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[1] HF radar surface current data together with data from
two operational offshore oceanographic buoys located over
the slope are used to map the variability associated with
the near‐inertial waves, during a target year (2009), in the
SE Bay of Biscay. The results obtained show the complex
4D distribution of inertial oscillations in this area. We find
a very pronounced horizontal structure across the area with
ranges of a factor 5 in near‐inertial kinetic energy. This
pattern presents also strong seasonal variability, with a
peak in KE closer to the shelf‐break in summer, whereas
winter maximum is weaker and located further to the
north‐east. The mooring data indicate more trapping near
the surface in summer. These patterns are discussed in
relation to the known seasonal differences in atmospheric/
buoyancy forcing and the characteristics of the sub‐inertial
surface velocity field. Citation: Rubio, A., G. Reverdin,
A. Fontán, M. González, and J. Mader (2011), Mapping near‐
inertial variability in the SE Bay of Biscay from HF radar data
and two offshore moored buoys, Geophys. Res. Lett., 38, L19607,
doi:10.1029/2011GL048783.

1. Introduction

[2] Inertial oscillations at the ocean surface are mainly
wind‐driven and their characteristics in the open ocean have
been widely described and studied with regard to the main
factors forcing their distribution and propagation, i.e. beta
plane, stratification conditions and background field [Gill,
1982; Lee and Niiler, 1998]. Other studies have focused
on areas close to the coastal boundaries, where non spa-
tially‐uniform winds, steep topography and intense coastal
circulations and fronts also play a key role, adding com-
plexity to the near‐inertial oscillations evolution and distri-
bution [Davies and Xing, 2005; Tintoré et al., 1995; Xing
et al., 2004; Kohut et al., 2006]. The impact of these
waves on the vertical mixing and exchanges between the
surface and the ocean interior or the advection of particles
has been evocated in several occasions [Pingree et al., 1982;
van Haren et al., 1999; Tintoré et al., 1995].
[3] The ocean circulation in the SE Bay of Biscay shows

relatively complex patterns. Over the shelf, the circulation is
driven mainly by winds [González et al., 2004] which vary
seasonally in strength (more intense and more persistent in
winter, weaker and more variable in summer) and direction
(often from the SW in winter and from the NW in summer).
Over the slope, the Iberian Poleward Current flows towards
the east (north) off the Spanish (French) coasts with rela-

tively weak mean currents (∼0.2 m.s−1), a marked season-
ality (larger currents in winter along the northern Spanish
slope) and significant mesoscale variability [Le Cann and
Serpette, 2009]. A clear seasonal cycle dominates the den-
sity distributions within the upper 100 m of the water col-
umn, with a surface mixed layer that shows temperatures
over 20°C and depths of 40 m or less between July and
September (A. Rubio et al., Seasonal to tidal variability of
currents and temperature in waters of the continental slope,
southeastern Bay of Biscay, submitted to Journal of Marine
Systems, 2011). At shorter time‐scales, the variability is
dominated by tides (mainly semidiurnal and weaker than in
other areas of the Bay [Le Cann, 1990]) and inertial waves.
Recent work has shown that inertial oscillations are the main
process responsible for the vertical current shear in the area,
and, thus, they may contribute significantly to the shear‐
induced mixing (A. Rubio et al., submitted manuscript,
2011). This could have significant impact on the availability
of nutrients in a key area for spawning and life cycle of
several pelagic species [Irigoien et al., 2008]. The recent
availability of HF radar data and the data from two offshore
moorings permits to study the structure of the near‐inertial
oscillations in this area, with high spatial and temporal
resolutions.

2. Data and Methods

[4] HF radar‐derived surface hourly currents were col-
lected in 2009 by means of a CODAR Seasonde system
which consisted of two stations located near the Spanish
coast, overlooking the south‐east Bay of Biscay (Figure 1a).
The antennae (emitting at 40 KHz broadband and 4.5 MHz
frequency) covered a 150 km range with 5 km radial and 5°
angular resolutions. Velocity data were processed from the
spectra of the received echoes every 20 minutes using the
MUSIC algorithm [Schmidt, 1986]. The radial velocities
were stored hourly after applying a centered 3 h running
mean average, converted to total fields (using a least mean
squares algorithm with a spatial interpolation radius of
20 km) and gridded into a 5 km resolution regular orthog-
onal mesh. The data at nodes with a crossing angle between
radials under 30° and radial velocities over 120 cm.s−1 were
systematically removed. In‐situ data were obtained by
means of two buoys moored over the upper part of the slope
in water depths of 550 and 450 m (Figure 1a). They mea-
sured hourly currents at 1.5 m depth by an ADC (2 MHz)
located at the base of the surface float and between 12.5 and
150 m (within 8 m vertical bins) by a downward‐looking
ADCP (150 kHz). The 3‐days looping trajectory shown in
Figure 1a (black line) was obtained from averaging the
positions of 5 SVP WOCE‐type drifting buoys deployed
at 2.05°W, 43.88°N, in the framework of the French
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GOGASMOS oceanographic campaign on 17 May 2009
(G. Reverdin et al., Fresh water from the Bay of Biscay
shelves in 2009, submitted to Journal of Marine Systems,
2011). They were basically composed of a spherical float
∼40 cm in diameter and a 10 m long holey‐sock drogue
centered at 8 m depth. The buoys remained less than 3 km
apart during the 3 days trajectory and GPS positions were
acquired every 30 minutes.
[5] To compute the power spectra we applied the Lomb‐

Scargle periodogram [Lomb, 1976; Scargle, 1982]. Spectra
were calculated by dividing the time‐series into successive
30‐day segments, with a 15‐day overlap; subsequently, the
resulting spectra were band‐averaged to obtain accurate
spectral calculations (total number of degrees of freedom
between 30 and 100). The spectra for both components were
summed to provide information on the spectral distribution
of the total kinetic energy (hereinafter KE) per frequency
band. Finally, a 10th order digital Butterworth filter [Emery
and Thomson, 2001] was applied to the time series (and
each velocity component): a pass band, 14 h < T < 20 h, to

calculate near‐inertial velocities and a low pass, T > 30 h, to
obtain the sub‐inertial currents. The filtered data series were
then integrated to calculate the KE distributions as the sum
of the square of the two velocity components. For the KE
maps, the analysis was performed for two different periods:
“winter” (from November to February) and “summer” (from
June to September).

3. Radar Versus In‐Situ Data

[6] Although HF radar surface currents have been vali-
dated by several authors [Graber et al., 1997; Paduan and
Rosenfeld, 1996; Kohut and Glenn, 2003], in order to
obtain estimation on the accuracy of the HF radar configu-
ration used here, radar currents have been compared with
currents at 1.5 m and the drifter trajectory (Table 1). In both
cases, in‐situ data have been averaged using a 3‐h running
mean to be consistent with the processing of radar data. The
comparison between different measuring systems is not
straightforward since each system measure currents over

Figure 1. (a) Spatial availability of radar data (%) in the study area (SE Bay of Biscay) for the target year 2009. Asterisks
locate the two HF radar sites, gray points the positions of Donostia (the easternmost) and Matxitxako moorings and the
black thick line the trajectory of the drifter on 17–19 May 2009. Isobaths: 200, 1000 and 2000 m. (b) The radar‐derived
trajectory (gray line) is superimposed to the trajectory of the drifter buoy (dotted black line). Isobath: 200 m. (c) Matxitxako
and (d) Donostia power spectra inferred from HF radar (gray line) and the mooring currents at 1.5 m (black line).
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different spatial and temporal scales, and has its own inac-
curacies. At 4.5 MHz frequency, the measurements made by
the radar integrate currents vertically within the first 2–3 m
of the water column [Laws, 2001]; moreover, the radar
horizontal resolution ranges geographically from several
kms near the antennas, south of the domain, to several tens
of kms at the middle of it. As a result, any vertical or hor-
izontal shear in currents will contribute to the differences
observed between measurements [Graber et al., 1997]. Over
the slope, better agreement is found for the EW component
and Matxitxako location, which could be linked to the less
variable regime of the along‐slope circulation and lower
vertical shear values. The comparison with the pseudo‐
eulerian velocities derived from the drifter shows slightly
poorer agreement, which was expected as radar inaccuracies
increase with the distance to the antennas. The looping
trajectory described by the drifters was induced by intense
inertial oscillations after a relatively strong (∼10–20 m.s−1)
westerly wind event occurring on 14–15 May (which
changed to southerly on 16 May, and gradually relaxed
during the next 2 days). A lagrangian particle‐tracking
model [Ferrer et al., 2009] has been applied to radar data
to reproduce the observed trajectory (Figure 1b). The
comparison of the two trajectories shows that the amplitude
of the oscillation described by the radar is smaller, which
could be due to the spatial smoothing applied to radar
measurements. Moreover, the mean drift direction for the
radar‐derived trajectory is rotated to the W with respect to
the in‐situ trajectory, in accordance with expectation for a
southerly wind (since the in‐situ trajectory describes the
motion of a deeper layer, and therefore more to the right of
the wind). Both issues would also contribute to the RMS
differences observed.
[7] Finally, the power spectra of ADC currents at 1.5 m

and HF radar at the closest nodes show that no significant
differences in amplitude between buoys and radar are
observed at the main peaks and within the band from some
hours to some days (for periods under 6 hours radar spectra
show a marked energy drop, probably linked to the running
average applied to radial velocity data in order to increase
the robustness of the resulting fields). The dominant peaks
are located around the diurnal, semi‐diurnal and local
inertial (∼0.71 d) periods (Figures 1c and 1d) with an energy
maximum (KE values around 10−2 m2·s−2) located around

the local inertial frequency. Spatial variability is observed,
with a higher and wider KE peak around the local inertial
frequency at Donostia. The spatial differences in the relative
amplitude of the main peaks observed between the buoys
are consistent with those observed between the corre-
sponding radar nodes, which prove the sensitivity of radar
data (despite the spatial smoothing) to the spatial variability.

4. Near‐Inertial KE Distribution

[8] The vertical distribution of near‐inertial KE is exam-
ined at the mooring sites (Figure 2) and compared with the
radar measurements at the closest nodes. Good accordance is
found between radar and ADC 1.5 m data, with the radar
near‐inertial derived currents slightly more energetic most
of the time. Vertically, near‐inertial KE values appear to
be significantly higher from the surface to 50 m depth
(Figures 2b and 2e). Spatially, significant differences are
found between both moorings, with higher values at Donostia
where surface inertial events (which are confined to the
upper 20–30 m, above the seasonal thermocline) are ampli-
fied from April to August, in relation to the stronger strati-
fication. At Matxitxako, surface KE levels for the same
period are lower at the surface, although the energy at deeper
levels is similar to that at Donostia. Higher energy levels
at intermediate depths are found at both locations from
September to November, as the mixed layer deepens. Spe-
cifically, high KE levels (involving, at least, the first 150 m
of the water column) are observed during winter, as a
response to two particularly strong mixing events: Klaus
explosive cyclogenesis on 23–24 January [González et al.,
2009] and 1–10 November intense storms.
[9] The near‐inertial surface KE for the radar data shows a

complex horizontal distribution, which varies seasonally.
The mean values of near‐inertial KE are compared with the
sub‐inertial KE and relative vorticity (hereinafter RV) to
give an idea on the influence of the background motion on
the inertial wave fields observed (Figure 3). During summer
(in conditions of stratification and weaker but more variable
winds) the surface KE values are much more intense and
centered in the middle of the domain, with a maximum over
the north‐east of the Landes Plateau and decrease progres-
sively towards the coast. During winter, conversely, the
observed near inertial KE at surface levels is significantly

Table 1. Summary of Comparisons Between In‐Situ, at 1.5 and 12 m Depth From Moorings and at 8 m Depth From the Drifter, and
Radar‐Derived Velocities at the Corresponding Nodesa

Data Set 1 Data Set 2

RMS (m·s−1) RMSD Data
Set 1 vs. Data
set 2 (m·s−1)

R Data Set 1
vs. Data Set 2

MRD Data Set 1
vs. Data Set 2Data Set 1 Data Set 2

u v u v u v u v u v

Matxitxako 1.5 m Radar 0.16 0.10 0.13 0.08 0.08 0.08 0.86 0.64 −1.10 −0.92
Matxitxako 12 m Radar 0.15 0.09 0.13 0.08 0.10 0.09 0.74 0.50 −1.85 −2.70
Donostia 1.5 m Radar 0.12 0.11 0.11 0.12 0.10 0.13 0.53 0.35 −1.31 0.44
Donostia 12 m Radar 0.10 0.08 0.11 0.12 0.10 0.13 0.37 0.21 0.84 −0.22
Drifter Radar 0.27 0.27 0.16 0.21 0.16 0.09 0.72 0.91 −0.22 −0.01
Matxitxako 1.5 m Matxitxako 12 m 0.16 0.10 0.15 0.09 0.10 0.09 0.80 0.60 1.97 0.60
Donostia 1.5 m Donostia 12 m 0.12 0.11 0.10 0.08 0.12 0.12 0.37 0.28 −1.36 −0.83

aTo give an idea on the vertical shear at each mooring location, the in‐situ current measurements at 1.5 and 12 m are also compared. The Root Mean
Square (RMS) for each velocity component of the compared data set is given in columns 1 to 4. The RMS deviations (RMSD), the correlation coefficient
(R), and the Mean Relative Differences (MRD) between data sets, for each velocity component, are shown in columns 5 to 10.
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Figure 3. Mean values of (a) near‐inertial KE (m2.s−2), (b) sub‐inertial KE (m2.s−2), (c) sub‐inertial relative vorticity
(10–6 s−1) for (top) summer and (bottom) winter periods at the SE Bay of Biscay. Isobaths: 200, 1000 and 2000 m.

Figure 2. Time‐depth variability of near‐inertial KE (m2.s−2) over the slope for (a–c) Donostia and (d–f) Matxitxako
moorings and the corresponding radar nodes. Figures 2a and 2d show surface near‐inertial KE contents from HF radar (gray
line) and currents at 1.5 m (black line). Figures 2b and 2e show time‐depth plots of near‐inertial KE along the ADCP ver-
tical range (from 12.5 to 148.5 m within 8 m bins). Figures 2c and 2f show mean near‐inertial KE vertical profile for the
targeted year for ADCP currents (bold line) and surface current data (an asterisk is used for the ADC 1.5 m and a circle for
the corresponding radar node).
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lower. This was rather expected as, in winter, a more per-
sistent wind field would be less favorable to the develop-
ment of oscillations and a deeper mixed layer would lead
to smaller amplitudes. The near‐inertial KE is more intense
at the NW of the domain over the deeper part of the study
area and decreases progressively towards shallower ground
depths. The relationship between the observed KE distri-
bution and the characteristics of the background field is not
straightforward, namely during summer, when the back-
ground field, consisting in an anticyclonic pattern (negative
RV), is weak (mean current under 0.05 m.s−1). During
winter, the mean circulation pattern changes to a cyclonic
more intense circulation, with maximum intensity over the
upper slope (mean current speeds of 0.1 m.s−1) and mark-
edly stronger RV gradients. In this case, the near‐inertial
oscillations decrease in the areas where the mean flow is
intense and presents strong RV positive values (in accor-
dance with the theory introduced by Kunze [1985]), being
confined to the north‐west of the domain, over the deeper
part of the slope.

5. Conclusions

[10] HF radar‐derived surface currents and currents from
two moorings over the slope are used to map the near‐
inertial variability at the SE Bay of Biscay. The results
obtained show the complex 4D distribution of inertial
oscillations. A very pronounced horizontal structure across
the area with ranges of a factor 5 in near‐inertial KE is
observed. This pattern presents strong seasonal variability:
more trapping near the surface, with a peak in KE closer to
the shelf‐break, in summer, whereas winter surface maxi-
mum is weaker and located further to the north‐west. While
in summer the relationship between the observed KE dis-
tribution and the characteristics of the weak background
velocity field observed is not straightforward, in winter, the
near‐inertial oscillations decrease in the areas where the
mean flow is more intense and present stronger RV positive
values. Vertically and over the slope, the highest energies
are mainly confined to the mixed layer during summer but
they progressively propagate to deeper levels as the seasonal
stratification weakens.
[11] The marked variability observed in the time‐space

distribution of the near‐inertial KE, and the potential role of
these oscillations in the vertical shear‐induced mixing,
suggest that they could have a major impact in the modu-
lation of biogeochemical cycles in the area. Although the
near‐inertial KE surface distribution is partially influenced
by the seasonal variability in winds, buoyancy and back-
ground circulation, other processes linked to internal wave
propagation characteristics and wave interactions with coast
and bathymetry [Millot and Crépon, 1981; Klinck et al.,
1981; Tintoré et al., 1995; Xing et al., 2004] could also
play a major role and deserve further investigation.
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