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Abstract

In this paper we illustrate the capability of satellite altimetry in the
coastal ocean, a key technological priority for the present decade. To this end,
we present the results of the G-AltiKa mission conducted along a SARAL-
AltiKa track south-west of Ibiza (Balearic Islands, Western Mediterranean
Sea) from 1 to 5 August 2013. The main feature of the mission is that the
glider measurements are almost synchronous with the altimeter pass. The
HF radar system operated by the Balearic Islands Coastal Observing and
Forecasting System (SOCIB) constitutes a complementary tool to describe
the circulation in the study area. The work is focused on the data processing
step (interpolation, filtering, corrections) applied to the measurements and
on the comparison of the geostrophic velocity across the satellite track.

The absolute dynamic topography, computed by adding filtered 1 Hz and
40 Hz along-track sea-level anomalies Mediterranean Sea Mean Dynamic To-
pography, and the dynamic height, computed from glider temperature and
salinity, both exhibited a signal characterized by weak gradients and ampli-
tudes (2 cm), close to the expected accuracy of the AltiKa instrument. The
corresponding geostrophic velocities and the HF radar velocities projected
on the SARAL/AIltiKa track all depicted a north-westward coastal current
with a maximal velocity larger than 20 cms™!.

The lack of synopticity due to the time interval between the satellite pass



(August 1, 2013, 18:26:12 UTC) and the end of the glider transect (August
5, 2013, 04:17:22 UTC) resulted in a spatial shift between the glider and the
altimeter along-track signal, around 5 km. The time evolution of the HF
radar currents during the mission duration confirmed the plausibility of such
a shift.

After the application of a 5 km lag to the glider dynamic height, the cor-
relation and RMS difference between the different platforms were computed.
The agreement between the altimetry, glider and HF radar cross-track ve-
locities was synthesized in a Taylor diagram that evidenced the lowest root
mean square difference (9.72 cm s7') and the highest correlation (0.64) be-
tween the velocities obtained from the glider dynamic height and those from
the filtered 40 Hz sea-level anomalies. The 40 Hz data are particularly valu-
able as they enable us to use the SARAL-AltiKa data closer to the coast
than typically possible with altimetry.
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1. Introduction

Over the last two decades, the progresses in satellite altimetry and the
establishment of a global network of profiling ARGO floats have constituted
revolutions in physical oceanography (Le Traon, 2013), enabling the descrip-
tion of mesoscale processes in the open ocean. One of the main challenges
of the present decade will be the study of mesoscale processes in the coastal
ocean. Such a challenge can be addressed thanks to other revolutions: the
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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 radar systems (Harlan et al.,
2010) .

The present work presents a cross-platform mission, G-AltiKa, performed
south-west of Ibiza island (Balearic Sea, Fig. 1) in August 2013, with the
objectives of processing, validating and inter-calibrating multi-platform mea-
surements in the coastal ocean. G-AltiKa consists of a glider mission carried
out along an AltiKa track, a new altimeter launched on board SARAL (SAtel-
lite for ARgos and ALtiKa) in February 2013, and designed to measure the
ocean surface topography with an unprecedented accuracy (Verron, 2013).
The mission constitutes an opportunity to blend AltiKa altimetry data with
multi-platform observation systems in order to examine small-scale dynam-
ics in the Ibiza Channel. It also benefits from a new observing component,
not present in the previous missions: the coastal high-frequency (HF) radar
operated by the Balearic Islands Coastal Observing and Forecasting System
(SOCIB, Tintoré et al., 2013).

This region is specially challenging because of the small values of the
Internal Rossby Radius, on the order of 10 km, sometimes with values lower
than 5 km (e.g., Gascard, 1991; Send et al., 1999; Bouché, 2003; Escudier
et al., 2013), due to the strong stratification and of the processes covering a
wide range of temporal and spatial scales interact. These interactions 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).

Two channels play a role in the meridional exchange of properties (heat
and salt) between the Balearic and the Algerian basins (Garcia-Lafuente
et al., 1995; Monserrat et al., 2008): the Ibiza Channel (80 km wide and
800 m maximal depth), which separates the Iberian Peninsula and Ibiza,
and the Mallorca Channel, which separates Ibiza and Mallorca islands. The
warm, fresh Atlantic Water inflows occur mainly through the Ibiza Channel.
The inflows are sometimes blocked by the presence of Western Intermediate
Water (WIW, Pinot et al., 2002; Mason and Pascual, 2013), resulting in a
north-east diversion of the Northern Current and a junction with the Balearic
Current, also described by the numerical model of Juza et al. (2013). Glider
monitoring in the Ibiza Channel (Heslop et al., 2012) revealed high-frequency
variability with changes of transport on the order of 1 Sv in less than one
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week.

Multi-sensor approaches constitute an efficient way to study and under-
stand the small-scale processes and vertical exchanges (e.g., Pascual et al.,
2010, 2013). Recently, several missions associated ship and glider measure-
ments with altimeter data to enhance the description of small-scale dynamics
in the Western Mediterranean Sea. Ruiz et al. (2009b) combined Jason-2
altimeter data with a glider section coincident with the satellite track to de-
scribe 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 in Ruiz et al. (2009a), as they performed glider and ship mea-
surements under ENVISAT altimeter track in order to provide a mesoscale
description of the Balearic Front. Bouffard et al. (2010) further developed
the combined approach by improving the processing/editing of satellite along-
track measurements, thus reaching a better compatibility between glider and
altimetry measurements, while Bouffard et al. (2012) employed numerical
model as an additional source of information for the multi-sensor compari-
son.

The present paper is focused on G-AltiKa mission description and the
inter-comparison and and inter-calibration of the various platforms. Sec-
tion 2 presents the various measurement platforms, with a particular atten-
tion to the processing/filtering steps. The resulting currents are compared
in Section 3.

2. Data and methods

The G-AltiKa mission associated in situ data (glider) with remote-sensed
measurements (satellite and radar). After a description of the different
platforms (Sec. 2.1-2.3), the various steps of data processing are presented

(Sec. 2.4).

2.1. Altimetric data

Altimetric data allow the computation of currents using the geostrophic
balance, by combining along-track measurements of sea-level anomalies (SLA)
with the Mean dynamic topography (MDT), which represents the permanent
stationary component of the ocean dynamic topography.



2.1.1. Along-track sea-level anomalies

SLA data are obtained by AltiKa altimeter on board SARAL satellite.
To ensure a long-term continuity of altimetry observations, SARAL ground
track is expected to be/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), respectively, but also to a higher sensitivity to rainy
and cloudy conditions (Taveneau 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 standard 1-Hz SLA (one value every 7 km on average)
measured by SARAL/Altika were produced by Ssalto/Duacs and distributed
by AVISO. The 40-Hz (one value every 174 m on average) measurements were
obtained from AVISO after being processed using the Prototype for Exper-
tise on AltiKa for Coastal Hydrology and Ice (PEACHI). In particular, the
reliability of AltiKa measurements for coastal hydrology is of main interest
in the frame of this project, which is a CNES (Centre National dEtudes Spa-
tiales) initiative to provide end-users reliable Ka altimeter measurements over
coastal areas and in open ocean but also in continental and sea ice domains.
Thus, the PEACHI prototype developed aims at improving the reliability
and the accuracy of the geophysical parameters and therefore Ka altimeter
measurements thanks to new or improved algorithms.

2.1.2. Mean dynamic topography

The mean dynamic topography (MDT) represents the long-term-averaged
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 recently developed by Rio et al. (2014) (SMDT-MED-2014) is used.
The 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 spatial 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 the



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 CTD (SeaBird Pumped CTD), a fluo-
rometer (WetLabs FLNTU) and an oxygen sensor (Aanderaa Oxygen Op-
tode 4330F). A total of 253 profiles (126 downcast and 127 upcast) were
acquired. The depth-averaged velocity (DAV) 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 (Merckelbach
et al., 2008) was applied.

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 (less than 7 km, Es Vedra island, Ibiza). In the deepest
areas, the resolution was on the order of 5 km, while approaching the coast,
it decreased to less than 1 km.

2.8. HF radar

The SeaSonde HF radar system by Coastal ocean dynamics applications
radar (CODAR), is formed by two antennas managed by the SOCIB (Tintoré
et al., 2013) and located on Ibiza and Formentera islands to monitor the
transports in the easternmost part of the Ibiza Channel (Fig. 1). The radar
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 (400 nautical 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.

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
to the surface. Tests with reference levels between 300 and 900 m evidenced
a weak sensitivity of DH gradients to this parameter. Similar conclusions
were drawn by Ruiz et al. (2009a) with glider measurements north of Mal-
lorca. This is consistent with the background of the region where dynamics
are dominated by the upper ocean (0-300 m) slope currents.

6



2.4.2. Spatial interpolation

With the objective of performing the platform comparisons on a com-
mon 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, us-
ing linear interpolation. The goal is to obtain the data on a unique set of
locations, so the simplest interpolation method was preferred. No extrapola-
tion was performed because of the risk to artificially generate large gradients
of SLA (and thus large velocities). The ADT is 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 on the altimeter and glider data. This value is in
line with the cut-off used in similar studies (e.g. Bouffard et al., 2010, 2012).
A weak sensitivity to the cut-off length was observed. This type of 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 results. The filters were designed using the Scipy (Jones et al.,
2001) Signal Processing Module.

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 compute
spatial derivatives. The geostrophic currents are computed using filtered
and unfiltered 1 Hz SLA, filtered 40 Hz SLA and glider DH. The unfiltered
40 Hz signal led to unrealistic velocities, which were thus discarded from the
subsequent discussions.

2.4.5. Correction to glider velocities

The depth-averaged absolute currents retrieved from the GPS glider posi-
tioning (Sec. 2.2) were used to correct the surface geostrophic current, follow-
ing the method described in Bouffard et al. (2012): the difference between
the relative depth-average geostrophic currents (computed from DH) and the
absolute DAV (computed from glider GPS) constitutes a reliable estimation



of the absolute geostrophic current at the reference level. Hence if this ve-
locity difference is added to the relative geostrophic current at each depth
level, the absolute geostrophic current is obtained.

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. Scatterometer satellite
data (not shown) confirmed the weak wind intensity in the studied area.

3. Results

3.1. Glider temperature and depth-average velocity

The glider profiles provided a high-resolution sampling of the whole water
column (Fig. 2), especially in the coastal area (the last 20 km of the track)
and evidenced the strong stratification characteristic of the region at that
time of the year.

The estimated DAV were on the order of 2 cm s™! in the southernmost
part of the glider trajectory and on the order of 10 cm s~! near the the end
point, with a preferred north-westward orientation.

3.2. Dynamic height and absolute dynamic topography

The glider DH and the alimetry ADT at 1 Hz and 40 Hz obtained with
the processing 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
measurements by SARAL/AltiKa and illustrate the low dynamic activity at
that time of the year. Note that along the glider trajectory, the MDT (not
shown) exhibits only weak changes, the value ranging 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 relatively sharp increase in
the northern part of the track, which will result in a north-westward current
(see next section). Another relevant feature is the apparent shift, roughly
5 km, between the glider DH and the 40 Hz filtered ADT. The shift is easily
identifiable by observing the local minima and maxima between 38.5 and
38.7°N. A reasonable hypothesis is to attribute it to the lack of synopticity
between the measurements: the glider was deployed only 7 hours after the



altimeter pass, but the end of the trajectory took place almost 3.5 days later
(Sec. 2.2).

By means of the radar HF system, the time variability of the currents can
be easily assessed and the hypothesis confirmed.

3.3. Time variability

It is instructive to examine specifically the temporal variability of the
currents over a period ranging from the SARAL/AltiKa pass in the region
of interest and the glider recovery. To this end, two HF radar velocity fields
corresponding to August 2, 12:00 and August 4, 18:00, are presented (Fig. 4).
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 21 km. In the southernmost part of the HF radar
area, the velocity was mostly westward. On August 4, the cyclonic circulation
persisted and intensified; the center slightly moved south-westward and the
jet increased its width to 26 km. The circulation west of Ibiza, above 38.8°N,
also changed, with the development of an anticyclonic circulation center east
of Ibiza with a 10 km radius and velocities above 25 cm s~

The cross-track velocities (black arrows) evidence the evolution of circu-
lation, in particular the overall cyclonic circulation maintained through the
G-AltiKa mission and the displacements of the circulation center. The dis-
tances between the successive locations where the velocity changes direction
with respect to the altimeter track (black squares in Fig. 4) constitute a
valuable information on the currents variability and allows one to address
the lack of synopticity between the glider and satellite measurements. Cal-
culation yields values on the order of 5 km between two consecutive days.

3.4. Velocity structure

The geostrophic velocities derived from the ADT (1 Hz and 40 Hz) and
the DH can be compared to the HF radar velocities (Fig. 5). Both the HF
radar and the 1 Hz data (top sub-figures) depict the cyclonic circulation,
yet the 1 Hz data provides more details in the southernmost part of the
track. The maximal velocity is larger with the 1 Hz data (32 cm s™1) than
with the HF radar (21 cm s7!). These discrepancies are attributed to the
6 km averaging radius applied for the smoothing of the radials and to the
error on the HF radar velocities. This error depends on the HF radar and
current geometry, as well as on the weather conditions, and has an order of
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magnitude of 10 cm s™! (e.g., Chapman et al., 1997; Yoshikawa et al., 2006;
Roesler et al., 2013).

The 40 Hz and the glider data (Fig. 5, 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 38.7°N) is well reproduced by both
platforms, while the currents in the lower part of the track exhibit a similar
pattern but clearly differ from the overall eastward velocities obtained with
1 Hz and HF radar data. The apparent disagreement between the 1 Hz and
the 40 Hz data could be explained by the combination of different steps in
the two processing chain DUACS and PEACHI: 1. the projection onto the
theoretical track for DUACS; 2. the removal of the mean profile for DUACS.
The 40 Hz data maximal velocity (34.9 cm s™1), located about 5 km off Ibiza
island, is comparable to the 1 Hz maximal velocity. The glider did not per-
mit the computation of such high velocities since its trajectory was stopped
before reaching the area.

The width of the coastal jet is difficult to assess from the results of Fig. 5,
since the different platforms did not provide data on the same portions of the
track. For example with the 40 Hz SLA, it is possible to come very close to
the coast (less than 5 km). An approximate value for the coastal jet width
is 30 km.

While this comparison highlights the different scales captured by the var-
ious platforms, it is still necessary to quantify the agreement between the
four velocity fields, taking into account the lack of synopticity between the
glider and the altimeter.

3.5. Statistical comparison

The cross-track velocity fields obtained with different platforms and reso-
lutions are compared using two simple statistical measures: the correlations
and the root mean square (RMS) of their differences. The statistics are eval-
uated on the section of the track covered by the HF radar, the glider and
SARAL/AltiKa altimeter, i.e., between 38.405°N (the southernmost latitude
reached by the HF radar) and 38.767°N (the northernmost position of the
glider). The distance between these two points is 41.3 km. The number of
samples over which the statistics are computed (238 points) guarantees a
statistical significance close to 1.

If the shift existing between glider and altimeter measurements is not
taken into account, the statistical measures will not properly capture the
similarities between the fields. For this reason, both the correlations and

10



the RMS are computed after applying a spatial lag to the glider velocities.
The impact of this lag is obvious, as illustrated here: without any lag, the
RMS (correlation) between the glider and 40 Hz velocities is 15.21 ¢cm s™*
(3.68%), whereas with a 5 km lag, consistent with Sec. 3.2, the RMS (corre-
lation) decreases (increases) to 9.72 ms™! (63.67%). Tests with different lags
demonstrated that the value leading to the lowest RMS (and highest corre-
lation) is 5.054 km. This value is then used for all the following calculation.

The agreement between altimetry, glider and HF radar cross-track veloc-
ities is summarized by a Taylor diagram (Taylor, 2001) (Fig. 6). The glider
derived velocity is chosen as the reference for the comparison. The standard
deviations (STD) of the velocity fields (represented as the radial distance
from the origin) range from 7.75 cm s~! for the HF radar to 15.93 cm s*
for the filtered 1 Hz data. The glider and 40 Hz velocities have similar STD
(11.31 cm s™! and 10.88 cm s™!, respectively). The correlations calculated
with respect to the glider velocities (azimuthal position) spread between 0.45
(HF radar) to 0.64 (40 Hz data).

The centred RMS differences between the platforms (represented as the
distances between the reference and the corresponding points) confirm that
the best agreement is obtained between the glider and the 40 Hz data (9.72
cm s~1). With the 40 Hz data, the filtering is essential to assure a compati-
bility with the other platforms measurements.

4. Conclusions

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

The measurements from in situ (glider) and remote-sensed (HF radar, al-
timeter) sensors 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 observed in the DH and ADT signals, all
the platforms coincided in the existence of a north-westward coastal current
less than 20 km off Ibiza, with an intensity exceeding 20 cm s~!. Further
offshore, the velocity structure obtained with 1 Hz filtered altimetry data
and HF radar differ from those computed using 40 Hz altimetry or glider
DH data. These differences are explained by the different processing steps of
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1 Hz and 40 Hz products, and by the large averaging radius used on the HF
radar radials. Moreover, the weak amplitudes and gradients observed in the
DH and ADT signals, on the order of the expected accuracy of the AltiKa
instrument, should induce caution in the interpretation. Another element to
take into consideration is the sensitivity to the selected MDT.

The filtered 40 Hz ADT and the glider DH provided a remarkably sim-
ilar circulation patterns, with the same alternation of north-westward and
south-eastward currents and comparable intensities along the glider trajec-
tory. Nevertheless, a 5 km spatial shift, resulting from the different times
of measurement of the platforms, appeared between the velocity structures.
The 5 km estimation of the shift is consistent with the temporal variations
observed with the HF radar system over the period of the mission. The
statistics computed after applying a spatial lag to the glider DH yielded a
correlation of 63% and a RMS difference below 10 cm s~!, which is the order
of magnitude of the error for the HF radar velocities.

Though the presented work is focused on the surface velocities, the com-
plementarity of the different components of the observing system is clear: the
40 Hz SLA data from SARAL/Altika, combined with the Mediterranean Sea
MDT, offer a detailed representation of the cross-track current. In particular,
these data allow one to derive the geostrophic velocity less than 5 km from
the coast, which was not possible in earlier altimetry mission. On the other
hand, the glider has the unique capability of performing measurements pro-
files over the water column, with an horizontal resolution below 1 km. The
HF radar system is the unique facility that combines an extended spatial
coverage (more than 70 km offshore) with a temporal resolution of 1 hour.
It is thus the adequate tool to address the possible synopticity issue between
the altimeter and the glider. 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 comparison exercise is of particular interest to validate al-
timetric data, especially AltiKa, in the coastal band. It also emphasizes the
relevance of cross-platform approaches to study the coastal ocean dynamics
and the for additional sources of validation for the currents (drifters for ex-
ample) and the necessity to acquire in situ measurements closer to the coast
in order to confirm the velocities deduced from high-resolution altimetry.
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Figure 1: HF Radar, glider and altimetry data locations overlaid on the Ibiza Channel
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Figure 2: Temperature measurements along the glider track (left) and depth-averaged

velocities.
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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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Figure 6: Taylor diagram for cross-track velocities obtained with the different platforms.
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