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The interaction between anticyclonic Algerian eddies and Levantine Intermediate Water (LIW) flow is
investigated along the western Sardinian slope by analysing in situ data and model results. In March—
April 2001, LIW flowed northward inshore the isobath 2000 m. At about 30 km far offshore, LIW
was more distributed in patches than in a vein, and there this variability was associated with a distant
anticylonic eddy. In May 2002, the situation was very different: LIW was also patchy inshore from
the 2000 m isobath. On horizontal sections, LIW was observed in a relative wide latitudinal band
(~50km) centred on ~40° N, in the southern part of an anticyclonic eddy located over the slope.
This study shows that mesoscale structures can disturb the LIW flows along the Sardinian slope by
diverting a part of LIW flow westward.

Keywords: Sardinian Sea; Antycyclonic eddies; LIW flow; Mesoscale activity

1. Introduction

The area investigated is the Sardinian Sea (figure 1), located west off Sardinia, from the coast
to ~7° E. It is directly connected to the Algerian basin where mostly anticyclonic Algerian
Eddies (AEs [1]) drive the circulation [2]. Their diameter varies between ~50 and ~250 km
[3], and their vertical extent ranges from hundreds of metres to the bottom (1000-3000 m).
They can last 2-3 yr in the basin [4] propagating along a counter-clockwise trajectory in the
eastern Algerian basin [5]. Some AEs break off from the Algerian current and slope to follow
the Sardinian slope northward and then, eventually, propagate inside the basin.
Consequently, in the surface layer, AEs transport relatively fresh Atlantic Water (AW) with
a salinity lower than 38.0 in the centre of the basin where modified AW stays with a typical
salinity higher than 38.0. When passing close to or in the Sardinian Sea, AEs drive or strongly
disturb the circulation over the slope and the shelf [6]. At an intermediate level, along the west-
ern Sardinian slope, the Levantine Intermediate Water (LIW), which enters the western basin
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Figure 1. Localization of the CTD stations during the two cruises in the Sardinian Sea (Western Mediterranean
Sea).

through the Channel of Sardinia between ~300 m and ~800 m [7], is subject to controversies.
For instance, analysis of modelling results by Wu and Haines [8] and Korres et al. [9] depicted
a northward LIW flow on the western Sardinia slope and a westward mean LIW undercurrent
flowing directly to Gibraltar. Korres et al. found an inverse dependence of the LIW flow on the
wind curl forcing in the western Mediterranean. By contrast, by running a higher-resolution
model, Demirov and Pinardi [10] suggested a possible effect of eddies to deviate the LIW flow.
In addition, from in situ measurements, LIW is expected to be partly deviated by AEs from its
northward flow along the western Sardinian slope, but this has never been directly observed.
Indeed, Millot [2, 11, 12] and Millot and Taupier-Letage [13] demonstrated that masses of
little mixed LIW observed in the open Algerian basin are patches of recent LIW trapped from
the Sardinian vein by anticyclonic eddies which passed near the western Sardinian slope. At
the same time, they contested the existence of an hypothetic permanent westward LIW branch
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coming from the Sardinian Channel [7, 14]. According to Millot and Taupier-Letage, those
eddies may be AEs or other eddies due to the instability of the LIW vein off Sardinia, but
these last ones had never been evidenced by in situ experiments. Eddies that have already
been observed in situ with recent LIW trapped inside are AEs [5, 11-13, 15, 16]. Neverthe-
less, these eddies were mainly observed in the open basin but never observed while directly
catching recent LIW.

The aim of this paper is to show an AE catching LIW on the western Sardinian slope and
diverting LIW westward, confirming the key role of AEs on LIW distribution. In contrast
with previous in situ studies located off southern Sardinia, here almost all the western slope is
investigated. All the involved supports and methods are described in section 2, and section 3
presents the results.

2. Methods

This study combines in situ observations, a numerical circulation model simulation and
infrared satellite images. During two surveys, named Medgoos 2 (23 March to 3 April 2001)
and Medgoos 4 (4-23 May 2002), the hydrological variability was investigated by CTD mea-
surements. The selected points covered the whole area quite regularly with a 25km grid.
This was a good compromise between the need to have a fine enough spatial sampling to
study mesoscale phenomena over the whole area and the available vessel time. Data were
quality-checked and processed following the MODB quality-control procedures [17] and using
SeaBird SBE software. Data were directly analysed using interpolation software, providing
a description of the hydrology, but also interpolated using the Objective Analyses Method
[18] on a regular 2 km grid in order to initialize the three-dimensional, free surface, ocean
model based on the Princeton Ocean Model (POM) [19], using the Boussinesq approximation
and the hydrostatic equilibrium. The model has been implemented within the study area at
7.4-8.5° E and 38.7-40.6° N, with a spatial resolution of 1/60° x 1/60° (about 2 km), lower
than the first internal Rossby radius of deformation (15-20 km). In the vertical, the model has
24 sigma (bottom following) layers with a logarithmic distribution near the surface. A detailed
description of the model set-up is given by Sorgente ef al. [20]. The model was integrated in
diagnostic mode for 10 d, i.e. it calculated the velocity field in nearly geostrophic balance with
the in situ T/S data interpolated into the model grid. In order to allow the observed density
field to be adjusted to the model topography, an additional 2 d of prognostic calculation was
carried out. This kind of approach has also been used by Mellor and Ezer [21] to diagnose the
Atlantic Ocean circulation.

In order to validate the mesoscale structure depicted by the model and to interpret the
hydrological variability in the surface layer, several NOAA/AVHRR daily Sea Surface Temp-
erature (SST) composites satellite images were used from the German Aerospace Centre DLR
(http://eoweb.dlr.de) database. Land and clouds are masked. For each image, the greyscale
was adjusted to evidence eddies, and so absolute temperatures could not be compared between
images. Grey tones, dark to light, gradually correspond to cold to less cold water. Note that
during the spring and autumn, thermal gradients between different surface waters were low so
that anticyclonic eddies were hardly visible. For this reason, during the Medgoos 2 period, the
only available good SST image was that of 14 March 2001, 10 d before the beginning of the
cruise. Altimetry data from Topex/Poseidon and ERS1/2 satellites also help to fill this gap.
Maps of Seal Level Anomaly (SLA) were provided by collaboration with a LODYC team.
These maps were calculated over a 10 d period and have already allowed AEs [4,22] to be
detected, and so this method is not detailed here.
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3. Results and discussion

3.1 Mesoscale eddies identification

During each cruise, two eddies were characterized by low-salinity cores: 37.2—-37.3 in eddies
Al and A2 during Medgoos 2 and 37.0-31.1 in A3 and A4 during Medgoos 4 (figures 2a
and d). Anticyclonic rotation is observed (figures 2b and c), with calculated absolute velocity
significantly higher in A3 and A4 (max: ~40cm s~!, ~55cm s~!) than in Al and A2 (max:
~30cms~! and ~15 cms~!). Maxima were observed in the periphery, by opposition to the core
where the velocity was lower (<15 cm s~!) in agreement with past current measurements [16].

Those eddies were also observed on satellite data (figures 3 and 4). Indeed, A3 and A4 were
identifiable on the 9 May 2002 image (figure 3b) and were also well signed on the altimetry
map with more than 2 cm of sea level anomaly (SLA, figure 4b). Concerning A1 and A2 on
the 14 March 2001 SST image (figure 3a), the thermal gradient was not intense enough to
identify eddies contours. This is a recurrent problem in spring and summer, when thermal
gradients weaken. On the corresponding altimetry map (figure 4a), A2 corresponds to the
south-western eddy, implying that only the north-eastern edge of A2 had been sampled during
Medgoos 2 and that data extrapolated by the model in the south-western must be carefully
interpreted. Also, in a general way, the position and diameter of eddies depicted by SLA
should be carefully interpreted because SLA are anomalies compared from a climatologic
geoids and thus are relative values, implying that the edge of eddies can be different. In
addition, maps were calculated over a 10 d period, during which eddies were moving, thus
distorting the observation of eddies. These maps were spatial interpolations that could not
visualize structures smaller than ~50 km width, the approximate distance between two ERS
passes. For this reason, and if we consider the 37.3 isohaline, the Al diameter was ~30 km
and could not be seen by altimetry. Nevertheless, Al is correctly depicted by the deepening
of isohalines from the CTD data analysis, even if the Al was at the edge of the surveyed area
(figure 5).

Thus, while the eddies A1 and A4 were relatively far away from the slope, A3 was the closest
and coming over it, thus acting on the shelf circulation and inducing a south-south-westward
current (figure 2¢). Eddy A2 seemed to be at an intermediate distance from the coast if in situ
data were considered.

Considering observed and calculated values (salinity, density, and velocity) and their fea-
tures on satellite images, the A1-A4 eddies were Algerian anticyclonic eddies detached from
the Algerian current.

3.2 Influence of anticyclonic eddies on LIW flow

First, the LIW horizontal distribution was studied by comparing three parallel south—north
vertical sections at increasingly longer distances from the coast (figures 6 and 7). These
sections are called ‘slope’, ‘halfway’, and ‘offshore’ sections, and are numbered 1, 2, and 3,
respectively, on figures 2a and d.

On these sections, A1-A4 can be identified by the deepening of salinity isolines well depicted
in the halocline, but not so well deeper down because of the increasing homogenization.
Consequently, the vertical extension of eddies cannot be given, only their minimum extension.
Considering the deepening of the 38.5 isohaline, the minimum depth in A1 and A3 was about
1500 m and about 1000 m in A4 (figures 6¢ and 7b and c). A2 was at least 200-300 m deep,
but data were missing in the eddy core on the offshore section.
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Figure 2. Horizontal distribution of salinity and velocity during Medgoos 2 (a, b) and during Medgoos 4 (c, d) at a depth of 5 m.
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Figure 3. Composite NOAA/AVHRR sea-surface-temperature satellite images on 14 March 2001 (a) and 9 May
2002 (b) with the overlaid sampling field performed during Medgoos 2 (a) and Medgoos 4 (b).

For both cruises, on the slope sections (figures 6a and 7a), LIW was observed as a vein
between ~300 and ~1000 m with a salinity of ~38.60-38.67, and maxima at ~450-500 m, in
agreement with values found southernmost during those cruises (not shown) and in literature
(e.g. [23,24]). Farther from the coast, on the halfway sections, LIW was still distributed
as a vein during Medgoos 2 but was patchy during Medgoos 4 (figures 6b and 7b). One
patch was located over ~39.75-40.50° N in the southern half of A3, the other being over
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~38.75-39.25° N in the eastern periphery of A4. On the offshore sections, LIW was patchy
for both cruises (figures 6¢ and 7c) but with larger patches for Medgoos 4. During Medgoos
2, the deepest patches were in the southern part of Al, while in the northern part, patches
were more superficial. The largest Medgoos 4 patch was in the south-western part of A3, and
the other one was in the south-eastern part of A4. Comparing with the Medgoos 4 halfway
section (figure 7b), both patches had a similar distribution regarding values, forming shape,
and localization on a latitudinal band. Consequently, during Medgoos 4, halfway and offshore
sections with two patches each should have vertically crossed two westward LIW branches.

On the Medgoos 4 horizontal salinity distribution at 520 m, isohalines >38.60 were mainly
cross-shore between ~39.7 and ~40.1° N, suggesting that LIW spreads offshore (figure 8b)
in the southern part of A3 up to 39.7° N. In contrast, during Medgoos 2, these isohalines
were alongshore, suggesting that LIW flowed continuously along the Sardinian slope as a
vein (figure 8a). This difference was confirmed on the latitudinal vertical sections where LIW
flowed as a vein 60 km wide at ~500 m during Medgoos 2, whereas the LIW offshore boundary
was not visible during Medgoos 4 (figures 9a,b). In a same way, the southern Medgoos 4 patch
should be a body of water entrained by A4.

Therefore, in March—April 2001, LIW’s flow is almost not disturbed by AEs, more flowing
as an along-slope vein inshore the isobath 2000 m with a lower westward flow at about 39.8°
N (maximum of ~0.08 Sv) deduced for a water mass with § > 38.6 but more localized.
In contrast, in May 2002, the LIW vein was diverted westward by A3 between ~39.7° N
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Figure 8. Horizontal salinity distribution at 520 m calculated by the Objective Analysis Method from Medgoos 2
(a) and Medgoos 4 (b). The bold isoline corresponds to a salinity of 38.6.
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~

and ~40.1° N. A similar westward branch can be entrained south-westward by A4. Fluxes
always deduced from Medgoos 4 velocity field for a water mass with § > 38.6 also depicted a
westward flow in the southern parts of A3, significant from 8.1° E and maximum near 7.5-7.6°
E with 0.15 Sv. Of course, these branches cannot be permanent as eddies move at ~3—10km
d~! and do not remain close to the slope and the LIW vein.

These observations confirm Millot’s theory about LIW diversion by AEs close to the western
Sardinia [2, 11-13]. Nevertheless, it seems that patches of little mixed LIW observed in the
open basin can be due to another kind of anticyclonic eddies. Recently, drifting floats ballasted
in LIW layer depicted smaller anticyclonic eddies of diameter 50-60km observed in the
intermediate layer, and not in the surface layer [25]. These are thought to be created by
horizontal shear between the recent LIW vein flowing along the south-western Sardinian
slope and a cyclonic flow of old LIW (~13.1°C) passing also close to the south-western
Sardinian slope. The gyre of old LIW was observed within the Algerian basin and is the
so-called Algerian Gyre [26].

4. Conclusion

The analysis of CTD data acquired in the Sardinian Sea during two cruises in March—April
2001 and in May 2002 showed the presence of Algerian anticyclonic eddies (AEs) during each
cruise. Those eddies were expected to strongly disturb the LIW vein on the western Sardinian
slope.

In March—April 2001, the LIW flowed northward along the Sardinian slope as a relatively
narrow and thick layer. This can be considered as the LIW path without significant pertur-
bation by AEs. In contrast, in May 2002, LIW was diverted westward by an AE that came
over the Sardinian slope near 40° N (figure 10). The difference between those two situations
underlines the temporal variability of the LIW flow direction off the western Sardinia, and
thus the variability of the westward LIW branching. Nevertheless, in the middle of the eastern
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Figure 10. Mesoscale activity, during the Medgoos 4 cruise in May 2002 in the Sardinian Sea, based on the analysis
of satellite images and its interaction with the LIW flow.

Algerian Basin, the total time spent by AEs passing successively over a fixed mooring was
about 9 months between August 1997 and July 1998 (ELISA experiment [13]). Consequently,
AE-induced branching could be more frequent than the northward LIW flow, but AEs seem to
drift faster off western Sardinia than along the Algerian slope [4], so they should spend less
time off Sardinia. A statistical analysis of the time spent by AEs along the western Sardinia
slope would clarify this issue. In any case, regardless of the number of eddies involved and
the time spent off Sardinia, AEs can be definitively considered as one of the main structures
that spreads LIW from the Sardinian slope to the open basin. A process study should be set
on after this work to determine diversion mechanisms of LIW by AEs.
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