to avoid overfitting
function (EOF) analysis to the data prior to classical CCA.in the CCA computations. The cross validation approach is
This approach presents advantages with respect to classicalnon-parametric resampling technique, where the available
CCA: data compression, noise filtering and orthogonalisa-data are repeatedly divided into validation and verification
tion. This statistical method is a common procedure in the atsubsets. For each time step,a CCA model is constructed
mospheric literature, but less widely used in the oceanic scibased on data series that do not include values for a time
ences (8nchez et al., 2007). Some authors have applied thénterval, ¢; — t, ; + t), that considers there to be temporal
approach in a neighbouring oceanic area, namely the westerautocorrelation over a time scake, Then this CCA model,
Iberian Peninsula: @1chez et al. (2007) studied the coupling formulated without making use of data in the 7, 7; + 1)
between ocean winds and SST, while Herrera et al. (2008)nterval, is tested on the skipped timeobservation. This
applied the same approach to study the variability of ther-process was repeated for each time step and for every combi-
mohaline properties and residual currents and to quantify theaation of predictor—predictand truncations, yielding predic-
local and remote processes driving these patterns (upwellingve skill scores. In particular, the performance of the CCA
and river run-off, and meridional temperature gradient, re-model was assessed using three indices: the correlation co-
spectively). To our knowledge, however, no studies to dateefficient (R), bias and root mean square error (RMSE). The
have focused on wind-induced currents in the south-easterariterion used to determine the optimal predictor—predictand
Bay of Biscay. truncation was to select the PCs that provided the best CCA

Prior to calculating the EOF, all the data values weremodel in terms of these indices. Subsequently, the statistical
weighted by the square root of cosine of latitude to accountsignificance of the canonical correlation coefficients was ad-
for latitudinal distortion that occurs with a regular latitude— ditionally tested using a Monte Carlo technique. The time se-
longitude grid (North et al., 1982). The presence of miss-ries were randomly resampled 5000 times, again taking into
ing values in the HF radar time series was handled selecteonsideration serial correlation, to obtain a statistical distri-
ing only time steps with full spatial current data coverage, bution of the canonical correlations that happen by chance
both for current and wind datasets. In total, the input time se4in those samples (Feddersen, 2003; Feddersen and Ander-
ries to EOF analysis have 65 % of missing values. Howeversen, 2005). Finally, the sensitivity of the results to the spatial
the gaps have only an average duration of 51 h, with 15 hscales selected for the winds was also tested by repeating the
being the most frequent length of missing values. Addition-analysis for two domains (D1 and D2 in Fig. 1). This allowed
ally, the distribution of the gaps across the seasons is suffius to evaluate the influence of remote and local wind effects
ciently homogeneous as not to distort the results obtained ifon surface currents.
subsequent analyses. The EOF analysis was then applied for
compressing the variability in both current and wind datasets.

This was performed on both vector components by comput3  Atmospheric variability from reanalysis winds and its

ing the eigenvalues and eigenvectors of their joint covariance influence on surface circulation

matrix. The result is a compact description of the temporal

and spatial variability of the datasets in terms of orthogo-Over the study area the climatological winds vary spatially
nal functions, which are linear combinations of original vari- and on seasonal scales. The winds also vary on diurnal
ables. The new variables are called principal componentsimescales, due to the so-called land and sea breezes. This is
(PCs) and are chosen to capture as much of the variabilityone of the most prominent mesoscale phenomena in coastal
in the original datasets as possible (Wilks, 2006). Within thelocations around the world (Kumar et al., 1986). The breezes
EOF analysis phase, the truncation criterion of the princi-are classified as mesoscale given their horizontal coverage
pal components was based on both North’s rule of thumband duration, with spatial scales of between 20 and 200 km.
(North et al., 1982) and a Monte Carlo test on the congru-Therefore, it is expected that the land and sea breezes may
ence coefficients between the EOFs obtained from 5000 raraffect surface water circulation over these distances (20 to
dom subsamples and those obtained from the whole sampl200 km) from the coastal areas.

(Cheng et al., 1995). It is worth noting that the time series To explore the influence of winds on surface circulation,
presented here exhibit temporal autocorrelation and, consehe diurnal and annual amplitudes have been extracted from
quently, it is to be expected that too many EOFs are retainedCFSR surface winds for the period 1979-2010 (Fig. 3). It
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Fig. 3. The amplitude (ms?) of the diurnal §1) harmonic of the surface wind speed from CFSR in the follow{aywintertime (October
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for the period 1979-201@d) The amplitude (cm_sl) of the diurnal harmonic of the surface current speed derived from HF radar for the
period 2009-2010. Bathymetric contour (solid white line) shows the 200-m isobath.

can be seen that the breezes strengthen towards the coasgnsistent with the results of the spectral analysis performed
with larger amplitudes in the coastal and continental shelfon the HF radar currents (Fig. 2): well-defined and significant
areas (Fig. 3a and b). The diurnal component exceeds the apeaks can be observed centred on the diurnal period for both
nual component (the ratio is higher than 1) in some areaszonal and meridional currents. These diurnal currents are not
the French continental shelf and the Cantabrian continentabrimarily forced by astronomical tides, but rather arise from
shelf and slope (Fig. 3c). The diurnal breezes also vary seadiurnal breezes. In fact, diurnal tides and currents of astro-
sonally, being stronger in spring and summer (Fig. 3b) thannomical origin are very weak in the Bay of Biscay (Le Cann,
in autumn and winter (Fig. 3a). Apart from the well-known 1990).

influence of the breezes on the coastal circulation over the The effect of breezes in coastal waters has been studied
south-eastern Bay of Biscay (Famtet al., 2009, 2013), they by Pielke (1981), who provided a comprehensive overview
appear to affect the surface water circulation mainly on theof the physical interactions between breezes and coastal wa-
continental shelf, and to a lesser extent the continental slopeers. Several researchers (Hyder et al., 2002; Miha@nevi
Although the diurnal amplitudes extracted from HF radar ob-al., 2009; Zaytsev et al., 2010; among others) have con-
servations correspond to the period 2009-2010 (Fig. 3d), theluded that breezes induce surface-intensified diurnal vari-
diurnal currents are stronger on the continental shelf and deability in coastal water circulation. However, to our knowl-
crease offshore in a similar way to the distribution of diurnal edge, research undertaken on the interaction of breezes with
breezes for the period 1979-2010 (Fig. 3a—c). This is alsmffshore waters is scarce. The results obtained in the present
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study provide new insights into the influence of land and
sea breezes on diurnal motions in waters of the continental

shelf and slope. In addition, the diurnal winds are stronger @R
in the summertime and may generate stronger diurnal cur- " 0.78]0.77]0.65|0.56|0.490.46(0.43(0.41[0.380.36(0.34{0.33]0.33|0.33
rents in the area. Finally, these findings indicate that land and 0.78[0.770.65|0.57[0.50{0.47[0.43] 0.41{0.39|0.36|0.350.35| 0.35 [ 0.35

. . . 11
sea breezes are probably affecting surface water circulatior 0.79]0.77/0.65]0.57[0.51|0.47[0.43|0.41{0.39[0.37]0.37[0.37|0.37[0.37

over wider areas (such as the Cantabrian and Armorican con- 10 0.78]0.76|0.65]0.57|0.51|0.47|0.43| 0.41|0.38] 0.38 ] 0.38 ] 0.38 [ 0.39 [ 0.39
tinental shelves) than that covered by the HF radar systemZ *1;7:lo77106s
(Fig. 3c). 8

0.57]10.51(0.47]0.43|0.41{0.41|0.41{0.41]|0.41(0.41]0.41
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4 Air-sea interaction patterns and timescales

e
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Within this section, the wind—current interaction patterns and . [0.74]0.72{0.63[0.630.63]0.65]0.65|0.66| 0.6 | 0.66 0.6 0.66 | 0.66 | 0.66
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ing the CCA in the EOF space to wind and current datasets  ~ |0.41]0.56]0.60[0.60[0.59]0.63]0.63]0.63]0.63[0.63]0.63[0.630.62] 0.62
for the period 2009-2010. The Barnett and Preisendorfer 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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(1987) approach to CCA was applied for the two different EOF WIND

spatial domains (D1 and D2 in Fig. 1). Firstly, the number (b) BIAS

of predictors (i.e. winds) and predictands (i.e. currents) was ~,,|%2[*-05|0-03[-0.04/0.00-0.01:0.01]0.00 -0.01:0.02]-0.00}-0.0210.02}-0.02
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rule of thumb (North et al., 1982) and a Monte Carlo test on
the congruence coefficients (not shown). For the currents the
12 leading EOFs were non-degenerate (94 % of current vari-
ance). For the wind the truncation criterion was set to 14 for
both D1 and D2 spatial domains, which accounted for 98— 4
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. . . ; 1
imum number of EOFs to be retained in the CCA analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 14
was estimated by a cross validation approach (Feddersen EOF WIND
2003; Feddersen and Andersen, 2005), taking into accoun (c) RMSE
the temporal autocorrelation Of the series. To thIS end, the " 0.61]0.65]0.76]0.8410.91(0.92(0.94{0.9410.9810.9910.99|1.00(1.00 | 1.00
performance of the CCA model was tested by ana'ysing all 0.61]0.65]0.76]0.8310.89(0.91{0.93{0.9410.97]|0.9910.99/0.99(0.99(0.99
the combinations based on the 12 leading PCs for currents 10 0.61/0.65(0.78(0.84(0.89]0.910.94(0.95[0.96|0.97|0.98|0.98 [0.97 {0.97
and the 14 leading PCs for winds for the two spatial domains : 0.62[0.66[0.77]0.84{0.88/0.91{0.95[0.96|0.97[0.97|0.97|0.97[0.97]| 0.97
(D1 and D2). The performance of the CCA model was evalu-
ated by calculating th& (Fig. 4a), bias (Fig. 4b) and RMSE “o.62[0.66{0.76[0.84]0.87]0.93[0.95]0.95]0.95[0.95[0.95[0.95 | 0.05 ] 0.95
(Flg 4C) be':ween the predicted and the Wlthh8|d data' The = 7 0.63]0.66] 0.760.8410.89(0.94(0.94{0.9410.94]0.9410.94|0.94(0.940.94
abscissa axis in Fig. 4 represents the number of wind EOFs g,

. . . . 0.6910.68(0.76]0.84(0.89]0.88(0.88]0.88(0.88]0.88(0.88]0.88(0.88|0.88
retained for the CCA model, whilst the ordinate axis corre-
sponds to the number of EOFs used for currents. It can be
seen that when increasing the number of wind EOFs above
tWO, the Corre|ation Coefﬁcient decreases and the RMSE in- . 0.69]0.7310.70]0.70)0.70(0.68[0.67[0.66|0.660.66|0.66 | 0.66 [ 0.66 [ 0.66
creases, e.g. with six EOFs for the current data, and two . 0.9210.83/0.80(0.81{0.81]0.78|0.780.78[0.78]0.78|0.78|0.78 [0.78|0.79
EOFs for winds yields a value & = 0.76, whilst three wind 1 2 3 4 5 6 7 8 9 10 11 12 13 14
EOFs reduces the value &fto 0.65. Consequently, increas- EOF WIND
ing the T‘“mber of current a.n.d wind !EOFS above SIx and tWO’Fig. 4. Selection of the optimal CCA model for the D1 spatial do-
respectlvely, does not significantly improve the slfllllscore.s.main by means of cross validatiofa) correlation coefficientR),
Therefore, it can be (_:oncluded that the besfc predictive sklll_s(b) bias and(c) root mean square error (RMSE).
associated with the simplest model are obtained when the six
and the two leading PCs of currents and winds, respectively,
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(a) First CCA mode

45°N rm — — — w— —

main), which means that the currents over the study area are

il mainly forced by local rather than remote winds. Taking into
—~— — — — W\, — — = consideration that the increase in the spatial domain does not
A improve the canonical correlations, only the D1 spatial do-
. (s main will be considered herein. The winds and currents show
TS\ T T ;\” u\\“ i the strongest correlation at zero lag, which indicates that the
\\R\tii\‘\‘\:\\::‘ NN j currents respond almost instantaneous_ly to the wind forcing
= W \ﬁm\\\\\:«\\’ | (note that the currents have been moving averaged over 3h
44°N QQ&\\Q\R:Q‘:\: :::\ during data preprocessing).
— AN \\'\7\;\\ \\Q.\\. - The spatial patterns corresponding to each CCA mode
\\\\S\f \\3:::::: \\ have been scaled in the units of the original fields. To
, \ < \\ \\\\m\:‘\ AT this end, maps of homogeneous regression coefficients have
> SR been constructed, i.e. the temporal expansion coefficients of
canonical modes have been regressed onto the time series of
S s s = both current and wind fields. Thus, the regression coefficients
Ny et s I represent the change (in m'3 of the original fields associ-
B e e e o ated with one unit change in the temporal expansion coeffi-
(b) Second CCA mode cients. The maps of the homogeneous regression c_oefﬁments
A5ON o m—— e —— m—— —— m— between the original data and the temporal coefficients cor-
; responding to each CCA mode are presented in Fig. 5. The
S/ / / / / / / / first canonical mode shows a correlation, between the wind-
y and current-derived canonical variables, of 0.84. Each canon-
30 . / / / / / / ical variablg explains 43.7 % of .the wint_j and 25.8 % of the
Ao \Ill// [ | current variance. Its corresponding spatial pattern shows that
(110 : 1//5/// 1 the currents flow at an angle with the driving wind (Fig. 5a).
e v /(\f\‘\'(/ /ml//%/%/ﬂ// This is consistent with the wind-induced Ekman drift at sea
Nt o] /f/f////,/ surface. That is, the surface currents are found to be to the
 / fx\\\‘& «//,f//;/ fih right of the wind forcing. The deflection angle between wind
\\\ f/if%ﬁ; ‘ and current vectors shows a marked spatial and seasonal vari-
ol L/ ] }E:’/’f// ’/5// 7 ability (Fig. 6). This angle increases from onshore (depth
et <200m) to offshore (depth-200m). It varies from 20—
/ol Lo 35 at the continental shelf to 8qat a maximum) offshore
_ _ (Fig. 6a). In shallow water depths, the Ekman spiral motion is
43N not fully developed and this leads to deflection angles which
4°W 30 30 30' ZGW 30' 1°W

are less than the theoretical value of 45°. This is in agreement
with the results of Kirincich et al. (2005) on the mid-shelf
off central Oregon, Kim et al. (2009) in waters of San Diego
and Ardhuin et al. (2009) on the western coast of France. In
particular, Kim et al. (2009) have reported anisotropic and
asymmetric coastal surface current response to the wind in
relation to the bottom and coastline boundary effects. The
deflection angle also varies seasonally, being larger in sum-
mer than in winter. Specifically, the deflection angles onshore
are retained for the D1 domain. The results obtained are simehange from 5-20in winter to 25-40 in summer (Fig. 6b
ilar for the D2 domain (not shown). and c). Offshore, the angles are around &b winter and
Afterwards, CCA was performed on the two leading PCs70° in summer at a maximum. iR and Herandez (2003)
of wind and the six leading PCs of currents (87 % and 86 %and Yoshikawa and Masuda (2009) also reported a larger
of the current and wind variance, respectively) for the two deflection angle of the wind-induced flow in summer than
spatial domains. The canonical correlation coefficients forin winter. This is explained by the increase in momentum
mode 1 (2) for the D1 and D2 domains, respectively, arepenetration and the deepening of the Ekman layer in win-
0.84 (0.70) and 0.79 (0.57) (statistically significant above theter. Under these conditions the HF radar, with fixed measure-
99.99 % confidence level against the null hypothesis that thenent depth, measures a shallowest part of the Ekman layer,
series are uncorrelated). The largest canonical correlation caand therefore the deflection angle is smaller. Several authors
efficients were obtained for the D1 domain. That is, the CCAhave also reported Ekman wind-induced dynamics based on
model shows better results over shorter spatial scales (D1 dd4F radar measurements. For instance, Son et al. (2007) also

Fig. 5. Maps of homogeneous regression coefficients (higsta-
tistically significant at the 95 % confidence level) of fagfirst and

(b) second CCA modes for the currents (blue) and winds (black)
for the D1 domain. Bathymetric contours show the 200-, 1000- and
2000-m isobaths.
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Fig. 6. Deflection angles of the wind-induced surface flows for the first CCA mod@)r2009-2010(b) wintertime (October to March)
2009-2010, an¢c) summertime (April to September) 2009—2010 periods. Bathymetric contours show the 200-, 1000- and 2000-m isobaths.

described a response of the subtidal flow dominated by thehysical support to our results obtained by statistical analysis
Ekman effect in South Korea. Yoshikawa et al. (2007) iden-of observational data. These authors (Pingree and LeCann,
tified a current profile corresponding to the Ekman spiral in 1989) found that the response of the shelf waters to steady
the Tsushima Strait (based on observations from current prowind forcing is very rapid, taking around 4 days. The estima-
filers and HF radar) using EOF analysis. The wind impulsetion of the average lifetime (Mudelsee, 2002) of our second
response and transfer functions have been widely discussethnonical expansion coefficients yields 2.1 days, which is in
with HF radar currents in California and interpreted accord-agreement with the results of Pingree and Le Cann (1989).
ing to the Ekman theory by Kim et al. (2009, 2010). Zhao et In addition, Solabarrieta et al. (2013) have found a clear sea-
al. (2011) also attributed the subtidal flow to Ekman wind- sonality of the HF radar-derived surface currents at the south-
induced dynamics in waters of Qingdao (China). eastern Bay of Biscay, with a cyclonic and anticyclonic sur-
With regard to the second canonical mode, the canoniface circulation during winter and summer months, respec-
cal correlation is lower (0.70) than that obtained for the firsttively. Once again this is consistent with the second CCA
(0.84). However, the variance explained is similar to that of mode presented in Fig. 5b. The positive phase of the expan-
the first canonical mode: 42.3 % of the wind and 26.0 % of sion coefficients (Fig. 5b) shows an anticyclonic surface cir-
the current variability. This spatial pattern shows an anticy-culation pattern under the influence of NE winds (more fre-
clonic surface water circulation for positive phases of thequent in summer), whereas the negative phase describes a
canonical expansion coefficients (anomalies are reversed faryclonic surface circulation associated with the prevalence
negative phases). This appears to be wind driven, excludef SW winds in winter.
ing the north-westernmost area where the currents flow in The normalised periodograms of the canonical variables
the opposite direction to the wind forcing. In order to con- have been calculated in order to determine the wind—current
firm that this second CCA mode is not an artefact, we re-interaction timescales (Fig. 7a, b). Well-defined and signifi-
peated the analysis for two independent subsets of currerdant peaks (99 % confidence level) can be observed centred
data (not shown). The first subset corresponded to grid pointsen the diurnal §1) period for both canonical series. This find-
in the continental shelf (deptk200 m), whilst the second ing confirms that the diurnal breezes generate currents not
subset grid points are distributed across the continental slopenly in coastal locations (Fo@h et al., 2013), but also on
(depth>200 m). The results obtained indicate that both sub-the continental shelf and slope, visible in Fig. 3. Several ad-
sets yield the same canonical patterns, so that the secorditional, but less well resolved, simultaneous spectral peaks
CCA mode is a robust feature and is not domain dependent.on both wind- and current-derived canonical variables can be
Pingree and Le Cann (1989) applied a barotropic modelseen at synoptic timescales. No other spectral peaks can be
forced by steady winds from a set of varying directions, to observed, mainly due to the limited number of observations
study the wind-driven residual currents over the Bay of Bis- (only 2 years with 35% data coverage). Further research is
cay. These authors obtained a cyclonic water response imeeded to explore wind—current interaction timescales based
duced by a steady southwesterly wind over the south-easteron long-term data series. Finally, the temporal evolution of
Bay of Biscay (their Fig. 4; Pingree and Le Cann, 1989). the normalised expansion coefficients of the first and the sec-
The reverse phase of Fig. 5b (associated with negative phas@sd canonical modes for the winds and currents is shown in
of the expansion coefficients corresponding to the secondrig. 7c, d. The time series are highly coherent for both the
mode) can be compared with their Fig. 4 (Pingree and Lefirst and the second canonical modes, as the canonical corre-
Cann, 1989). This result is fully consistent with the anti- lation coefficients indicate. The first and the second expan-
cyclonic/cyclonic water response in Fig. 5b and provides asion coefficients revealed sharp inversions from positive to
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Fig. 7. Normalised Lomb—Scargle periodograms (99 % confidence leve(pjdhe first andb) the second canonical variables of currents
(blue) and winds (black). Normalised time series of canonical expansion coefficierfty fbe first and(d) the second canonical modes
of currents (blue) and winds (black). Not&j indicates the diurnal wind component (breezes) &denotes the canonical correlation
coefficient.

negative phases over daily timescales. This is consistent with The Barnett—Preisendorfer approach to CCA adequately
the results of the spectral analysis, with the most energeti@addresses the purpose of this study. In particular, the air—sea
peaks being concentrated on diurnal and synoptic timescaleteraction patterns obtained reveal that the local winds play
an important role in driving the surface currents in the south-
eastern Bay of Biscay. The CCA yields two canonical pat-
terns, modes 1 and 2, explaining 43.7 % and 42.3 % of the
wind variance and 25.8 % and 26.0 % of the current variance,

The new results and the main conclusions obtained from the
respectlvely The first wind—current interaction pattern corre-
diagnostic of wind-induced currents in the south-eastern Bay

sponds to the classical Ekman drift at the sea surface, with
of Biscay can be summarised as follows. In 2009, a HF radar

Currents deflected clockwise with respect to the wind forcing.
monitoring system was installed on the coast of the south-

The deflection angle exhibits significant spatial and seasonal
eastern Bay of Biscay. It provides coverage of surface cur-

variability, being larger in summer and offshore. Conversely,
rents over a large area with high spatial and temporal resolu,

the second canonical pattern reveals an anticyclonic/cyclonic
tions, giving an unprecedented picture of the upper circula-

water movement. This is agreement with the results of other
tion in the south-eastern corner of the Bay. The wind— current”

authors, who described an anticyclonic surface circulation in
interaction spatial patterns and timescales in the area havé.

Summer and a cyclonic surface pattern in winter under the
for the first time, been quantitatively assessed based on thesa

influence of the prevailing wind regimes. Further research is
measurements and reanalysis winds. However, it should be equired to understand the driving mechanisms behind anti-
emphasised that this study covers only 2 years (2009— 2010) 1 9

with 35 % data coverage. As a result, the conclusions derive yclqnlclcyclomc surfape C|rc_ulat|0n.. .
are only applicable to this particular period of time. Time With regard to the air—sea interaction timescales, these are

related to diurnal periods, revealing that the breezes force
series of long duration should be considered in any further
analysis. 'diurnal currents at the continental shelf and slope. Synoptic

wind circulation also affects surface water circulation over
the area. The extension of the area, where the amplitude of
diurnal cycle is larger than that of the seasonal cycle (Fig. 3),

5 Concluding remarks and future perspectives
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indicates that this process is probably affecting surface watedata are available from the RDAp://dss.ucar.eduin dataset
circulation over considerably wider areas than that coverechumber ds093.1. G. Esnaola is supported by a research grant
by the current HF radar system. from the Fundacin Centros Tecnébicos, fiaki Goenaga. This

In recent years the |iterature reﬂects an increasing interJS contributiqn number 618, of the Marine Research Division of
est in statistical models based on HF radar currents. For inAZT!-Tecnalia.
stance, Zelenke (2005) developed a linear statistical modeé di ]

- . . . ited by: M. Kosro
for short-term prediction of surface circulation based on wind
forecasts and HF radar currents. O’'Donnell et al. (2005) eval-

uated forecasting algorithms based on cross covariance func-
tions between surface currents and winds. Recently, Frolov
et al. (2012) proposed an empirical method for predictingReferences
surface currents based on the short history of HF radar ob-
servations and predicted winds by using EOF analysis. In thé\bascal, A. J., Castanedo, S..éktlez, F. J., Medina, R., and
present case, the results obtained suggest that the EOF-CCA Losada, 1. J.: Calibration of a lagrangian transport model using
approach can also be suitable for developing a statistical pre- drifting buoys deployed during the Prestige oil spill, J. Coast.
diction model related to surface winds and HF radar obser-; R€S: 25, 80-90, 2009. .
vations. The prediction of wind-induced surface currents canAlvarez'Salgado’ X. A, Herrera, J. L., Gago, J., Otero, P, Soriano,

) - o J. A, Pola, C. G., and Gdee-Soto, C.: Influence of the oceano-
be under.taken based qn aCC!”"?‘te meteorological pl’ed.ICt.IOI’]S graphic conditions during spring 2003 on the transport of the
at short timescales. This statistical model, for the prediction Prestige tanker fuel oil to the Galician coast, Mar. Pollut. Bull.,
of wind-induced currents, would be combined with accurate 53 239-249, 2006.

predictions of tidal currents and inertial motions to derive the Ardhuin, F., Mare, L., Rascle, N., Forget, P., and Roland, A., Ob-
overall surface currents. In our opinion, the statistical model servation and estimation of Lagrangian, Stokes and Eulerian cur-
presented here is easier to implement and maintain than the rents induced by wind and waves at the sea surface, J. Phys.
classical numerical modelling. In addition, the performance ~ Oceanogr., 39(11), 28202838, 2009. .
and accuracy of the statistical modelling can be easily im-Bamett, T. P. and Preisendorfer, R. W.: Origins and levels of
proved by increasing the number of observations. Finally, ac- monthly and seasona_ll forecast sklll_ for United _States sur_face air
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