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Abstract

Satellite altimetry measurements from SARAL-AltiKa are analysed in
the coastal ocean using the results of the G-AltiKa mission (1 to 5 August
2013), which combined altimeter, HF radar and glider data coincident with
the satellite track, south-west of Ibiza Island, in the Western Mediterranean
Sea.

The absolute dynamic topography, computed from 1 Hz and 40 Hz al-
timetry data, and the dynamic height, computed from glider temperature and
salinity, both exhibited a weak signal with amplitudes of order 2 cm. The re-
sulting geostrophic and HF radar velocities along the track depicted a north-

westward coastal current with a maximal velocity larger than 20 cm s™!.
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This demonstrates that the AltiKa altimeter is able to resolve SLA sig-
nals of more than 2 cm, and gradients in those signals over several tens of
kilometres. After filtering, the 40 Hz data depicted a signal consistent with
the other platforms, up to a distance of order 10 km from the coast.
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1. Introduction

Over the last two decades, progresses in satellite altimetry and the estab-
lishment of a global network of profiling ARGO floats have contributed to
revolutions in physical oceanography (Le Traon, 2013)), enabling the global
description of mesoscale processes in the open ocean. One of the main chal-
lenges of the present decade is the study of mesoscale processes, but in the
coastal ocean. Such a challenge is addressed thanks to other revolutions in
ocean observation: the recent improvements in coastal altimetry (Cipollini
et al., 2010; |[Vignudelli et al.; 2011), the intensive use of ocean gliders (Testor
et al., 2010; Ruiz et al.; 2012) and the development of high-frequency (HF)
radar systems (Harlan et al., [2010)).

The present work presents a cross-platform mission, G-AltiKa, performed
south-west of Ibiza island (Balearic Sea, Western Mediterranean, Fig.
in August 2013, with the objectives of processing, validating and inter-
calibrating multi-platform measurements in the coastal ocean. G-AltiKa
consists of a glider mission carried out along an AltiKa track, a new altime-
ter launched in February 2013 on board SARAL (SAtellite for ARgos and
ALtiKa), and designed to measure the ocean surface topography with an
unprecedented accuracy (Verron, |2013). The mission was designed to en-
able the blending of AltiKa altimetric data with multi-platform observation
systems in order to examine small-scale dynamics in the Ibiza Channel. It
benefited from a new observing component, not present in the previous multi-
platforms missions in the same area, namely the coastal HF radar operated
by the Balearic Islands Coastal Observing and Forecasting System (Tintoré
et al., 2013)).

The region studied is specially challenging because of the small values of
the Internal Rossby Radius, of order 10 km, with values sometimes lower than



5 km, and because the oceanic processes cover a wide range of temporal and
spatial scales (e.g., Gascard, |1991; [Send et al., [1999; Bouché, [2003; [Escudier|
. The interactions between these processes lead to intense sub-
basin scale dynamics, such as mesoscale eddies (Tintoré et al., |1990; |Pinot
et al., 1994} 2002; Rubio et al., 2009; Amores et al.,|2013) or filaments (Wang
et al [1988; [La Violette et al., [1990; Salusti, 1998} [Bignami et al., 2008).

The considered altimeter track intersects with an important ” choke” point
in the basin scale circulation (Heslop et al., [2012), where two channels play
a role in the meridional exchange of properties (heat and salt) between the
Balearic and the Algerian sub-basins (Garcia-Lafuente et al. |1995; Monser-|
rat et al., 2008)): the Ibiza Channel (80 km wide and 800 m maximum depth),
which separates the Iberian Peninsula and Ibiza, and the Mallorca Channel,
which separates Ibiza and Mallorca islands (Fig.[l]). The warm, fresh Atlantic
Water inflows occur mainly through the Ibiza Channel. The inflows are some-
times blocked by the presence of huge eddies with cold Western Intermediate
Water cores (Pinot et al., 2002; Mason and Pascual, 2013)), resulting in a
north-east diversion of the Northern Current to join the Balearic Current,
also described in numerical model outputs (Juza et al., |2013). Glider moni-
toring in the Ibiza Channel revealed high-frequency variability with changes
of transport close to 1 Sv in less than one week (Heslop et all |2012).

Multi-sensor approaches represent an efficient way to study and under-
stand small-scale processes and vertical exchanges (e.g., [Pascual et al., 2010,
. Recently, several missions using ship and glider measurements along
with altimeter data have been carried out to enhance the description of small-
scale dynamics in the Western Mediterranean Sea. Ruiz et al. (2009b) com-
bined Jason-2 altimeter data with a glider section coincident with the satel-
lite track to describe the subduction of a chlorophyll tongue in the Alboran
Sea and diagnose the strong vertical velocity at the origin of the tongue.
A similar technique was applied by Ruiz et al. (2009a)), where glider and
ship measurements were performed under an ENVISAT altimeter track, in
order to provide a mesoscale description of the Balearic Front.
further developed the combined approach by improving the pro-
cessing/editing of satellite along-track measurements, thus reaching a better
compatibility between glider and altimetry measurements, while |Bouffard
employed a numerical model as an additional source of informa-
tion for the multi-sensor comparison.

The present paper is focused on the G-AltiKa mission and the compar-
ison of the observations provided by the various platforms. Section [2| de-

3



scribes the measurement platforms, with a particular attention to the pro-
cessing/filtering steps. The resulting currents are compared in Section [3{ and
the conclusions are presented in Section [4

2. Data and methods

The G-AltiKa mission combined in situ data (glider) with remote-sensed
measurements (satellite and HF radar). The different platforms are described
below, while the various steps of data processing are presented in Sec.
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Figure 1: Study area and data. Left: main currents in the Balearic Sea. Right: HF radar,
glider and altimetry data locations overlaid on the Ibiza Channel bathymetry.

2.1. Altimetric data

Altimetric data enable the computation of currents using the geostrophic
balance, through the combination of along-track measurements of sea-level
anomalies (SLA) with the Mean dynamic topography (MDT), which repre-
sents the stationary component of the ocean dynamic topography.

2.1.1. Along-track sea-level anomalies

SLA data are obtained by the AltiKa altimeter on board SARAL satellite.
To ensure a long-term continuity of altimetry observations, SARAL ground
track is almost the same as ENVISAT mission (European Space Agency),
with an exact 35-day repeat cycle. AltiKa operates at a frequency in the Ka-
band (35.75 GHz), leading to improved horizontal and spatial resolutions due



to the reduced altimeter footprint and the enhanced bandwidth (500 MHz),
but at the cost of a higher sensitivity to rainy and cloudy conditions (Tave-
neau et al., 2011 Bronner, [2013)).

The track no. 16 (Fig. [1]) crossed part of Ibiza island on August 1, 2013,
18:26:12 UTC. The 1 Hz altimeter data (one value every 7 km on average)
used in this study correspond to the Ssalto/DUACS NRT products, the pro-
cessing of which is fully described in |Dibarboure et al.| (2011)) and in the user
handbook (DUA}2014)). The 40-Hz measurements (one value every 174 m on
average) were obtained from the Archiving, Validation and Interpretation of
Satellite Oceanographic Data system (AVISO) after their processing with the
Prototype for Expertise on AltiKa for Coastal Hydrology and Ice (PEACHI).
The prototype relies on AltiKa level-1b Sensor Geophysical Data Record (S-
GDR) products, where most of the altimeter parameters are processed within
the acquisition procedure, especially the 40 Hz waveforms required for re-
tracking and a high precision orbit (accuracy on the order of 2.5 cm). Like
Jason-2, instruments on SARAL/AltiKa perform direct observations of the
following parameters: altimeter range, significant wave height, ocean radar
backscatter cross-section as a measure of wind speed, ionospheric electron
content, tropospheric water content, mean sea surface, and position relative
to the GPS satellite constellation. The S-GDR data thus contain all the
relevant corrections required to compute the sea surface height. As S-GDR
products are released 35 days after AltiKa data records, the PEACHI proto-
type also consists of the acquisition of the Interim Sensor Geophysical Data
Record (S-IGDR) products to complete the whole altimeter time series in
near real time, with the aim of providing the latest measurements processed
within the prototype. Thus, the PEACHI prototype aims at improving the
reliability and the accuracy of the geophysical parameters and therefore Ka
altimeter measurements thanks to the new or improved algorithms.

2.1.2. Mean dynamic topography

The mean dynamic topography (MDT) represents the long-term-average
circulation. The sum of the MDT and the SLA produces the absolute dy-
namic topography (ADT), from which the absolute geostrophic velocity is
derived using the geostrophic equations. For the Mediterranean Sea, the
MDT developed by Rio et al| (2014) (SMDT-MED-2014) is used. SMDT-
MED-2014 was constructed with the same method as in Rio et al.|(2007)), but
with updated datasets of drifter velocities and hydrological profiles. The spa-
tial resolution is 0.0625° by 0.0625°, versus 0.125° by 0.125° for the previous



version.

2.2. Glider

A deep Slocum glider was deployed on August 2, 2013, 09:20:57 UTC,
at 38.190°N, 0.995°E, south-west of Ibiza island, approximatively on AltiKa
track no. 16. The transect ended on August 5, 2013, 01:38:51 UTC, at
38.778°N, 1.160°E after a 74 km course.

The glider was equipped with a SeaBird Pumped CTD, a fluorometer
(WetLabs FLNTU) and an oxygen sensor (Aanderaa Oxygen Optode 4330F).
A total of 253 profiles (126 downcast and 127 upcast) were acquired. The
horizontal resolution (distance between two consecutive surfacings) is related
to the local depth, which varied from 975 m to 90 m, at the location closest to
the coast (about 10 km, Es Vedra island). In the deepest areas, the resolution
was approximatively 5 km, while approaching the coast, it decreased to less
than 1 km.

In addition to the temperature and salinity profiles, the depth-averaged
velocity (DAV, Fig. [2) can be estimated using the glider positioning system
(GPS) as follows: the glider makes a calculation of the current experienced
since its last surfacing from the difference between both estimated (dead
reckoned position from heading and velocity) and its current actual location
from GPS. The DAV depends on the accuracy of the on-board compass, to
which a mission specific error calibration was applied (Merckelbach et al.,
2008)).

2.8. HF radar

The SOCIB SeaSonde HF radar system by Coastal ocean dynamics ap-
plications radar (CODAR), is formed by two stations, each consisting of a
three-antenna element. The stations are located on Ibiza and Formentera is-
lands, with the objective of monitoring the surface circulation in the eastern
part of the Ibiza Channel (Fig. . The radar system operates at a frequency
of 13.5 MHz with a 90-kHz bandwidth and provides surface currents on a
3 km-resolution grid at hourly intervals, with a range up to 74 km (40 nauti-
cal miles) offshore. The southernmost latitude covered by the radar system
is 38.050°N, so that 63% of the glider trajectory was inside the radar range.
In some cases, radial velocities have been shown to provide better results in
quantitative comparison (e.g., |[Liu et al., 2012)), however in this work total
currents were used because they offer both velocity components.



2.4. Data processing

2.4.1. Computation of dynamic height

The dynamic height (DH) is obtained by integrating the density, calcu-
lated from the glider temperature and salinity, between a level of reference
and the surface. Tests with reference levels chosen between 300 and 900 m
evidenced a weak sensitivity of DH gradients to this parameter. Similar con-
clusions were drawn with glider measurements from another mission north
of Mallorca (Ruiz et al., [2009a), in agreement with previous regional studies,
which have shown that upper ocean (0-300 m) slope currents dominate the
dynamics.

2.4.2. Spatial interpolation

With the objective of performing the platform comparisons on a common
track, the MDT, 1-Hz SLA, glider DH and HF radar velocities were re-
sampled onto the measurement locations of the 40 Hz satellite track, using
linear interpolation. The goal was to obtain the data on a unique set of loca-
tions, so the simplest interpolation method was preferred. No extrapolation
was performed because of the risk of artificially generating large gradients
of SLA, and thus large velocities. The ADT was obtained by adding the
interpolated MDT and SLA.

2.4.3. Filtering

In order to get rid of inertial motions and high-frequency processes not
compatible with the hypothesis of geostrophy, a windowed sinc filter (e.g.,
Smith, 2002) with a 30-hour cut-off and a Blackman window (Blackman and
Tukey, 1959) was applied to the HF radar data. A similar filter, but with
a 14-km cut-off, was applied to the altimeter and glider data. The 14 km
cut-off is in line with the values used in similar studies (e.g., Bouffard et al.
2010, [2012)). A weak sensitivity to the cut-off length was observed. The
windowed sinc filter was selected because of its good stop-band attenuation
and low pass-band ripple. Other filter windows were tested but the resulting
signals did not exhibit significant differences. The filters were designed using
the Scipy Signal Processing Module (Jones et al., 2001).

2.4.4. Geostrophic velocity computation
The component of the geostrophic current perpendicular to the satellite
track is obtained by the geostrophy equations, which amounts to computing



spatial derivatives. The geostrophic currents are computed by applying cen-
tral finite differences in the interior and first differences at the boundaries
on the filtered and unfiltered 1 Hz SLA, filtered 40 Hz SLA and glider DH.
With this scheme, one point at the boundary is lost. No additional filtering
or smoothing was applied to the SLA prior to the velocity derivation. The
unfiltered 40 Hz signal led to unrealistic velocities, which were therefore not
considered in the subsequent discussions.

2.4.5. Correction to glider velocities

The depth-averaged absolute currents retrieved from the GPS glider posi-
tioning (Sec. were used to correct the surface geostrophic current, follow-
ing the method described in Bouffard et al.| (2012). The difference between
the relative depth-averaged geostrophic currents (computed from DH) and
the absolute DAV (computed from glider GPS) constitutes a reliable estima-
tion of the absolute geostrophic current at the reference level. Hence if this
velocity difference is added to the relative geostrophic current at each depth
level, the absolute geostrophic current is obtained. As altimetry provides the
component normal to the track, only the perpendicular component of the
DAV is added to the correction.

The condition for this correction to be valid is that the vertically averaged
horizontal ageostrophic velocity is negligible with respect to the DAV. Bouf-
fard et al. (2010) showed that barotrophic high-frequency motion, tidal or
Ekman currents constitute negligible contributions in the study area. Scat-
terometer satellite data (not shown) confirmed the weak wind intensity in the
studied area. Note that the assumption regarding the ageostrophic compo-
nent of the velocity is fulfilled for our study region, but is not automatically
satisfied in all the coastal regions, for instance across the West Florida Shelf
(e.g., |[Liu and Weisberg}, [2007).

3. Results

Because of the low number of degrees of freedom (between 3 and 5), the
correlations computed between the signals of the different platforms are not
statistically significant. For this reason, the current section is focused on a
qualitative description of the features obtained after the data processing.

3.1. Glider temperature and depth-average velocity
The glider sampled the whole water column with a high-resolution, espe-
cially in the coastal area (the last 20 km of the track) and evidenced the
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strong stratification, characteristic of the region in summer months (Fig. [2)).
Temperature close to the surface was above 26°C.

The estimated DAV ranged from 2 cm s~! in the southernmost part of
the glider trajectory to 10 cm s™! near the end point, with a preferred north-
westward orientation.
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Figure 2: Temperature measurements along the glider track (left) and depth-averaged
velocities. The normal component is shown in grey

3.2. Dynamic height and absolute dynamic topography

The glider DH and the ADT at 1 Hz and 40 Hz obtained with the pro-
cessing described in the previous section, are shown in Fig. [3] The first
observation is the weak amplitudes (=2 cm) and gradients present all along
the track. Such values are close to the accuracy expected for the SLA mea-
surements by SARAL/AltiKa and illustrate the weak dynamic activity at
this time of the year. Along the glider trajectory, the MDT (not shown)
ranges from -1 cm at 38.2°N to 0 cm close to the island at 38.78°N. However
these variations have to be taken into account, given the weak amplitude of
along-track SLA.

The three filtered curves have in common the 2-4 c¢m rise in the northern
part of the track, which is associated to a north-westward current (see next
section). Another relevant feature is the apparent shift, on the order of
5 km, between the different filtered curves. The shift is easily identifiable by
observing the local minima and maxima between 38.5 and 38.7°N. This shift
can be attributed to the lack of synopticity between the measurements: the
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glider was deployed about 17 hours after the altimeter pass, but the end of
the trajectory took place more than 3 days after the satellite pass (Sec. [2.2)).

As the spatial extension of the common segment of data is limited, it is
not possible to perform a fully consistent statistical assessment when compar-
ing the various datasets. However, a qualitative description of the features
obtained after data processing will be made hereafter.

Dynamic Height and
Absolute Dynamic Topography

— Glider DH

— Filtered 40-Hz ADT
Raw 40-Hz ADT

— Filtered 1-Hz ADT

(em) 0
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Figure 3: Absolute dynamic topography and dynamic height along SARAL track no. 16
southwest of Ibiza islands. Dashed lines represent the unfiltered glider DH and 1 Hz ADT
signals.

3.3. Time variability and spatial structure

It is instructive to examine the spatial structure and the temporal vari-
ability of the currents over the duration of the mission, since the along-track
data do not allow a description of the two-dimensional surface structures.
To this end, HF radar velocity fields corresponding to August 2, 12:00, Au-
gust 3, 18:00 and August 5, 00:00, are presented (Fig. . On August 2,
currents described a cyclonic circulation (red arrows in the figure) centred
at 38.65°N, 0.9°E; the strongest currents, located south-west of Ibiza, were
dominantly north-westward with a velocity on the order of 20 cm s™! and a
jet width of approximatively 20 km. In the southern part of the HF radar
area, the velocity was mostly eastward. On August 3, the cyclonic circulation
persisted and intensified; the center moved slightly south-westward and the
north-westward jet increased its width to more than 25 km. The circulation
west of Ibiza, above 38.8°N, also changed, with the development of an anti-
cyclonic circulation centred west of Ibiza with a 10 km radius and velocities
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greater than 25 cm s™!. On August 5, both the anticyclonic and the cyclonic
structures remain, with their respective center slightly displaced.

The cross-track velocities (Fig. [4 black area around the satellite track)
evidence the evolution of circulation, in particular the overall cyclonic cir-
culation maintained through the G-AltiKa mission and the displacements of
the circulation center.
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Figure 4: HF Radar velocities on August 2, 12:00, August 3, 18:00 and August 5,
0:00. Red arrows indicate positive vorticity. The velocity component perpendicular to
SARAL/AltiKa track (dashed line) is plotted in black.

3.4. Velocity structure

The geostrophic velocities derived from the ADT (1 Hz and 40 Hz) and the
DH are compared to the HF radar velocities (Fig. [f]). Velocities calculated
using the smoothed 1-Hz data show consistencies with the pattern of cross-
track velocities from the HF Radar and filtered glider DH, as all three have
a zero-crossing at about 38.65°N and flow to the west north of that latitude.

Both the HF radar and the 1 Hz data (top sub-figures) depict the cyclonic
circulation described in the previous section and exhibit similar maximal
velocities. However, south of 38.55°N, the two platforms provide velocities
in opposite directions. These discrepancies may be attributed to several
factors: the 6 km radius for the radial velocity smoothing, the vertical shear
(HF radar velocities are not measured exactly at the surface), or the temporal
averaging (e.g., Liu et al., 2014). Also, the typical error of HF radar velocities
is of order 10 cm s~ !, depending, among other issues, on the HF radar system,
on the current geometry, as well as on waves and weather conditions (e.g.,
Chapman et al., 1997} Yoshikawa et al., [2006; Roesler et al., 2013). Results
south of 38.65°N have to be considered with caution since the variability in
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heights is below the 2 ¢cm range (Fig. [3), which is the expected accuracy of
AltiKa.

The 40 Hz and the glider data (Fig. , bottom sub-figures) offer an in-
creased spatial resolution of the features. The dominant westward current in
the upper part of the track (north of 38.65°N) is well reproduced by both plat-
forms, with comparable maximal velocities and a similar current structure.
Overall, the results north of 38.65°N display a correct magnitude. South of
that latitude, The 40-Hz altimeter and the glider data produced more small-
scale features than the HF radar and the 1 Hz data (four alternating jets
south of the zero-crossing), but the weakness of the signals does not allow us
to indicate what structure is the most realistic.

The HF radar platform provides data closest to the coast, about 3 km.
After applying the filter, high-resolution altimetric data yield geostrophic
currents at a distance close to 10 km from land. Concerning the glider, safety
considerations come into consideration when deciding the final location of the
deployment.

Additional information from satellites (sea surface temperature, Fig. [1]
right panel; chlorophyll concentration, not shown) are not able to resolve the
small-scale features visible in the southern part of the track. However, SST
seems to depict the signature of a cyclonic eddy, centred on approximately
38.6°N, 1.15°E, with a jet on its north-eastern part, consistent with the
measurements along the satellite track and with HF radar data.

4. Discussion and conclusions

The description of mesoscale processes in the coastal area using observa-
tions constitutes a new challenge in oceanography in the current decade, and
this challenge has to be tackled by a multi-platform approach. The work pre-
sented here is focused on the coastal area south-west of Ibiza, in the Balearic
Sea.

The measurements from in situ (glider) and remote-sensed (HF radar,
altimeter) platforms acquired between August 1 and 5, 2013, south-west of
Ibiza, were processed in order to provide the velocity along the SARAL/AltiKa
track. Despite the weak gradients, close to the AltiKa expected accuracy,
observed in the DH and ADT signals, all the platforms showed the existence
of a north-westward coastal current less than 20 km off Ibiza, with an inten-
sity exceeding 20 cm s~!. Further offshore, the velocity structures obtained
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from the different platforms have to be considered with caution because of
the weak variability in heights.

The differences observed between 1-Hz and 40-Hz data are due to different
factors. Firstly, the differences in resolution: part of the sub-mesoscale struc-
tures present in the high resolution product cannot be fully resolved with a
1-Hz resolution. Secondly, the use of a mean profile (MP, an along-track mean
sea surface), which is part of the improved processing of the DUACS system:
the mean profile accuracy is improved with respect to a gridded Mean Sea
Surface (MSS). This processing is not included in the 40-Hz measurements.
The differences between the MP and the less precise gridded MSS are of or-
der of few millimetres and can reach up to 1 ecm. The computation and use
of the MP imply that the altimeter measurements are interpolated on static
theoretical positions, which can lead to additional differences. Finally, the
wet troposphere correction is responsible for a difference of a few millimetres
(< 3 mm) between 1-Hz and 40-Hz data: the radiometer solution is used in
the case of the 1-Hz measurement, while ECMWEF model solution is used for
40-Hz products. The agreement between low and high resolution altimetric
product would certainly be improved, if the same MSS and the radiometer
wet troposphere correction were applied to both types of data.

Though the presented work is focused on the surface velocities, the comple-
mentary virtue of the different components of the observing system is clear:
the SLA data from SARAL/Altika, combined with the Mediterranean Sea
MDT, offer a detailed representation of the cross-track current. In particu-
lar; these data allow one to derive the geostrophic velocity about 10 km from
the coast, which was not possible in earlier altimetry missions. On the other
hand, the glider has the unique capability of profiling the water column with
an horizontal resolution below 1 km. The HF radar system has the unique
capacity to combine an extended spatial coverage (more than 70 km offshore)
with a temporal resolution of 1 hour. It is thus the most adequate tool with
which to address the possible synopticity issue between the altimeter and
the glider data. In addition to its numerous uses in oceanography (search
and rescue, assimilation in numerical model, ...), this is also the platform
that provides the data closest to land, approximatively 3 km. Finally, the
three platforms have in common that they are highly robust systems able
to monitor hydrographic conditions in the study area, even under adverse
meteorological conditions.

All in all, this initial validation/inter-comparison exercise is of particular
value in assessing the quality of SARAL/AltiKa data in the coastal band.
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It also emphasizes the relevance of cross-platform approaches in the study
of the coastal ocean dynamics and of the additional sources of validation
for the currents (drifters for example) and the necessity to acquire in situ
measurements closer to the coast in future studies in order to confirm the
velocities deduced from high-resolution altimetry.
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Figure 5: Cross-track velocities obtained by HF radar and by geostrophy for filtered 1 Hz,
40 Hz and glider data.
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