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Abstract

Two high frequency (HF) radar stations were installed on the Southeastern Bay of Bis-
cay in 2009, providing high spatial and temporal resolution and large spatial coverage
currents for the first time in the area. This has enabled to determine quantitatively the
air—sea interaction patterns and time-scales for the period 2009-2010. The analysis
was conducted by using the Barnett-Preisendorfer approach to canonical correlation
analysis (CCA) of reanalysis surface winds and HF radar-derived currents. The results
reveal that the CCA yields two canonical patterns. The first wind-current interaction
pattern corresponds to the classical Ekman drift at sea surface, whilst the second de-
scribes an anticyclonic/cyclonic surface circulation. The results obtained demonstrate
that the local winds play an important role in driving the upper water circulation. The
wind-current interaction time-scales are mainly related to diurnal breezes and synoptic
variability. In particular, the breezes force diurnal currents in the continental shelf and
slope of the Southeastern Bay. It is concluded that the breezes may force diurnal cur-
rents over considerably wider areas than that covered by the HF radar, considering that
the northern and southern continental shelves of the Bay exhibit stronger diurnal than
annual wind amplitudes.

1 Introduction

The Bay of Biscay, located in the Eastern North Atlantic Ocean, is characterised by its
complex submarine topography. This consists of an abyssal plain with water depths of
around 4500m. The continental slope, formed by the Armorican, the Aquitaine and
the Cantabrian slopes, is the transition between the deep sea and the continental
shelf. This is very steep and fractured by numerous canyons. The continental shelf
(water depths of less than 200m) is wider in the northern part, whilst the southern
part (Cantabrian shelf) is extremely narrow with a mean width between 30 and 40 km.
The study area, Southeastern Bay of Biscay, is located in the innermost part of the
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Bay, where the orientation of the coast changes from east-west to north-south (Fig. 1).
Here, the continental shelf is the narrowest ranging from 7 to 20 km wide (Pascual
et al., 2004; Lavin et al., 2006).

The atmospheric circulation over the Bay is characterised by prevailing winds from
the west to south-west. However, the winds are not spatially homogeneous and vary
seasonally. In winter, the wind comes from the southwest and from the west—northwest
in summer (OSPAR, 2000). In particular, within the Southeastern Bay, the dominant
winds are from the southwest in winter and autumn, whereas northwesterly winds are
the most frequent direction in spring and summer.

The surface water circulation over the region is mainly forced by the wind and partially
constrained by the bathymetry. As such, the surface flow over the abyssal plain is
eastward in winter, whereas it is to the south in summer in agreement with the seasonal
wind-driven Ekman drift (Van Aken, 2002; Charria et al., 2012). Over the continental
slope, the surface flow is derived from wind forcing and density field. The slope current
is markedly seasonal in relation to the seasonal wind regimen in the Bay. In winter,
the prevailing winds reinforce the slope current, flowing eastward along the Cantabrian
slope. In summer, this current appears to be westward or absent with the prevalence
of the southward wind stress (Pingree and Le Cann, 1990; Van Aken, 2002). Over the
continental shelf, the surface currents are the result of the combined effect of the wind,
buoyancy and tides. In the southern part of the Bay (south of 45° N), the tidal currents
are relatively weak as the strength of the tidal currents is proportional to the shelf width
(Koutsikopoulos and Le Cann, 1996). Smaller river runoff and a much narrower shelf
off the Southern Bay make buoyant plumes much less persistent than those over the
Armorican shelf. As a result, the surface currents are predominantly wind-induced in
the southeastern shelf (Ibanez, 1979; Gonzalez et al., 2004).

Overall, in the Southeastern Bay of Biscay, surface water circulation is primarily
driven by the wind forcing at the coast (Fontan et al., 2009, 2012) and the conti-
nental shelf (Ibanez, 1979; AIvarez-SaIgado et al., 2006; Gonzalez et al., 2006). On
the Cantabrian continental slope, the surface circulation appears to be related to the
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density field and wind forcing. Recently, Herbert et al. (2011) concluded that the slope
surface currents are partially driven by wind forcing at daily time-scales, as the local
wind tends to favour or prevent the extension of the geostrophic current. It has to be
stressed, however, that most of the research undertaken on the surface circulation,
in the southeastern coastal and continental shelf areas together with that attempted
in the continental slope (Caballero et al., 2008; Gonzalez et al., 2008; Abascal et al.,
2009; Rubio et al., 2012), has been focused on short-term datasets and fixed locations
or model simulations.

Recently, the Directorate of Emergency Attention and Meteorology (Basque Gov-
ernment) has established an Operational Oceanography regional system in the area.
At the beginning, the data acquisition system was formed by 6 coastal stations and 2
oceanic buoys, which provide oceanographic and meteorological information at fixed
locations. In 2009, the system was complemented with the installation of a high fre-
quency (HF) radar array. This has improved to a great extent the data acquisition sys-
tem, providing measurements of marine currents with high temporal and spatial reso-
lutions and large spatial coverage for the first time in the area. The present investiga-
tion, motivated by the availability of those observations, aims to explore and determine
quantitatively the air—sea interaction patterns and time-scales within the Southeastern
Bay of Biscay for the period 2009—2010. This has been accomplished by applying the
Barnett and Preisendorfer (1987) approach to Canonical Correlation Analysis (CCA)
of wind and current fields with high spatial and temporal resolutions. For this purpose,
the data and the analytical procedures adopted are described in Sect. 2. Section 3
presents the wind variability and its influence on surface water circulation. The wind-
current interaction patterns and time-scales are presented and discussed in Sect. 4.
Finally, the main conclusions and future perspectives are given in Sect. 5.
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2 Data and methods

The data used in this study cover a 2-yr period (2009-2010) of hourly marine currents
derived from the HF radar system. Two HF radar stations were installed in the South-
eastern Bay of Biscay (see Fig. 1) and are operational since 2009. The stations are
equipped with CODAR SeaSonde systems, working in the 4.5 MHz frequency band
with a 40 kHz bandwidth. The antennae cover a 150 km range with a 5 km radial and 5°
angular resolutions. The radial velocities were 3-h moving averaged and, hourly total
current vectors were obtained from these radial velocities by a least squares approach
with an interpolation radius of 20 km. Finally, hourly currents were derived over a reg-
ular mesh with a 5 km horizontal resolution. Standard quality control procedures were
applied to radial and total velocities (see Rubio et al. (2011), for a detailed description).
The HF radar currents were validated by Rubio et al. (2011); these authors concluded
that the HF radar currents agree well with in situ measurements in the area.

The wind components at 10m a.s.l. of the Climate Forecast System Reanalysis
(CFSR), provided by the National Centres for Environmental Prediction (NCEP), were
also used in this study (Saha et al., 2010). The wind dataset covers the period 1979—
2010 and the spatial and temporal resolutions are of 0.312° and 1 h, respectively. These
data were utilised to describe the wind variability and the air—sea interaction patterns
over the area. Xue et al. (2011) validated the surface winds from the CFSR and con-
cluded that they generally agree well with the observations over the region.

CCA of surface current and wind fields, for the period 2009—2010, was used to de-
scribe the wind-current interaction patterns along the Southeastern Bay of Biscay. This
analysis identifies new basis vectors for two sets of variables such that the correlation
between the projections of the variables onto these basis vectors are mutually max-
imised. In the present investigation, the Barnett and Preisendorfer (1987) approach to
CCA was applied, which involves the application of an Empirical Orthogonal Function
(EOF) analysis to the data prior to a classical CCA. This analysis presents advantages
with respect to the classical CCA: the reduction of the dimensionality of the problem
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and of the noise of the original datasets and the use of uncorrelated data series. The
HF radar grid points with more than 50 % data coverage were selected for the analysis
(Fig. 1). In order to eliminate the effects of unwanted high frequency non-wind-induced
motions prior to the EOF computation, a low-pass filter specially designed to supress
inertial and semidiurnal tidal components (with a cut-off of 20h and 137 points) was
applied to the wind and current datasets (Thompson, 1983). This filter was used sepa-
rately in each continuous data segment as the HF radar-derived currents contain data
gaps. This latter implies the use of the Lomb-Scargle method to compute the power
spectrum of unevenly spaced data (Press et al., 1992). Spectra were determined for
each HF radar grid point and were then averaged in order to increase the number of
degrees of freedom of the spectral estimates. Figure 2 shows that the semidiurnal tidal
components (S, and M,) and the inertial motions (7;) have been appropriately elimi-
nated from currents by applying the digital filter. Conversely, the wind-induced currents
due to diurnal breezes (S4) have been preserved in the low-pass filtered currents as
shown in Fig. 2. Low-pass filtering (with a cut-off period of 20 h) of the CFSR winds
was also performed to remove high-frequency signals.

All the data values were weighted by the square root of cosine of latitude prior to
the EOF computation, to account for the latitudinal distortion in the case of a regu-
lar latitude-longitude grid. The EOF analysis was then applied for compressing the
variability in both current and wind datasets. This was performed on both vector com-
ponents by computing the eigenvalues and eigenvectors of their joint covariance ma-
trix. This provides a compact description of temporal and spatial variability of datasets
in terms of orthogonal functions, which are linear combinations of original variables.
The new variables are called principal components (PCs) and are chosen to repre-
sent the maximum possible fraction of the variability in the original datasets (Wilks,
2006). The truncation criterion of the principal components was based on North’s rule
of thumb (North et al., 1982) and a Monte Carlo test on the congruence coefficients
of the EOFs obtained from 5000 random subsamples and the whole sample (Cheng
et al., 1995). Afterwards, the optimum number of PCs retained for CCA was selected
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by a cross-validation method (Feddersen, 2003; Feddersen and Andersen, 2005). In
this procedure, the available data are repeatedly divided into validation and verifica-
tion subsets in each time step. For each time, the CCA model is constructed based on
data series that do not include values for that time. The neighbouring values are also
excluded since the data are autocorrelated. Then the model is tested on the skipped
observations, yielding predictive skill scores. Once the optimal number of PCs that
maximise the performance of the CCA model was determined, the statistical signifi-
cance of the canonical correlation coefficients was tested by means of a Monte Carlo
approach. The time series were randomly resampled 5000 times, taking into consider-
ation serial correlation, to obtain a statistical distribution of the canonical correlations
that happen by chance in those samples (Feddersen, 2003; Feddersen and Andersen,
2005). Finally, the sensitivity of the results to the spatial scales selected for the winds
was also tested by repeating the analysis for two domains (D1 and D2 in Fig. 1).

3 Atmospheric variability from reanalysis winds and its influence on surface
circulation

The climatological winds, over the study area, vary spatially and at seasonal scales.
The winds also vary at diurnal time-scales, due to the so-called land and sea breezes.
This is one of the most prominent mesoscale phenomenon in coastal locations around
the world (Kumar et al., 1986). These are classified as mesoscale according to the hor-
izontal coverage and duration, with spatial scales between 20 and 200 km. Therefore, it
is expected that the land and sea breezes may affect surface water circulation at such
distances (20 to 200 km) from the coastal areas.

To explore the influence of winds on surface circulation, the diurnal and annual ampli-
tudes have been extracted from CFSR surface winds for the period 1979-2010 (Fig. 3).
It can be seen that the breezes increase towards the coast, with larger amplitudes in
the coastal and continental shelf areas (Fig. 3a and b). The diurnal component ex-
ceeds annual component (the ratio is above 1) partially at the French continental shelf
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and at the Cantabrian continental shelf and slope (Fig. 3c). The diurnal breezes also
vary seasonally, being stronger in spring and summer (Fig. 3b) than in autumn and
winter (Fig. 3a). Apart from the well-known influence of the breezes in the coastal cir-
culation over the Southeastern Bay of Biscay (Fontan et al., 2009, 2012), they appear
to affect the surface water circulation mainly in the continental shelf, and to a lesser
extent in the continental slope. The diurnal amplitudes extracted from HF radar obser-
vations (Fig. 3d) show that the diurnal currents are stronger in the continental shelf
and decrease offshore according to the distribution of diurnal breezes (Fig. 3a—c). This
is also consistent with the results of the spectral analysis performed on HF radar cur-
rents (Fig. 2): well-defined and significant peaks can be observed centred on diurnal
period for both zonal and meridional currents. These diurnal currents are not primar-
ily forced by astronomical tides, but rather, arise from diurnal breezes. In fact, diurnal
tides and currents of astronomical origin are very weak in the Bay of Biscay (Le Cann,
1990). This is consistent with the results of several investigators (Hyder et al., 2002;
Mihanovic et al., 2009; Zaytsev et al., 2010; among others), who concluded that the
breezes induce surface-intensified diurnal variability in water circulation.

These results show that the breezes induce diurnal water motions in the area. In
addition, the diurnal winds are stronger in the summertime period and may generate
stronger diurnal currents in the area. Finally, these findings indicate that the land and
sea breezes are probably affecting surface water circulation over wider areas (such as
the Cantabrian and Armorican continental shelves) than that covered by the HF radar
system (Fig. 3c). In the next section, the wind-current interaction patterns and time-
scales are explored and determined quantitatively by applying the CCA in the EOF
space to wind and current datasets for the period 2009-2010.

4 Air-sea interaction patterns and time-scales

The Barnett and Preisendonfer (1987) approach to CCA was applied at the two differ-
ent spatial scales (D1 and D2 in Fig. 1). Firstly, the number of predictors (i.e. winds) and
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predictands (i.e. currents) was prefiltered by applying the EOF analysis. This permitted
to compress the variability and to avoid internal correlations in both fields. As above-
mentioned, the optimal number of retained modes was determined by the North’s rule
of thumb (North et al., 1982) and a Monte Carlo test on the congruence coefficients.
For the currents, the 12 leading EOFs are non-degenerated (94 % of current variance).
For the wind, the truncation criterion was set to 14 at D1 and D2 spatial domains,
which accounted for 98—99 % of the wind variability. This is consistent with the results
obtained from the Monte Carlo test. This was performed on the congruence coefficients
of the EOFs obtained by 5000 random subsamples with those obtained with the whole
sample (not shown). It is worth noting that the time series used in the EOF analysis
contain serial correlation and consequently, a higher number of EOFs is expected to
be retained. As a first order approximation, the serial correlation was not considered
in the Monte Carlo test, overestimating the number of EOFs retained. Subsequently,
the maximum number of EOFs to be retained in the CCA analysis was estimated by
a cross-validation approach (Feddersen, 2003; Feddersen and Andersen, 2005), tak-
ing into account the autocorrelation of the series. This enabled to avoid the overfitting
in the CCA computations. To this end, the performance of the CCA model was tested
by analysing all the combinations based on the 12 leading PCs for currents and the 14
leading PCs for winds at the two spatial scales (D1 and D2). As mentioned in Sect. 2,
the cross-validation approach was applied by withholding the serially correlated time
interval from every dataset in each time step and then predicting it, based on the re-
maining data. This process was repeated for each time step. Finally, the performance
of the CCA models was evaluated by calculating the correlation coefficient (Fig. 4a),
the bias (Fig. 4b) and the root mean square error (Fig. 4c) between the predicted and
the withheld data. The abscissa axis in Fig. 4 represents the number of wind EOFs
retained to design the CCA model, whilst the ordinate axis corresponds to the num-
ber of current EOFs used. It can be seen that increasing the number of wind EOFs
above 2, the correlation coefficient decreases and the RMSE increases. The increase
of the number of current EOFs above 6 does not significantly improve the skill scores.
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Therefore, it can be concluded that the best predictive skills are obtained when the
6 and the 2 leading PCs of currents and winds, respectively, are retained at the D1
domain. The results obtained are similar at the D2 domain (not shown).

Afterwards, CCA on the 2 leading PCs of wind and the 6 leading PCs of cur-
rents (87 % and 86 % of the current and wind variance, respectively) was performed
at the two spatial domains. The canonical correlation coefficients for mode 1 (2) are
0.84 (0.70) and 0.79 (0.57) (statistically significant above the 99.99 % confidence level
against the null hypothesis that the series are uncorrelated) for the D1 and D2 domains,
respectively. The largest canonical correlations are obtained for the D1 domain. Taking
into consideration that the increase of the spatial domain does not improve the canoni-
cal correlations, only the D1 spatial domain will be considered herein. The CCA model
shows enhanced results over shorter spatial scales (D1 domain), which means that
the currents are mainly forced by the local wind effects in the study area. Additionally,
the wind and currents show the strongest correlation at zero lag, which denotes that
the currents respond almost instantaneously to the wind forcing (note that the currents
have been 3-h moving averaged during data pre-processing).

The spatial patterns corresponding to each CCA mode have been scaled in the
units of the original fields. To this end, homogeneous regression maps have been con-
structed (i.e. the regression between each CCA temporal expansion coefficient and its
corresponding original field) for both current and wind fields. These regression maps
between the original data and the temporal coefficients corresponding to each CCA
mode are shown in Fig. 5. The first canonical mode exhibits a correlation, between the
wind and current derived canonical variables, of 0.84. Each canonical variable explains
43.7 % of the wind and 25.8 % of the current variance. Its corresponding spatial pattern
shows that the currents flow at an angle with the driving wind (Fig. 5a). This is consis-
tent with the wind-induced Ekman drift at sea surface. As such, the surface currents
are found to be to the right of the wind forcing. This is in agreement with the results
obtained by several authors in other areas, based on HF radar measurements. For in-
stance, Son et al. (2007) also described a predominant Ekman response of subtidal
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flow in South Korea. Yoshikawa et al. (2007) identified a current profile correspond-
ing to the Ekman spiral in the Tsushima Strait (based on observations from current
profilers and HF radar) by using EOF analysis. Yoshikawa and Masuda (2009) also re-
ported a larger deflection angle of the wind-induced flow in summer than in winter due
to changes in the momentum penetration by seasonal stratification change. The wind
impulse response and transfer functions have been widely discussed with HF radar
currents in California and interpreted with Ekman theory by Kim et al. (2009, 2010).
Zhao et al. (2011) also attributed the subtidal flow to Ekman wind-induced dynamics in
waters of Qingdao (China).

With regard to the second canonical mode, the canonical correlation is lower (0.70)
than that obtained for the first canonical mode (0.84). However, the variance explained
is similar to that of the first canonical mode: 42.3 % of the wind and 26.0 % of the cur-
rent. This spatial pattern shows an anticyclonic surface water circulation for positive
phases of the canonical correlation coefficient (anomalies are reversed for negative
phases). This appears to be wind-driven, excluding the northwesternmost area where
the currents flow in the opposite direction to the wind forcing. In order to confirm that
this second CCA mode is not an artefact, we have repeated the analysis for two inde-
pendent subsets of current data (not shown). The first subset corresponds to grid points
in the continental shelf (depth <200 m), whilst the second subset grid points are dis-
tributed in the continental slope (depth > 200 m). The results obtained indicate that both
subsets yield the same canonical patterns, so that the second CCA mode is robust. It
is worth noting now that the radar observations, at 4.5 MHz frequency, correspond to
vertically averaged currents within the upper 2-3 m (Rubio et al., 2011). Consequently,
HF radar-derived measurements may integrate other processes with the first 2-3m
of the water column apart from the wind-induced flows. However, the investigation of
other possible mechanisms for driving the anticyclonic/cyclonic surface circulation, in
the second canonical mode, is out of the scope of the present investigation.

Finally, the normalised periodograms of the canonical variables have been calculated
in order to determine the wind-current interaction time-scales (Fig. 6). Well-defined
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and significant peaks (99 % confidence level) can be observed, centred on the diurnal
(S4) period for both canonical series. This finding confirms that the diurnal breezes
generate currents not only at coastal locations (Fontan et al., 2012) but also at the
continental shelf and slope as observed in Fig. 3. Several additional, but less resolved,
simultaneous spectral peaks on both wind and current derived canonical variables can
be seen at synoptic time-scales. No other spectral peaks can be observed, mainly due
to the limited number of observations (only 2 yr with less than 50 % data coverage).
Further investigation is needed to explore wind-current interaction time-scales based
on long-term data series.

5 Concluding remarks and future perspectives

The conclusions obtained from the diagnostic of wind-induced currents can be sum-
marised as follows. The air—sea interaction patterns obtained reveal that the currents
respond almost instantaneously to wind forcing at hourly resolution. The local winds
are the main driving force of the upper currents at the Southeastern Bay of Biscay. The
Barnett-Preisendorfer approach to CCA yields two canonical patterns, which explain
each of about 43 % and 26 % of the wind and current variance, respectively. The first
wind-current interaction pattern corresponds to the classical Ekman drift at sea surface,
with current deflected a clockwise angle with respect to the wind forcing. Conversely,
the second canonical pattern reveals an anticyclonic water movement. Although this
appears to be partially wind-driven, other driving mechanisms may contribute to it. Fur-
ther research is required to identify other possible driving dynamics of the upper water
circulation in the Bay, in order to fully substantiate this mode. The air—sea interaction
time-scales are related to diurnal periods, revealing that the breezes force diurnal cur-
rents 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 di-
urnal cycle is larger than that of the seasonal cycle (Fig. 3), indicates that this process
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is probably affecting surface water circulation over considerably wider areas than that
covered by the HF radar system.

In recent years, there is an increasing literature about statistical models based on
HF radar currents. For instance, Zelenke (2005) developed a linear statistical model
for short term prediction of surface circulation based on wind forecasts and HF radar
currents. O’'Donnell et al. (2005) evaluated forecasting algorithms based on cross-
covariance functions between surface currents and winds. Recently, Frolov et al. (2012)
proposed an empirical method for predicting surface currents based on short history
of HF radar observations and predicted winds by using EOF analysis. In the present
case, the results obtained suggest that the EOF-CCA approach can also be adequate
to undertake a statistical prediction model related to surface winds and HF radar ob-
servations. The prediction of surface currents can be undertaken based on accurate
meteorological predictions at short time-scales. This statistical model appears to be
easier to implement and maintain than the classical numerical modelling. In addition,
the performance and accuracy of the statistical modelling can be easily improved by
increasing the number of observations. Finally, accurate and rapid predictions of sur-
face currents will provide to decision-makers valuable information for oil spill detection,
search and rescue, marine safety, offshore operations and risk assessment, among
others. Future studies of the authors will evaluate the feasibility of such a model.
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Fig. 4. Selection of the optimal CCA model at the D1 spatial domain by means of cross-
validation. (a) Correlation coefficient (R), (b) bias and (¢) root mean square error (RMSE).
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Fig. 5. Homogeneous regression maps of the (a) first and (b) second CCA modes for currents
(blue) and wind (black) at the D1 domain. Bathymetric contours show the 200, 1000 and 2000 m

isobaths.
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