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Abstract

Seven years of combined maps of TOPEX/Poseidon (T/P) and ERS-1/2 altimeter data are used to describe the surface
circulation variability in the Mediterranean Sea. As described in the past, the Mediterranean Sea level variability is a complex
combination of a wide range of spatial and temporal scales. However, this paper gives an improved estimation of sea level
statistics (rms, annual, semiannual cycle). Moreover, the longer period (1993—1999) and the merging of T/P and ERS-1/2
altimeter data allows us to observe with a good accuracy the major changes that occurred in the Mediterranean Sea and, in
particular, at basin and sub-basin scales. First, important interannual signals were found in the Ionian basin where the cyclonic
circulation has clearly intensified since 1997. In the Levantine basin, although the Ierapetra eddy exhibits a clear seasonal cycle,
it is not always present during our period of observation. These interannual changes seem to be correlated with the variability of
the Mid-Mediterranean Jet, which produces strong meanders. A new view of the circulation in the south of the basin is indeed
suggested by considering that the eddies observed in the Mersa-Matruh and Shikmona areas represent meanders of the Mid-
Mediterranean Jet rather than permanent structures as commonly described. Secondly, the seasonal cycle of the Alboran gyres is
confirmed. Moreover, these gyres and the lerapetra eddy constitute the most intense signals of the Mediterranean Sea variability.
Finally, this descriptive study illustrates the need to continue monitoring the surface circulation in order to better understand the
dynamics of the Mediterranean Sea. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the last two decades, a considerable amount
of work has been dedicated to the study of the
Mediterranean circulation. International observation
programs in the Western (e.g. WMCE: Western Med-
iterranean Circulation Experiment, La Violette, 1990)
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and Eastern (e.g. POEM: Physical Oceanography of
the Eastern Mediterranecan, Malanotte-Rizzoli and
Robinson, 1989) basins, numerous regional in situ
data analyses (e.g. in the Liguro-Provencal and Alger-
ian currents, (Millot, 1999), and in the Eastern basin,
the recent campaigns described in Horton et al. (1994),
together with modeling studies (Tziperman and Mala-
notte-Rizzoli, 1991; Roussenov et al., 1995; Zavatar-
elli and Mellor, 1995; Horton et al., 1997 among
others) have helped in the early 1990s to identify
several structures of the 3D circulation at basin and
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sub-basin scales. If the fate of the Atlantic water from
the Gibraltar Strait to its transformation in the Levan-
tine basin in salty intermediate waters and the forma-
tion of the so-called Mediterranean Dense Water are
relatively well understood, the ‘details’ of the surface
circulation and its variability are still poorly docu-
mented and explained. For most of the observed
medium-scale (O (100 km)) signals, it is not yet
possible to determine whether they are the signature
(1) of permanent sub-basin-scale features, (2) of the
seasonal or interannual variability of large-scale cur-
rents or (3) of sporadic events. The main difficulty in
interpreting observations or General Circulation Model
(GCM) results is thus the uncoupling between the
various spatial and temporal scales.

In this context, remote sensing data, like sea sur-
face temperature (SST), altimetry and ocean colour,
have been a very precious tool to obtain synoptic
views of the circulation. Sea surface temperature data
from satellite infrared imagery have been widely used
to follow the Algerian Current instabilities (Millot,
1985). Larnicol et al. (1995) first showed the potential
use of TOPEX/Poseidon (T/P) data to monitor and
describe the mean sea level and large-scale circulation
variability. Vasquez-Cuervo et al. (1996) use ERS-1
altimetric data together with SST observations to
study the Alboran gyres, while Ayoub et al. (1998)
show that T/P data need to be combined with ERS-1
measurements for the analysis of the sub-basin-scale
variability. Mesoscale activity is explored by Tudicone
et al. (1998) from a statistical analysis of T/P data.
Using Advanced Very High Resolution Radiometer
(AVHRR) SST data and buoy trajectories, Matteoda
and Glenn (1996) provide a very comprehensive
description of the small-scale variability in the Eastern
basin over the period 1990—1995. The analysis of
satellite data emphasises the large range of the spatial
and temporal scales characterising the Mediterranean
surface circulation variability. A few authors, includ-
ing Horton et al. (1994) and Larnicol et al. (1995),
show that it is not easy to retrieve from observations
over the last 10 years the various structures described
in papers relating to POEM data. We point out here
the ambiguity linked to the fact that many structures
observed during the POEM cruises have been named
and thus implicitly identified as well-defined perma-
nent or recurrent features, whereas the very large
variability revealed recently by surface observations

suggests that the notion of ‘permanent’ and ‘recurrent’
structures is questionable.

The work of Matteoda and Glenn (1996) partly
addresses this issue. These authors analyse more than 4
years of SST satellite data in the Eastern Mediterranean
and identify as persistent features five main eddies: the
lerapetra eddy southeast of Crete, the Pelops eddy
south of Peloponnese, a cyclone southwest of Crete,
and the Shikmona and West Cyprus eddies in the
Levantine basin, all of them named according to
previous in situ data analyses (mainly from POEM).
Additional eddies are detected but, because they
appear only once over the observation period and do
not persist for more than a month, the authors consider
them as transient features. Besides, the five main
eddies mentioned above are shown to display a sig-
nificant variability in shape and can appear as multi-
centered structures. The same observational evidence
from combined T/P and ERS-1/2 sea level anomaly
data led Ayoub (1997) to use the term ‘complex’ rather
than ‘well-defined’ structure to describe the variability
that is observed recurrently in the Mersa-Matruh,
Shikmona or Pelops areas.

The objective of this paper is to explore further the
permanent, recurrent or transient character of the main
structures of the Mediterranean surface variability. By
permanent, we mean a variability signal detected over
most of the observation period and that has been
mentioned in earlier data analyses. We define as
recurrent a structure that appears on a regular basis
even though a period of occurrence may not be
possible to define. Transient is used to describe an
eddy that can be identified for a limited and relatively
short period of time only (no more than a few months).
Our study relies on the analysis of 10-day T/P and
ERS-1/2 altimetric data together with weekly SST
maps from October 1992 to December 1999. Since
the mean sea level cannot be separated from the geoid
surface (see Section 2.1), we use sea level anomaly
data with respect to a 4-year mean sea level. As shown
later, SST maps help to interpret some features seen
from altimetry when the analysis from sea level anom-
aly instead of absolute dynamic height makes it too
ambiguous. On the other hand, altimetric observations
contain the signal of subsurface structures that do not
necessarily have a surface signature; in other words,
some intensified subsurface structures can be detected
from altimetry and not from SST observations. How-
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ever, our study is exploiting further the 7 years of
available altimetric data by investigating the possible
signs of interannual variability at the basin scale. We
focus on the Ionian and Levantine basins, where
previous studies have suggested significant changes
of the circulation during the last decade (Roether et al.,
1996; Ayoub, 1997; Theocharis et al., 1999).

This paper provides a comprehensive description of
the major surface variability structures observed from
a 7-year altimetric data set. Some hypotheses or
suggestions concerning the Mediterranean circulation
are proposed with respect to current knowledge.
However, we do not attempt to explain the observed
variability. We believe that the use of estimation
techniques to achieve a model/data synthesis would
be the most appropriate tool to provide clues towards a
full understanding of the observed signals. The article
is divided into six sections. Section 2 describes the
data processing and gives details on the T/P and ERS
data combination method. In Section 3, we describe
the variability from statistics on the SLA, putting the
emphasis on the interannual variability. Sections 4 and
5 detail the main structures of the variability evi-
denced in Section 3: in the Western basin (Section
4) and the mesoscale and sub-basin-scale variability in
the Levantine (Section 5.1) and Ionian (Section 5.2)
basins. Finally, a conclusion is drawn in the last
section.

2. Data processing
2.1. Data processing (corrections along the track)

A little more than 7 years of the latest TOPEX/
Poseidon (T/P) M-GDRs (Geophysical Data Records)
distributed by AVISO (1996) and the ERS-1 and ERS-
2 Ocean Products Records (OPRs) distributed by the
French Processing and Archiving Facility (PAF) CER-
SAT (Centre ERS d’Archivage et de Traitement,
1996) are used. They span the period from October
1992 to December 1999; however, ERS-1 data are not
available between January 1994 and March 1995
during the period of the satellite geodetic mission.
For both data sets, the usual geophysical corrections
have been applied (wet and dry tropospheric, iono-
spheric, electromagnetic, tides, inverse barometer; for
details, see Le Traon and Ogor, 1998).

First, merging multiple altimeters requires homo-
geneous and intercalibrated SSH data sets. Intercali-
brated data sets are obtained by performing a global
crossover adjustment of the ERS-1/2 orbit, using the
more precise T/P data as a reference (Le Traon and
Ogor, 1998). The data are then resampled every 7 km
along the tracks using cubic splines. In order to
eliminate geoid signals, Sea Level Anomalies (SLA)
are constructed by removing a 4-year mean (1993—
1996) from surface heights. To reduce measurement
noise, the SLA are filtered with a 35-km median filter
and a Lanczos filter with a cut-off wavelength of 42
km. Finally, the data are subsampled one point in two.

2.2. Objective analysis (map construction)

SLA maps combining T/P and ERS-1/2 data (their
respective spatial coverage is shown in Fig. 1) are
produced every 10 days on a regular 0.2 X 0.2° grid
by using a suboptimal space/time objective analysis
(Bretherton et al., 1976). The merging of T/P and ERS
data is not trivial. Indeed, despite the intercalibration
of the data sets (see previous section), along-track
biases due to residual orbit errors and to atmospheric
pressure effects (Le Traon and Gauzelin, 1997; Ayoub
et al., 1998) remain in both data sets. We apply an
improved mapping method based on multi-satellites
altimeter data developed by Le Traon et al. (1998). Its
principle is to directly take into account the along-
track long wavelength error by modifying the a priori
error covariance prescribed in the objective analysis
method.

More specifically, our analysis is performed using
space (isotropic) and time correlation functions with
150-km and 15-day correlation radius. These values
are consistent with the along-track correlation scales,
estimated by Ayoub et al. (1998) to lie between 80 and
100 km in space and 10 and 20 days (for T/P) in time.
The correlation radius are chosen considering the
space/time sampling scales of T/P and ERS-1/2 and
the need to build an isotropic estimation of the SLA
field (i.e. with a homogeneous mapping error field).
For more details, the reader is referred to Ayoub
(1997). Measurement noise is set to 2 cm rms for
T/P and 3 cm rms for ERS-1/2; large wavelength
errors are set to 3 cm rms for T/P and 4 cm rms for
ERS-1/2 (note that the adjustment of ERS-1/2 SSH
data on T/P reduces the long wavelength error level).
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Fig. 1. Spatial coverage of T/P (bold) and ERS-1/2 (dot) altimetric data.

Data interpolation in the Mediterranean Sea pres-
ents some complications due to the complicated
geometry of the coastline and to the islands. In
applying the objective analysis scheme, we have taken
care, for example, of using no data from the Tyrrhe-
nian Sea when interpolating in the Ionian Sea and vice
versa. Some methods, such as the variational scheme
used by Brankart and Brasseur (1998) to interpolate
hydrographic fields, are dealing with different statis-
tics in the coastal areas from those in the open sea.
Because the satellites sampling properties are uniform
over the basin, the use of uniform statistics is justified
by the need to maintain a homogeneous mapping error
level. Moreover, the analysis of coastal regions where
a few altimetric data are available is beyond the scope
of this paper.

2.3. Sea surface temperature processing

The sea surface temperature (SST) influences and
is influenced by the ocean circulation and the air/sea
exchanges at the surface. At small scales, SST meas-
urements can provide information on the mesoscale
ocean flow field. Consequently, SST data are poten-
tially useful to confirm whether the specific mesoscale

features observed in altimetric data occur or not. SST
on a 1/4 X 1/4° grid derived from NASA Pathfinder
AVHRR SST daily products are used for this study.
The maps are constructed using a median filter
applied on the 1/4° grid selecting all temperature
values closer than 18 km (two 9-km pixels in the
original images) to the estimation point. The median
value is preferred to the mean value in order to avoid
the influence of data points polluted by clouds. This
yields daily maps with a resolution of 1/4°. A time
average is then computed every 10 days taking 11
days of data (d — 5 days, d+5 days). Even if there is
only 1 day free of clouds for a selected grid point over
the whole 11-day period, the average is computed.
The available SST maps span the period October
1992 —-December 1997.

3. Overview of the surface variability
3.1. Statistical results
The 7 years of T/P and ERS-1/2 altimeter data

(from 1993 to 1999) allow us to update (Fig. 2) the
previous map of rms of SLA given by Larnicol et al.
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Variability of SLA from combined maps of TP+ERS for 1993—-1999 period
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Fig. 2. The rms of Sea Level Anomaly (SLA) deduced from combined maps of T/P and ERS-1/2 for the 1993 —1999 period. Units are in cm (the
contours correspond to depths of 1000 and 3000 m). WAG and EAG: Western and Eastern Alboran Gyres; PE: Pelops anticyclone, IE: Ierapetra

Eddy.

(1995) or Tudicone et al. (1998). Despite the relatively
good agreement, these maps are not directly compa-
rable for several reasons. Firstly, they do not represent
the same period, and some differences may be
induced by interannual variability. Secondly, the
present map of rms (Fig. 2) uses ERS data in addition
to T/P data. Ayoub et al. (1998) have already shown
that combining the two data sets is crucial to yield
more information on the circulation variability, and
especially on the mesoscale activity. For instance, the
variability seen by T/P data only (Larnicol et al.,
1995; Tudicone et al., 1998) is preferentially located
along the T/P tracks, whereas the areas between T/P
tracks are generally characterised by low rms values.
These discontinuities in the shape of the rms disappear
when we use ERS data, confirming that the combina-
tion of the two data sets leads to a better monitoring of
the mesoscale variability than with T/P data alone.

A first view of the Mediterranean oceanic surface
variability can be given by the rms of SLA over the
whole Mediterranean Sea (Fig. 2). Rms values gener-
ally range from 4 to 16 cm with a mean value of about
7—-8 cm rms. Half of this variability is assumed to be
induced by the steric effect, which represents the
dilatation/contraction of the water column driven by
heat exchanges at the ocean—atmosphere interface
(Larnicol et al., 1995; Ayoub, 1997). The other part
of the variability concerns the surface circulation that
exhibits a large spectrum of spatial and temporal scales.
Low patterns of variability (<5 cm) are located in the
north of the Western basin, along the Liguro-Provengal
coast. The regions of intense variability (>10 cm)
generally correspond with regions of high mesoscale
activity, as in the Alboran Sea, Algerian Current or in
the Levantine basin where the rms is the strongest of the
Mediterranean Sea (up to 16 cm). Although Fig. 2
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represents a classical picture, it is the first time that the
shape and the intensity of the spatial structures of the
variability in the Mediterranean Sea are represented so
well. First, this estimation is more robust than that done
in previous studies (Larnicol et al., 1995; Iudicone et
al., 1998), due to the long time series used for the
calculation, which implies 252 maps witha 0.2 X 0.2°
resolution spanning over 7 years. Second, merging T/P
and ERS-1/2 data considerably increases the spatial
and temporal sampling of the available observations of
the Mediterranean circulation.

3.1.1. Interannual variability of rms

Moreover, this long period allows us to observe the
evolution of the Mediterranean variability year by year
(Fig. 3). Only two areas are characterised by relatively
stable structures. The first one is the region of the Gulf
of Lion, where a patch of low variability (2—4 cm rms )
is observed along the coast continuously from 1993 to
1999. The other stable place is the Alboran Sea, where
two cells of high variability (>10 cm rms ) are seen
throughout the 1993—1999 period. Elsewhere, signifi-
cant changes in shape and intensity occur. For instance,
the changes of the variability patterns in the Levantine
basin during the 1993 to 1999 period lead us to define
three periods. During the first one (1993—-1994), the
variability is only characterised by a well-defined
signal, up to 16 cm rms, located close to the southeast
corner of Crete and referred to as the Ierapetra eddy
(Theocharis et al., 1993; Larnicol et al., 1995). From
1995 to 1998, the location of the maximum SLA
variability moves to the east (in 1995) then to the
southwest (in 1996—1997). In 1998, we can observe
two maxima. In 1999, the maximum located near Crete
is found again, with low variability in the Rhodes gyre
area. A complete description of the variability in the
Levantine basin is given in Section 5.1. The situation
in the Ionian basin is specific with a strong variability
at the basin scale between 19931996 and 19971999
(see Section 5.2). In 1993, the rms value is around 6—9
cm rms and gradually reaches 16 cm rms over the
entire basin in 1999. These strong interannual changes
are described in detail in Section 5.2.

3.2. Annual cycle

The annual cycle (Fig. 4) is estimated using the 10-
day combined maps of T/P and ERS-1/2. Its ampli-

tude (Fig. 4a) is relatively homogeneous in the basin,
with values between 8 and 10 cm. A large part of this
signal can be attributed to the steric effect (Larnicol et
al., 1995) with a maximum sea level in summer. Our
analysis suggests a slight lag between the two basins
(Fig. 4b, phase), with a maximum occurring in Sep-
tember in the Eastern basin, and in August in the
Western basin.

The steric effect is one of the dominant signals on
the surface elevation in the Mediterranean Sea. On
the other hand, this basin-scale signal does not gen-
erate significant geostrophic currents. So, in order to
observe dynamic signals, a spatial mean has been
removed from each of the 10-day maps. This partly
removes the steric effect and puts in a prominent
position dynamic signals such as mesoscale activity.
As expected, the annual cycle amplitude (Fig. 4c),
generally less/lower than 3 cm, is lower than the
amplitude deduced previously. Two main areas are
only characterised by a relatively important seasonal
signal, the Alboran Sea with a value of about 8—9 cm,
and the intense Ierapetra eddy with a value of 10 cm.
A complete description of the variability in these areas
is given further. As a preliminary conclusion, we can
decompose the seasonal signal in the Mediterranean
Sea into a basin-scale signal, the steric effect, and,
in some restricted regions, the cycle of structures at
a permanent position (Alboran gyres and lerapetra
eddy). No significant semiannual signal (not shown)
has been found across the Mediterranean basin: the
amplitude is systematically lower than 3 cm with
values close to zero in the Ionian and Levantine basin
(<1 cm).

The variability of the Mediterranean surface circu-
lation is well sampled by our 10-day maps of T/P and
ERS-1/2 data. The rms computation reveals the most
important changes that occur in the Mediterranean Sea
from 1993 to 1999. Several interesting cases are
selected: the circulation in the Western basin and, in
particular, of the Alboran gyres that exhibit a clear
seasonal signal; the circulation in the Levantine basin,
where the transient or permanent character of some
structures needs to be clarified; and finally, the Ionian
basin, where drastic changes have occurred during the
last 7 years. The analysis presented in the next
sections is based on monthly and seasonal maps from
winter 1992 to winter 1999. This series of maps is too
long (84 for the monthly means) to be inserted in the
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Yearly rms of SLA from combined maps of T/P+ERS-1/2
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Fig. 3. Yearly rms of Sea Level Anomaly (SLA) deduced from combined maps of T/P and ERS-1/2 between 1993 and 1999. Units are in cm.
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paper, so only specific maps are shown when neces-
sary.

4. Western basin
4.1. Algerian Current

After passing through the Gibraltar Strait and the
Alboran Sea, the Atlantic water forms the well-known
Algerian Current. This unstable current generates
meanders of a few tens of kilometers and, simulta-
neously, a series of coastal cyclonic and anticyclonic
eddies characterised by a radius of 50 to 100 km, and a
short lifetime. Only the anticyclonic eddies can deve-
lop and separate from the current (Millot, 1999). The
signature of the Algerian Current and its variability are
clearly seen in the rms maps (Fig. 2), with a back-
ground value varying between 8 and 10 cm rms. Note
that the use of ERS-1/2 altimeter data significantly im-
proves the estimation of this variability.

Moreover, year-by-year analysis of the rms exhib-
its some interesting interannual changes. In particular,
strong changes appear in 1997 where two patches of
variability (up to 16 cm rms) are clearly visible along
the Algerian coast. They are centered on 3°E/37.5°N
and 6°E/38°N with a radius of approximately 150 km.
In fact, they correspond to the signature of two anti-
cyclonic Algerian eddies (AE) recently monitored by
Puillat et al. (2002) with AVHRR images. The authors
describe the trajectory of two AE (96-1 and 97-1) that
have a lifetime of about 2—3 years. The first eddy,
96-1, seen for the first time in March 1996, stays a little
more than 1 year between 5—8°E and 37—39°N. Then
it moves westward towards Ibiza. The second eddy
appears in March 1997 at 0.5°E/36.2°N, then it moves
eastward until the end of the year, is virtually perma-
nent during the winter, and finally continues its east-
ward movement until 7°E, where it does a large
clockwise loop during 1998 year. These eddies are
very well sampled by 10-day maps, and have also a
clear signature in monthly and seasonal means. This
paper focuses rather on the seasonal and interannual
circulation than on mesoscale monitoring. Neverthe-
less, it seems important to mention the existence of
such long-lifetime AEs, which have a strong signature
in the spatial and temporal structure of the surface
variability seen by altimetry (Fig. 3¢). Moreover, the

two intense patches of variability correspond to spe-
cific characteristics of the eddies’ trajectory (quasi-
stationary period, small loop). Indeed, the maximum
variability exactly corresponds to the location where
the eddies stay for a relatively long time (see the
trajectory and the rms maps of 1997). That is the
reason why we observe two patches of rms greater
than 16 cm in 1997, and rms greater than 10 cm
between 4°E and 8°E in 1996 and 1998. As a
conclusion, we suggest that the classical activity of
the Algerian Current, its meanders and the small
eddies generate an activity of about 6 to 8 cm rms,
whereas rms greater than 10 cm likely correspond the
occurrence of long-lifetime AEs.

4.2. A Balearic eddy

Another important mesoscale phenomenon was
revealed by combined T/P and ERS maps in the
Balearic Sea, with the appearance of an intense anti-
cyclone during July 1998 (Fig. 3f, 1998). The anti-
cyclone remains almost stationary, with an SLA am-
plitude of about 20 cm until the end of February 1999.
This anticyclone is seen in both SLA and SST data, as
well as in an oceanographic cruises carried out in the
region in February 1999 (“Hivern-99”’). The presence
of the anticyclonic structure produces a significant
change in the general circulation of the Balearic basin.
The thermohaline structure, the origin and the life of
this eddy are discussed in a specific paper (Pascual et
al., 2002).

4.3. Alboran Sea

The classical circulation of the Alboran Sea, as
usually described in the literature, is characterised by
a wavelike front coupled with one and eventually two
large anticyclonic gyres, the Western and the Eastern
one (WAG and EAG), respectively situated at —4.5°E
and — 2°E (Viudez et al., 1996). The latest studies in
this narrow passage show that the variability of the
surface circulation of Atlantic water is relatively high
(Vasquez-Cuervo et al., 1996; Heburn and La Violette,
1990). This is confirmed by our analysis with rms of
SLA greater than 10 cm for the whole area. Fig. 2
clearly exhibits two maxima of variability that corre-
spond to the Alboran gyres activities. The respective
values are 13—14 cm rms for EAG and 11-12 ¢cm rms
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for WAG. Regarding the previous estimations deduced
from 2 years of T/P data only (1993—1994) and given
by Larnicol et al. (1995) or Tudicone et al. (1998), the
intensity and the shape of the variability in our analysis
seems to be better described. This is mainly due to the
optimal combination of ERS-1/2 and T/P data and to
the long time series (7 years). Compared to the work of
Ayoub et al. (1998) over the period October 1992 to
December 1993, the extension of the observation
period to 7 years leads to an improved representation
of the gyres’ variability.

It is important to recall that the temporal resolution
of our maps is not sufficient to discuss the high-
frequency variability (< 10 days) of the Alboran gyres.
By construction, the SLA do not allow us to conclude
definitively about the presence or disappearance of the
Alboran gyres; we discuss here their temporal varia-
tions with respect to the 4-year mean sea level. Our
analysis concentrates on the seasonal-to-interannual
variability of the gyres occurrences as cyclonic (neg-
ative) or anticyclonic (positive) signals on SLA maps.
Assuming that the gyres location is unchanged over
the analysis period, an anticyclonic signal can be
interpreted as intensification of the gyres whereas
a cyclonic signal indicates a gyres weakening. The
WAG and EAG signatures as positive/negative signals
are listed in Table 1. They exhibit a relatively clear
seasonal cycle, intensifying during summer and weak-
ening during winter. A slight phase lag of 1 or 2
months is observed between WAG and EAG. Indeed,
it seems that EAG is maximum between August (1995,
1997) and October (1993, 1996, 1998), whereas WAG
is maximum between June (1993, 1995), July (1996,
1998) and August (1996, 1997) periods. The amplitude
of this seasonal cycle is about 10 cm (Fig. 4). This
description confirms that the seasonal variability in the
Alboran Sea is one of the most important signals
observed in the Mediterranean Sea. The gyres are
particularly well observed in the seasonal means of
1993 (Fig. 5a) and 1998. Moreover, the 10-day maps
(not shown) allow us to follow with great accuracy the
variations in shape and intensity of both gyres. In this
case, the spatial structure of the SLA is in complete
agreement with the description given by Viudez et al.
(1996) from CTD measurements. For instance, the
radius estimated from the 10-day maps is comprised
between 80 to 120 km. On the other hand, due to the
spatial resolution of altimetric data, the small cyclonic

Table 1

Cyclonic (C, SLA<0) or anticyclonic (A, SLA>0) state of the
western (WAG) and eastern (EAG) Alboran gyres from 1993 to
1999, deduced from monthly combined maps of T/P and ERS data

1 2 3 4 5 6 7 8 9 10 11 12

1993 WAG C C C A A A A A A C
EAG C C C C C A A A C
1994 WAG C C C C
EAG CcC C C A A A A A
1995 WAG C C A A
EAG A A A
1996 WAG A C C A A A A A A A
EAG CcC C C C cC A A A A A
1997 WAG C C C A A A A
EAG A C C A A A A
199 WAG C C C C A A A A A C
EAG C C C C C A A A A A A
1999 WAG C C A A
EAG C C C A A C

The cyclonic or anticyclonic states are with respect to the 4-year
mean and do not represent the absolute states of the gyres.
Characters in bold mean that the intensity of the gyre is greater than
10 cm. (Note that due to the lack of ERS data, we used T/P maps
from January 1994 to March 1995.)

eddies seen by Viudez et al. (1996) on the western side
of both gyres are not sampled. To our knowledge,
nobody has yet presented such a long time series of
data and characterised the long-term variations in this
region. This long time series allows us to separate the
various temporal frequencies and, in particular, to gain
more confidence about the estimated annual signal
here with respect to the one discussed in Larnicol
et al. (1995) from 2 years of data.

The analysis of the 10-day maps also highlights
extra-seasonal variability. In particular, numerous
authors have already shown that the anticyclonic
gyres could disappear over a period of a few days
(Heburn and La Violette, 1990; Perkins et al., 1990).
Recently, Vargas et al. (1999) have revealed a situa-
tion with three anticyclonic gyres. They assume that
this case is an anomalous situation that mainly occurs
during autumn and spring, while in summer, the
circulation seems more stable. Obviously, we have
observed some disappearances of the Alboran gyres,
but no situation similar to the one described in Vargas
et al. (1999) is clearly detected in the altimetric maps.
The high frequency and the weak spatial extent of
such a signal are probably not resolved by the al-
timetric spatial and temporal sampling. Moreover,
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these anomalous situations (disappearance or occur-
rence of three eddies), if they have a long lifetime,
could strongly perturb the seasonal cycle. This could
be what we observe in 1999: there is no signature of
the gyres’ intensification in summer. However, this is
the only year that such an anomaly is detected, so we
can conclude that the seasonal signal in the Alboran
Sea is relatively stable from 1 year to the next during
the period 1993—-1999. Analysis of the 10-day maps
also shows that the appearance/disappearance of the
WAG and the EAG are not correlated. The reasons for
this variability are not clear, and still remain an open
question. Nevertheless, recent numerical models sug-
gest that the variability of the general circulation in
the Alboran Sea could be related to the inflow/outflow
through the Gibraltar Strait (Speich et al., 1996).

5. Eastern basin

During the last 20 years, numerous observational
and modeling programs such as POEM have been
dedicated to the study of the Eastern Mediterranean
Sea. The description given by the POEM group pro-
poses a scheme of the surface circulation with a jet-
like zonal current named the Mid-Mediterranean Jet
(MM)), linking the Ionian and the Levantine basins.
Around the MMJ, many sub-basin-scale gyres and
mesoscale eddies induce an important variability. A
major conclusion of the previous studies is the com-
plexity of the circulation due to the strong influence of
wind forcing and the orography of the bordering land
areas. For most of the observed features of the circu-
lation, their permanent, recurrent or transient character
is still an open question. This section especially aims at
describing the mesoscale eddies (diameter roughly
varying between 150 and 300 km) by analysing altim-
eter and sea surface temperature data, and consequently
to discuss the statements in the literature on the recur-
rent, permanent or transient properties of these features.
Similar analyses were conducted by Horton et al.
(1994) with intensive AXBT surveys, and by Matteoda
and Glenn (1996) from 4 years of AVHRR data.

5.1. The case of the Levantine basin

The Levantine basin is divided into five regions of
high variability: southeast of Crete with the lerapetra

eddy (IE), the Mersa-Matruh and Shikmona areas,
east of Cyprus, and south of Turkey. The minimum
variability (<6 cm rms) is located in the north of the
basin, between Crete and Cyprus. It probably corre-
sponds to the region of the Rhodes gyre, which is
described in the literature as a permanent feature of
the circulation, characterised by a weak variability.

As mentioned in Section 3 (Fig. 2), the basin is
characterised by an rms of 9 to 11 cm with a maxi-
mum (>16 cm) associated with IE variability. The
extraction of the basin-scale annual cycle (Fig. 4) has
shown that IE is the only clear seasonal signal in the
Levantine basin with an amplitude of about 20 cm (10
cm when the steric effect is removed). Its phase
implies a maximum intensity in summer, more pre-
cisely in August. IE was not described in detail by the
POEM group although it was clearly seen in the
MARS9 (Ozsoy et al., 1993) and SEP87 (Theocharis
et al.,, 1993) campaigns. Recently, dedicated studies
(Horton et al., 1994; Matteoda and Glenn, 1996) have
shown that IE is the most prominent feature on AXBT
and AVHRR observations. As suggested by Horton
et al. (1994), this eddy could be generated by a local
wind stress curl created by the interaction of dominant
northerly winds in summer (the ‘Etesians’) with
Crete’s orography. The resulting anticyclonic eddy
(IE), located southeast of Crete, can persist for several
months. So far, the hypothesis about IE wind-induced
generation has not been confirmed, with, for example,
numerical experiments. In particular, there are still
open questions about how IE persistence once the
Etesians have stopped blowing. The recent work of
Horton et al. (1997) suggests other mechanisms: in
their simulation, IE intensification and weakening
show a good correlation with the flow variations
through the Kasos strait.

The long time series of combined maps of T/P and
ERS is analysed in terms of observed occurrences of
IE as an anticyclonic (+) or cyclonic ( —) structure in
monthly maps. The first 2 years are characterised by a
strong anticyclone which is maximum in late summer
in 1993 and in summer in 1994 (15 and 35 cm, res-
pectively; Fig. 6a and b). These observations, espe-
cially the position of the anticyclone’s centre (26.5°E,
34.5°N), are in a perfect agreement with the descrip-
tion of Matteoda and Glenn (1996). Note also that
Horton et al. (1997) are able to reproduce IE in 1993
by forcing their model with wind fields which take
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into account continental orography. Their success in
modeling IE underlines the role played by the wind on
the eddy forcing. Nevertheless, it seems that the
simulated IE was much weaker than the observations.
In 1995, IE appears early in July a little bit further
south than in 1993 and 1994. At the same time, we
can observe a second anticyclone situated to the
southwest of IE (Fig. 6¢). This anticyclone can be
followed in altimeter maps since May 1995; we
believe it does not correspond to IE as suggested by
Matteoda and Glenn (1996) (see in Fig. 2 AVHRR
images where the location of the eddy seems to be too
far from the eastern coast of Crete). From July, IE is
continuously growing until the beginning of Septem-
ber 1995, where it seems that the two anticyclones
interact. In October 95 (Fig. 6d), they merge into a
structure that we still refer to as IE, but located further
southeast (27.2°E, 34°N) than in 1993 and 1994. In
1996 and 1997, the situation is completely different
with no occurrence of an anticyclone near Crete, but
with a large intense anticyclone (up to 25 cm) further
south at 33-33.5°N (Fig. 6¢ and f). The yearly maps
of SLA rms (Fig. 3) confirm this description, with
maximum intensity located far south of Crete during
the 1996—1997 period. Consequently, the patch of
variability does not belong to the area between 26—
27°E and 34—35°N according to Matteoda and Glenn
(1996). Moreover, the 1996—-1997 years are charac-
terised by an important variability in the whole basin,
probably resulting from the appearance of numerous
cells in the SLA. Like 1995, 1998 seems to be a
transition year because we can observe strong meso-
scale signals in the south (32.7°N, 25°E) simultane-
ously with the development of IE near the southeast
corner of Crete (Fig. 6g). As far as IE is concerned,
1999 seems to be similar to 1993 and 1994 with an
intense IE, up to 35 cm in summer (Fig. 6h).

This description of the Levantine basin variability
during the 1993—1999 period obtained from altimetric
data yields some new ideas about the general circu-
lation in this basin. Unfortunately, due to a not enough
accuracy of a mean reference for our SLA data, we
cannot state about of IE permanence. Nevertheless,
the SLA analysis enables us to identify two distinct
states between 1993 and 1999. The first (1993, 1994
and 1999) is characterised by an intense IE adjacent to
the eastern corner of Crete, with a significant seasonal
variability. During the second period (1996—1997), IE

never appears. Instead, large anticyclones develop
more to the south between 25-27°E and 32.5-
33.5°N. Before the appearance of the large anticy-
clones, no clear circulation can be established, and the
spatial structure of the SLA is composed of multiple
cyclonic and anticyclonic cells. We suggest that these
cells represent changes of the mean circulation rather
than coherent eddy structures. Lastly, 1995 and 1998
are probably transition years.

With the help of SST maps (see Section 3.2),
which are very useful to characterise the mesoscale
features observed by altimetry, we propose a new
interpretation of the variability of the southern Levan-
tine basin. At this point, it is useful to discuss the
Levantine basin nomenclature proposed during the
last decade. Indeed, we feel that it is not completely
satisfactory to name each anticyclone that appears in
the Levantine basin Mersa-Matruh or Shikmona. The
analysis of all the anticyclones observed from SLA
and SST maps shows that the fluctuation in position,
shape and intensity is relatively large. This is con-
firmed by several studies. In particular, Marullo et al.
(1999a,b) do not clearly observe the Mersa-Matruh
gyre with SST data. Brankart and Brasseur (1998)
also note the absence of the Mersa-Matruh gyre in the
MODB climatology (The MODB Group, 1996). In
this context, defining the Mersa-Matruh and Shik-
mona gyres as coherent structures like the Alboran or
Ierapetra gyres may not be appropriate. They mainly
correspond to an area of intense variability which is
close to the description of Matteoda and Glenn
(1996). The new idea we propose in the article is to
no longer describe these anticyclones as coherent
structures, like described in Robinson et al. (1991),
but instead to associate the occurrence of anticy-
clones/cyclones in the Mersa-Matruh and Shikmona
region with a signature of the MMJ meanders).

Introducing the notion of meanders, Horton’s
hypothesis can be interpreted as follows: in the
absence of IE (1996—1997), the MMJ, which is
characterised by a thermal front, flows south of Crete,
forming a large loop embedding the anticyclones
previously described with the SLA maps and also
present in the SST maps (Fig. 7d and ¢). When IE is
fully developed (1993—-1994—1999), it constrains the
MMIJ (Fig. 7a,b,h) to flow and meander more to the
south. On the other hand, we can note that during the
transition period (1995 and 1998), we still have very
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consistent signatures of the eddies in the SLA and the
SST maps (Fig. 7c and f), which supports our con-
fidence in our observations.

At this step, we can make an slight analogy with
the Algerian Current and the MMI, since both cur-
rents meander and tend to generate mesoscale activity.
However, one main difference between the MMJ and
Algerian Current systems is that our analysis of SST
and SLA maps does not reveal any eddy propagation
in the Levantine basin like those observed in the
Algerian basin (Millot, 1985; Beckers and Nihoul,
1992; Ayoub et al., 1998). Moreover, the analogy has
some limitations concerning the mechanisms under-
lying the meanders and eddies generation. In both the
Levantine and Algerian basins, the circulation is
expected to be strongly constrained by the topogra-
phy. For example, the intrusion of a 2000-m deep
valley onto the continental shelf coincides with the
location of a recurrent anticyclonic activity (referred
in the literature as the Shikmona gyre). However, the
geometry of the bathymetric contours differs signifi-
cantly in the two basins and is expected to play
different roles in shaping the two currents’ paths: in
the Algerian Current area, the continental shelf breaks
along a steep slope parallel to the coast, whereas in the
Levantine basin, shallow (22—25°E and east of
~ 32°E) and deep ( ~ 25-32°E) areas are succes-
sively observed off the Libyan and Egyptian coasts
(Fig. 2). Moreover, in the case of the Algerian Cur-
rent, the shear between surface Atlantic water and
deep and intermediate Mediterranean waters is
assumed to generate baroclinic instabilities (Mortier,
1992). Such a mechanism may occur in the MMJ
system, but the Atlantic water in the Levantine basin
has likely lost some of its initial properties by mixing
with the surrounding Mediterranean water masses on
its way toward the Eastern basin. Lastly, atmospheric
wind forcing is supposed to play a significant role on
the general circulation in the Levantine basin, which
in turn could influence the MMJ path and the eddies
generation. To our knowledge, atmospheric forcing
impact on the Algerian Current system, on the con-
trary, has never been evidenced.

5.2. lonian basin

The surface circulation in the Ionian Sea is little
known, mainly because of the very few in situ data

available at the basin scale. POEM data from the
March—April 1986 and September—October 1987
cruises (Nittis et al., 1993; Theocharis et al., 1993)
led to the identification of some small-scale struc-
tures in the northern part of the basin (e.g. the Pelops
anticyclone), but to our knowledge, no data-based
analysis, other than climatology, is available for the
circulation south of ~ 35°N. Numerical simulations
over the whole Mediterranean Sea (e.g. Tziperman
and Malanotte-Rizzoli, 1991; Roussenov et al., 1995;
Zavatarelli and Mellor, 1995) agree on the coarse
features of the mean circulation but lack the neces-
sary resolution to solve the variability seen in satel-
lite or in situ data. The classical scheme views the
surface flow of Atlantic water as an eastward jet, the
Ionian Atlantic Stream (IAS), crossing the basin
along either a southern zonal route or a meandering
path off Sicily and east of ~ 20°E. In the southern
region, analysis of altimetric data (Ayoub et al.,
1998) suggests the development of an intense mes-
oscale activity.

5.2.1. Basin-scale circulation

The inverse modeling study of Tziperman and
Malanotte-Rizzoli (1991) and the simulation of
Pinardi and Navarra (1993), forced by monthly cli-
matological mean winds, suggest that the Ionian
basin-scale circulation undergoes a significant sea-
sonal variability. This latter consists mainly in a shift
of the IAS to the north in summer and an intensifica-
tion of the jet along its southern zonal path in winter,
resulting in a cyclonic circulation in the north of the
basin. The POEM data analysis of Nittis et al. (1993)
tends to confirm the presence of a large anticyclonic
meander off the coast of Sicily in the late summer of
1987. SST observations indicate a strong seasonal
cycle as illustrated in Fig. 8 for the year 1999. In
winter, we observe a well-marked front between the
warm water masses associated to the IAS south of
~ 35°N and the colder ones in the north. In summer,
the temperature field is characterised by homogeneous
and relatively warm values in the central basin, while
colder water masses are found east of ~ 20°E. The
eastern front follows a northwest—southeast axis north
of 36°N, and shows a quasi-meridional orientation
south of Peloponnese. However, its location varies
slightly from year to year (Fig. 9). Marullo et al.
(1999a) interpret this front as the signature of the
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anticyclonic meander formed by the IAS during
summer. The shifts between the summer and winter
modes occur very regularly over the 1993-1999
period: the ‘summer mode’ appears roughly in mid-

May, the ‘winter mode’ roughly in late September.
The presence of a seasonal cycle in SST variability is
quite obvious if we consider that SST is mainly forced
by local atmospheric heat fluxes. However, it con-
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firms the southern path of the IAS in winter during the
whole period of study; moreover, it allows us to ‘date’
the transition from one season to the other.

The maps of SLA seasonal averages (Fig. 10)
suggest large-scale seasonal variations consisting
mainly in a cyclonic basin-scale circulation (with
respect to the mean) in winter and spring and an
anticyclonic circulation from June. The presence of
small-scale signals, superimposed to the basin-scale
circulation and attributed to eddies or IAS meanders
(see below), makes impossible an estimate the mag-
nitude of this annual cycle. The simulation of Horton
et al. (1997) shows consistent results with our obser-
vations. By assimilating XBT and CTD data in a high-
resolution model, they show that the main pattern
during summer 1993 is a large anticyclone in the
northwestern area of the Ionian basin. In winter 1994,
the simulation indicates an intense eastward current
along the African coast. In the altimetric maps of
Fig. 10, the eastward acceleration is suggested by a
cyclonic signal in the central part of the basin.

A change of the basin-scale circulation occurs in
1997 when a cyclonic gyre located in the northwestern
part of the basin is maintained throughout the year.
From January 1998, the gyre spreads and intensifies. It
then persists in the north and center of the basin until
December 1999. The zone of maximal slope bordering
the cyclone to the south extends almost zonally at
~ 34-35°N and seems to follow the bathymetric
contours marking the break of the Tunisian continental
shelf east of 15°E. The cyclone undergoes seasonal
variations with an intensification in late winter and
spring. South of 35°N, small-scale anticyclonic struc-
tures are depicted throughout both years. Fig. 11 shows
the mean SLA over the period January 1997 —Decem-
ber 1999. Since the SLA are constructed by removing
the mean SSH over January 1993 —December 1996, the
map of Fig. 11 indicates the difference of the mean
surface circulation between these two periods. It sug-
gests that the cyclonic signal observed on the maps of
Fig. 10 and the increase of variability over 1997—1999
as revealed by Fig. 3 are the signature of a drastic
change of the mean circulation in 1997-1999 with
respect to the prevailing circulation in 1993-1996.
Wintertime SST observations tend to confirm this
interpretation: as shown in Fig. 9, the north—south
SST gradient west of ~ 20°E is steeper in 1998—
1999 than in the previous years. The appearance of a

strong cold anomaly is consistent with the presence of
the cyclonic circulation. Note also that the persistence
of a cyclone in the northwestern part of the basin
throughout the year is in good agreement with the
simulations of Roussenov et al. (1995). Fig. 11 also
highlights an asymmetry between the events occurring
in the Ionian and Levantine basins. While the cyclonic
circulation in the northern Ionian basin is strengthened,
intense mesoscale anticyclonic structures develop in
the Levantine (see Section 5.1). This parallelism
favours the hypothesis of large-scale interannual vari-
ability affecting the whole Eastern Mediterranean cir-
culation. In particular, the renewal of deep and
intermediate water masses in the Eastern basin, as
discussed by Klein et al. (1999) from January to
February 1995 in situ measurements, is likely to have
a signature on sea surface heights through density
variations. Moreover, the changes in water masses
distribution affect the exchanges at the straits in the
Cretan Sea (e.g. Kasos Strait) which, in turn, could
have some impact on the circulation in the northern
Levantine. Horton et al. (1997) show, for example,
that the lerapetra eddy variability is linked to the flow
variations at the Kasos Strait. Therefore, one can
assume that the changes as described by Klein et
al. (1999) have a direct impact on the surface circu-
lation in the Levantine since 1995 (see in Section 5.1
about IE variability) through flows at the Cretan Arc
straits for instance, whereas the influence on the
Ionian thermohaline circulation (as detected by altim-
etry) is felt more recently. Local atmospheric forcing
can also be responsible for the surface circulation
change since 1997. Numerical simulations (e.g.
Pinardi and Navarra, 1993) suggest that the seasonal
variability is induced by wind stress curl seasonal
cycle. A similar mechanism at interannual time scale
is possible.

5.2.2. Southern region

South of 35°N, the circulation is characterised by
the development of small-scale anticyclonic structures.
Some of them are observed over several months. This
is the case, for example, of an eddy at about 17°E/
34°N from June to December 1993 (also described in
Ayoub et al., 1998) and of two eddies at ~ 18°E/
33°N and 17°E/35°N respectively, from April to
November 1997. We do not depict any evidence of
seasonal enhancement of the mesoscale activity.
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Some of the anticyclones show westward propaga-
tion at about 33°N. The attempts so far to define the
propagation characteristics (phase speed) have not
allowed us to conclude on the nature of these signals,
in terms of waves, for example. The propagations are
observed on relatively short distances and east of
~ 15°E only. Most of the anticyclones seem ‘trapped’
by the bottom topography, namely at the sharp break
of the Tunisian continental shelf along a quasi-meri-
dional line (at ~ 15/17°E), as represented by the
1000- and 3000-m bathymetric contours in Fig. 2. In
the simulations of Tziperman and Malanotte-Rizzoli,
an anticyclone is modeled at ~ 17°E/33°N in sum-
mer and fall and is interpreted as a recirculation of the
IAS. We are indeed tempted to consider the observed
anticyclonic eddies as meanders or instabilities gen-
erated by the IAS, as suggested earlier for the Levan-
tine basin. However, the only evidence in in situ data
of such structures is reported by Nittis et al. (1993).
These authors analyse three anticyclones between
35°N and 37°N, embedded in the anticyclonic ba-
sin-scale flow, and show that different water masses
form the eddies’ cores (one of them is a vertical plume
of Atlantic water). They deduce that the eddies are of
distinct origins, which obviously invalidates the
assumption that the eddies are formed instabilities of
the IAS.

5.2.3. The Pelops anticyclone

The Pelops anticyclone has been described as one
of the dominant structures revealed by the dynamic
height fields estimated from POEM data (Nittis et al.,
1993; Theocharis et al., 1993). The data analysis of
late winter 1986 (Theocharis et al., 1993) evidences
the Pelops anticyclone as a double-centered gyre. The
centers are located south of the Peloponnese (22—
23°E, 36°N) and along the western Greek coast (21—
22°E, 37°N). In September—October 1987, a single
center is observed at the surface at about 21-22°E
and 36°N, whereas two of them are revealed at sub-
surface level by the analysis of Nittis et al. (1993).
Using AVHRR SST observations, Matteoda and Glenn
(1996) identify the anticyclone as a warm-core eddy.
They suggest it is a persistent feature of the lonian
circulation, although the eddy’s occurrence is subject

to interannual variability. For example, it is observed
continuously from October 1990 to April 1992, then
disappears and is not detected anymore, except briefly
in early 1994 and at the end of the observation period
(early 1995). The eddy’s location and shape display
also some variability. Matteoda and Glenn (1996)
show that the eddy can move westward of their
suggested mean position at around 36°N and 21°E,
with an excursion of 230 km.

To take into account this spatial variability in the
analysis of the 10-day SST and SLA maps, we
identify as the signature of the Pelops anticyclone
(PA) any warm/anticyclonic eddy located in an area
roughly included between 20—-23°E and 35-37°N.
Over the whole observational period, PA appears
either as a single eddy or as a structure with two or
even three (in 1999) centers. In their simulation,
Horton et al. (1997) note the intermittent formation
of one or a few anticyclones south and southwest of
Peloponnese. We distinguish three main locations for
the single eddy or for one of the centers, correspond-
ing to the locations found in the literature, that is:
south of the Peloponnese (22—-23°E, 36°N), along its
western coast (21-22°E, 37°N), and to its southwest
at about 21-22°E and 36°N. Fig. 12 illustrates these
three different cases. Table 2 summarizes the observed
occurrences of PA (with no distinction between the
three locations). The time variability of the Pelops
anticyclone is complex. There are some long periods
where no anticyclonic signals can be detected in the
Pelops area, mainly during the spring and summer of
1995 to 1997. Because the indetermination of the
mean sea surface makes it impossible to draw a
definite conclusion about the persistence of the eddy,
we base our analysis on the assumption that the mean
sea surface in the Pelops area is flat. An anticyclonic
signal therefore indicates the appearance of PA
whereas a null or slightly negative SLA means its
disappearance.

It would be long and tedious to describe precisely
the occurrences of PA at its different locations, so we
just summarize our findings. The observations suggest
that an eddy appears in fall-winter south of the
Peloponnese. In winter, there is generally a second
center off the western Greek coast. In 1994, 1998 and

Fig. 10. Seasonal means of SLA in the Mediterranean Sea from 1993 to 1999: (a) winter (January —February —March); (b) summer (June—July—
August) The mean is subtracted at every SLA grid point, on each map. Units are in cm.
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Fig. 11. Mean sea surface for the period 1997 to 1999 computed from the 10-day maps of TP and ERS-2. Units are in cm.

1999, the eddy initially located south of the Pelo-
ponnese seems to move westward toward the center of
the Ionian basin (at about 21-22°E and 36°N), where
it remains during the spring—summer period. The
years 1993 and 1999 are special cases in that PA is
observed throughout the year. In 1993, it has a very
strong signature off the western Peloponnese coast,
already described in Larnicol et al. (1995) and Ayoub
et al. (1998). In 1999, the persistent feature is mainly
an eddy located at ~ 36°N between 21°E and 23°E.

PA’s signature on SST maps is much smaller; it is
detected during wintertime only, but is almost not
observed at all in 1993 and 1999. Using satellite-
derived SST maps over the period 1983—-1992, Mar-
ullo et al. (1999a) indicate as well that the Pelops gyre
signature is observable from December to April only.
The absence of an SST signal in summer when the
presence of the anticyclone is evidenced on the SLA
maps (Fig. 10) is not fully understood. On the one
hand, we can assume that the basin-scale warming of
surface waters in summer cancels the thermal contrast
associated with the Pelops anticyclone. This would

thus be an intrinsic problem to the use and interpre-
tation of SST data in summer when the surface layers
are (almost) uniformly heated. On the other hand, the
reason may be physical, that is, linked to the vertical
structure of the anticyclone itself. Indeed, as revealed
by POEM data, the anticyclone has a deep vertical
extension, with a temperature and salinity signature
down to ~ 1650 m (Nittis et al., 1993). The asso-
ciated dynamic height as computed by these authors
shows a subsurface maximum. Moreover, as sug-
gested by the maps of March—April and of Septem-
ber—October of Theocharis et al. (1993), the vertical
structure is susceptible to change from one season to
the other and from year to year. As a conclusion, we
thus suggest that the Pelops anticyclone is a very
stable structure of the Ionian basin circulation, in the
sense that it is detected most of the time during the 7-
year period of study. It displays a seasonal variability,
consisting in a strengthening in fall-winter at the
surface and in an area located south of the Peloponn-
ese. In spring and, less commonly, in summer, it
appears as a structure close to the western Greek coast
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Fig. 12. Maps of SLA (contours spaced every 2 cm) and SST (colour) showing three different signatures of the Pelops anticyclone: (a) 2/11/95;
(b) 10/01/97; (c) 23/02/98. N.B.: The SST scale is adapted for each figure to exhibit the most interesting gradient, so it is not indicated in the

figure.

or southwest of it toward the center of the lonian
basin. In these latter situations, it is subsurface-inten-
sified and does not exhibit any signature on the SST
fields.

The mechanisms responsible for the generation and
seasonal variability of PA are not yet understood. At
the surface, one can assume that PA is affected by the
basin-scale circulation and, in particular, by the IAS
path (the summer path is expected to be parallel to the
Peloponnese coast, see above). This would imply that
PA seasonal cycle is influenced by wind stress vari-

ability. At depth, the Pelops anticyclone variability is
probably more controlled by the circulation. Nittis
et al. (1993) show that their water mass differs from
the surrounding Ionian waters and have the character-
istics of Aegean waters. We can thus assume that if
water mass properties in the Cretan or Aegean seas are
affected by interannual variability (such as the recent
changes above mentioned), this would have a signifi-
cant impact on the Pelops anticyclone signature in
altimetric and SST data. This may explain the changes
observed between 1993, 1999 and the period 1995—
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Table 2
Occurrences of the Pelops anticyclone as seen on the 10-day maps
of SST (‘+°) and of SLA (‘O”)
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The Pelops anticyclone is defined here as a single eddy or a multi-
centered structure in the area roughly confined between 20—23°E
and 35—-37°N.

1998, but our study does not allow us to further
explore this hypothesis.

6. Conclusion
We analyse the Mediterranean surface circulation

variability using 7 years of combined altimetric data
maps (1993—-1999). This long period of observations

and the merging of T/P and ERS altimeters data allow
us to significantly improve the estimation of the
variability given in previous studies (Larnicol et al.,
1995; Tudicone et al., 1998; Ayoub et al., 1998). In
particular, this new analysis evidences more complex
structures than in the descriptions given previously.
This is partly due to the complex combination of
transient, seasonal and interannual signals. The latter
makes it difficult to propose a stable scheme for the
surface circulation variability, especially for the
Levantine basin. Nevertheless, our long-term analysis
reveals on the one hand the major seasonal and
interannual signals during the 1993-1999 period,
and on the other hand, the nature of Mediterranean
Sea eddies in terms of transient, recurrent or perma-
nent structures.

As a summary of the surface circulation variability
over the years 1993—1999, we propose to distinguish
two classes of structures. The first one concerns
eddies that exhibit a stable position and a relatively
structured temporal variability (e.g. seasonal), prob-
ably due to their forcing origin. These eddies are
generally explicitly named. Conversely, the second
class is associated to well-defined areas where eddies
develop and are observed over periods varying from a
few tens of days to several months. We interpret these
structures as the signature of the mesoscale activity
(eddies, meanders) of a current. This classification
may appear somewhat artificial, but it allows us to
confront our observations to previous studies based
on in situ data (e.g. from POEM campaigns) or
modeling.

We now summarize the main structures discussed
in the paper; we list them in order of ‘persistence
nature’. The most intense and well-defined signals are
the Western and Eastern Alboran gyres that exhibit a
clear seasonal cycle with an intensification in summer.
At seasonal scale, they are always present, except in
1999; this leads us to consider them as the most
persistent gyres in the Mediterranean Sea. The Ier-
apetra eddy and the Pelops anticyclone are depicted
on a less regular basis. However, they are usually
observed over long periods and with consistent spatial
structures between their different occurrences. More-
over, the lerapetra eddy exhibits a strong seasonal
signal. We consider them as recurrent features of the
Mediterranean surface circulation. The Ierapetra eddy
variability is assumed to be linked to the northern
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position of the MMJ and the direction and intensity of
the Etesians winds. In the second type of structures,
we include the well-known Algerian eddies that are
associated with the Algerian Current instabilities. The
analysis of the eddies situated in the Levantine basin,
and especially in the Mersa-Matruh and Shikmona
areas, shows that they do not appear at a fixed position
and do not exhibit a clear temporal cycle. Our dis-
cussion is in agreement with the observational studies
of Horton et al. (1994) and Matteoda and Glenn
(1996) which conclude on the sporadic or recurrent
occurrences of eddies rather than on the presence
of permanent gyres. Furthermore, we suggest that
these features are associated with the meanders of
the MMJ.

A large interannual variability is evidenced in the
Eastern basin. In the Ionian basin, drastic changes in
the surface circulation have occurred since 1997, with
a significant intensification of the cyclonic circulation
in the north of the basin. This new situation is present
until 1999. In the Levantine basin, the Ierapetra eddy
undergoes large interannual variations. We can divide
the 1993—-1999 period into parts. The first one spans
from 1993 to 1995 with the presence of a well-
developed lerapetra eddy that exhibits a seasonal
cycle with a maximum in summer. During the second
period (1995—1998), the Ierapetra eddy disappears,
and is replaced by large anticyclones in the south. It
seems that the situation in 1999 for the lerapetra eddy
is similar to the one in the 1993—-1995 period. We
suggest that the changes observed from 1995 in the
Levantine and from 1997 in the lonian are related
to recent variations in the deep and intermediate
water masses distributions in the whole Eastern
basin. However, the respective role of the thermo-
haline circulation variations and of the local atmos-
pheric forcing on the lerapetra eddy variability and
on the Ionian basin-scale circulation are still open
questions.
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