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Abstract. Mesoscale activity plays a central role in ocean
variability, substantially influencing the mixing of biogeo-
physical tracers, such as heat and carbon, and driving
changes in ecosystems. Eddy Kinetic Energy (EKE), a met-
ric used for studying the intensity of mesoscale processes,
has recently been shown to increase in regions of intense
EKE worldwide. Strong EKE positive trends are observed,
for example, in the principal western boundary current re-
gions, such as the Gulf Stream, Kuroshio Extension, and
the Brazil/Malvinas Confluence. In this study, we assess
whether the Mediterranean Sea, known to be a hotspot for
climate change impacts, also exhibits such intensification.
Despite the high number of observational data and model-
ing experiments, there is a gap in understanding the long-
term evolution of mesoscale dynamics and EKE trends in the
Mediterranean Sea. This study investigates EKE trends in the
Mediterranean Sea using daily geostrophic currents derived
from satellite altimetric data. To test the robustness of the
results, we compare EKE trends computed from three dif-
ferent gridded altimetric products: a global product derived
from a stable two-satellite constellation (two-sat) and two
other products (global and European) incorporating all avail-
able satellites (all-sat). While all products reveal a general
increase in EKE in the Mediterranean Sea over the last three
decades, the trends calculated from the two-sat product are
significantly smaller than those computed from the all-sat
products. We show that this discrepancy is strongly linked
to the increasing number of satellites over time used to con-
struct the all-sat data sets, which enhances both spatial and
temporal coverage, and hence, their capacity to detect higher
energy levels. To evaluate the fidelity of these gridded prod-
ucts in capturing EKE trends, we compare them with along-

track data in high-energy regions of the Mediterranean Sea:
the Alboran Sea and the Ierapetra area. These regions exhibit
contrasting EKE trends: positive in the Alboran Sea and neg-
ative in the Ierapetra area. These findings highlight the im-
portance of using altimetric products with a stable number of
satellites constructed for climate applications when address-
ing long-term ocean variability analysis.

1 Introduction

The ocean is a central component of the Earth’s climate sys-
tem, playing a key role in distributing heat and absorbing
carbon. Since the beginning of the industrial era, the ocean is
estimated to have absorbed more than 90 % of the excess heat
generated by human activity and nearly one-third of anthro-
pogenic carbon emissions (Abram et al., 2019). This mas-
sive uptake directly contributes to rising ocean temperatures,
with consequences for sea level, thermohaline circulation,
and overall climate dynamics. In a climate change context,
a deeper understanding of the response of the ocean is nec-
essary.

A large part of the transport of water properties such
as heat and nutrients in the ocean occurs at spatial scales
ranging from 10 to 100 km, commonly referred to as the
mesoscale (Chelton et al., 2011; Gaube et al., 2019; Becker
et al., 2025). Mesoscale features (such as eddies, fronts, and
meanders) are ubiquitous in the ocean and possess distinct
physical and dynamical characteristics that enable them to
efficiently transport these properties. A widely used metric
to characterize mesoscale activity and evaluate its intensity
and variability is the Eddy Kinetic Energy (EKE) (Wilkin
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and Morrow, 1994), which quantifies the energy associated
with time-varying flow. Recent studies have reported a robust
global intensification of EKE, particularly in high-energy re-
gions such as the western boundary currents, based on satel-
lite observations (Martínez-Moreno et al., 2021; Barceló-
Llull et al., 2025) and model simulations (Hu et al., 2020).
These studies consistently identify positive trends in EKE
within western boundary currents since 1993, year marking
the beginning of the altimetry era. To evaluate the robust-
ness of satellite-based EKE trends, Barceló-Llull et al. (2025)
compared two different satellite altimetry products and high-
lighted substantial differences in the derived trends. Barceló-
Llull et al. (2025) compared a satellite product that merges
all available satellite missions (all-sat) with another product
based on a consistent two-satellite constellation and built for
climate applications (two-sat), revealing that EKE trends de-
rived from the two-sat product are significantly smaller than
those obtained from the all-sat product.

Here, we focus on the Mediterranean Sea, a hotspot for
climate change and an ideal miniature ocean for studying cli-
mate change impacts (Bethoux et al., 1999; Escudier et al.,
2021). It is a semi-enclosed basin characterized by relatively
low EKE levels compared to the global ocean (Pujol and Lar-
nicol, 2005), yet still rich in mesoscale eddies, filaments,
and fronts (Barral et al., 2021; Mason et al., 2023; Zodi-
atis et al., 2023). The Mediterranean is also distinguished by
a first baroclinic Rossby deformation radius, ranging from
about 10 to 20 km (Beuvier et al., 2012; Kurkin et al., 2020),
indicating that mesoscale features are smaller and challeng-
ing to observe from satellite data. The regional circulation is
shaped by the inflow at the surface of Atlantic water through
the Strait of Gibraltar to compensate for the high evapora-
tion (Schroeder et al., 2012), forming the Atlantic Jet (Re-
nault et al., 2012). These Atlantic waters progress counter-
clockwise in the Mediterranean (Fig. 1), mixing with res-
ident Mediterranean water. The water input from the At-
lantic becomes saltier, warmer and denser, during its jour-
ney before exiting through the Strait of Gibraltar, in depth.
A more detailed description of surface currents is provided
by Poulain et al. (2012) and Escudier et al. (2021). The At-
lantic Jet drives anticyclonic gyres in the Alboran Sea (Re-
nault et al., 2012) (Fig. 1). These features, along with other
recurrent structures such as the Ierapetra eddy (Fig. 1) in
the eastern basin (Ioannou et al., 2017), play a central role
in the Mediterranean’s mesoscale dynamics. A key question
is whether these energetic features have intensified over the
altimetry period, in line with the increasing EKE observed
in several regions worldwide (Martínez-Moreno et al., 2021;
Barceló-Llull et al., 2025).

The objective of this study is to investigate the spatial dis-
tribution and temporal evolution of EKE across the Mediter-
ranean basin. To assess the robustness of the EKE variability,
we compare three gridded altimetric products which differ
in their satellite constellation configurations and resolution,
highlighting the role of observational coverage in detecting

mesoscale activity. We evaluate the fidelity of these products
in capturing EKE trends by comparing them with along-track
data (L3). Our results reveal spatial heterogeneity in EKE
trends, with contrasting behaviors in energetic regions such
as the Alboran Sea and the Ierapetra area.

2 Data and methods

2.1 Altimetry data derived products

2.1.1 Level 4

We rely on three gridded Level 4 (L4) satellite altime-
try products provided by the EU Copernicus Marine Ser-
vice (CMEMS: https://marine.copernicus.eu/, last access:
23 July 2024, Le Traon et al., 2019). These products include
gap-free daily zonal and meridional geostrophic velocity
anomalies derived from gridded Sea Level Anomaly (SLA)
fields:

– “all-sat-glo”: a global 1/4° resolution product based
on all available altimeter missions, ranging from two
in 1993 to up to seven in 2023 (Fig. 2);

– “all-sat-euro”: using all available altimeter missions as
all-sat-glo, but interpolated onto a 1/8° resolution grid
of the European region;

– “two-sat-glo”: a global 1/4° resolution product derived
from a two-satellite constellation. This configuration
ensures temporal stability and homogeneity, making it
particularly suitable for climate studies.

2.1.2 Level 3

Level 3 (L3) along-track data is also used for comparison
with the L4 products. Also available from CMEMS, we
specifically select tracks corresponding to the reference al-
timetry missions (TOPEX, Jason series, Sentinel-6). This se-
lection ensures spatial and temporal consistency of the tracks
throughout the 1993–2023 period. This data set provides
along-track SLA measurements with a temporal resolution
of 10 d, and approximately 7 km for the along-track spatial
resolution. In the remainder of this manuscript, this dataset
will be referred to as L3-ref.

2.1.3 Eddy Atlas

We use the all-sat and two-sat altimetric Mesoscale Eddy
Trajectories Atlas (META3.2 DT) (Pegliasco et al., 2022),
produced by SSALTO/DUACS and distributed by AVISO+
(https://aviso.altimetry.fr, last access: 1 July 2025). These
atlas identify all anticyclonic and cyclonic eddies detected
from the gridded all-sat-glo and two-sat-glo data sets, and
provide key eddy characteristics including location, closed
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Figure 1. Temporal average of EKE in the Mediterranean Sea over 1993–2023, from all-sat European product. White arrows represent the
circulation of Atlantic waters, adapted from Millot and Taupier-Letage (2005). Boxes represent the regions analyzed in Fig. 7, the Alboran
Sea in red and Ierapetra area in blue.

Figure 2. (a) Ground tracks from the two satellites used in two-sat-glo over 20 d (from 1–20 May 2022) in the Alboran Sea. (b) Same as
in (a) for all-sat products (7 satellites between 1–20 May 2022). (c) Evolution of the number of altimetry missions used to build the all-sat
products.

contours, radius, and rotational speed. The detection algo-
rithm used to generate this atlas was developed in col-
laboration between IMEDEA (Mason et al., 2014) and
CLS, is freely available under GNU General Public Li-
cense https://github.com/AntSimi/py-eddy-tracker (last ac-
cess: 1 July 2025). The META eddy atlases are constructed
from gridded Absolute Dynamic Topography (ADT) fields
(i.e. SLA+MDT, Mean Dynamic Topography) from DU-
ACS. A high-pass filter removes large-scale signals to iso-
late mesoscale variability and eddies are then identified from
closed ADT contours using strict geometric and amplitude
criteria. Finally, eddies are tracked in time by overlapping

their effective contours between consecutive days to build
trajectories. In this study, no lifetime threshold is applied
and all detected eddies are considered, including short-lived
eddies (lifetime< 10 d), long-lived eddies (> 10 d), and un-
tracked eddies, which are detected features not associated
with any other eddy in time.
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2.2 Methods

2.2.1 Eddy kinetic energy

Throughout the manuscript the EKE is defined as:

EKE=
1
2

(
u2

ga+ v
2
ga

)
(1)

where uga and vga refer to the components of geostrophic
velocity anomalies in the zonal and meridional directions,
respectively. Note that in the original CMEMS products,
geostrophic velocity anomalies (uga, vga) are computed rela-
tive to the reference period 1993–2012. For consistency with
the full duration of the altimetric record, we recalculated
these anomalies using an extended reference period of 1993–
2023, so that they now reflect deviations from the mean over
the entire altimetry era. The time series of spatially averaged
EKE were obtained by computing the area-weighted mean
EKE:

EKE=

∑
i,j

EKEi,jAi,j∑
i,j

Ai,j
(2)

where Ai,j denotes the area of the grid cell at longitude and
latitude indices i and j , respectively. The grid-cell areas were
estimated using distances derived from the Haversine for-
mula.

2.2.2 Cross-track velocities

For the L3-ref product, we use the component of the cross-
track geostrophic velocity (uga⊥) derived from the SLA
along-track data (η). uga⊥ is computed using a central fi-
nite difference method with a 5-point stencil width as follow
(in the horizontal plane):

uga⊥,i =
g

f
·
−ηi+2+ 8ηi+1− 8ηi−1+ ηi−2

12l
·

(
−sin(α)
cos(α)

)
(3)

where l is the distance between two successive nadir mea-
surements, α is the angle between the north direction and the
satellite track, g is the gravitational acceleration, and f is
the Coriolis parameter. The EKE computed from L3 data(

EKE⊥ = 1
2u

2
ga⊥

)
is thus based solely on the cross-track

component of the geostrophic velocity anomalies and there-
fore represents a portion of the total EKE. For comparison,
we also calculated EKE⊥ from the L4 data by interpolating
the gridded SLA field onto the along-track positions (both in
space and time).

2.2.3 Mann–Kendall test

All calculated trends presented in this study are assessed
using the Mann–Kendall test (MK test). MK test is a non-
parametric method commonly used to detect monotonic

trends in time series. However, serial autocorrelation in the
data affects the significant level of the MK test. To ad-
dress this, we adopted the correction proposed by Yue and
Wang (2004) implemented in the Pymannkendall Python
package (https://pypi.org/project/pymannkendall/, last ac-
cess: 23 July 2024). Moreover, the standards errors (SE) as-
sociated with the different trends estimates were evaluated as
the residual standard error, considering the effective sample
size (Stan Development Team, 2021), and normalized by the
temporal spread of the data points (James et al., 2023):

SE=

√∑
(yi−ŷi)

2

neff−2√∑
(xi − x)

2
(4)

with yi the observations, ŷi the predictions, neff the effective
sample size, xi the independent variable (i.e. time), and x its
mean. Trends were considered statistically significant when
the associated p value was below 0.05.

3 Results

3.1 Mean eddy kinetic energy in the Mediterranean
Sea

The mean EKE in the Mediterranean Sea exhibits a hetero-
geneous spatial distribution, with most of the basin char-
acterized by relatively low values of EKE (Fig. 1). The
overall spatiotemporal mean is 66.10 cm2 s−2. In the west-
ern Mediterranean, the Alboran Sea stands out with intense
eddy activity around the two semi-permanent anticyclonic
gyres (Renault et al., 2012), reaching a spatiotemporal mean
EKE of 235.58 cm2 s−2. This vigorous eddy activity, up to
400 cm2 s−2 (Mason et al., 2023), plays a key role in modu-
lating heat and salt transport through the Strait of Gibraltar
(Bryden et al., 1994; Tsimplis and Bryden, 2000; Sánchez-
Román et al., 2009). In the eastern Mediterranean, the most
energetic feature is the Ierapetra eddy, a long-lived anti-
cyclonic structure that forms southeast of Crete (Larnicol
et al., 2002; Ioannou et al., 2017; Pegliasco et al., 2021),
with a spatiotemporal mean EKE of 319.63 cm2 s−2, up to
500 cm2 s−2 (Mason et al., 2023). For comparison, EKE val-
ues over the Gulf Stream and the Kuroshio Extension can ex-
ceed 3000 cm2 s−2 (Renault et al., 2017; Barceló-Llull et al.,
2025).

3.2 Influence of altimeter coverage: all-sat versus
two-sat

The EKE averaged over the Mediterranean Sea (Fig. 3a) from
all-sat-glo shows a significant increase during the altimetric
era, from a mean of 44.91 cm2 s−2 in 1993 to 68.04 cm2 s−2

in 2022. The computed trend is 0.75± 0.06 cm2 s−2 yr−1

(Fig. 3e) and is statistically significant. This result is con-
sistent with all-sat-euro which exhibits a similar trend of
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Figure 3. Area-weighted mean EKE over (a) the Mediterranean Sea, (b) the Alboran Sea, (c) the eastern Alboran Sea and (d) the Ierapetra
area for the different L4 products. Thinner lines are the raw daily data while thicker lines represent the yearly-rolling mean. Straight lines
correspond to the trends of the raw data. The time series are calculated by averaging the EKE over the regions indicated in the insets, where
the black lines are the reference altimeter tracks. (e) EKE trends and their associated error for the different L4 products in the four studied
regions. Statistically non-significant trends are indicated in italics (only two-sat-glo in the Mediterranean Sea).

0.87±0.05 cm2 s−2 yr−1 (Fig. 3e). Although comparable, the
all-sat-euro trend is slightly stronger as it has a higher spatial
resolution (1/8° compared to 1/4° for all-sat-glo), which al-
lows for better representation of mesoscale eddies and their
associated energy (Wang et al., 2022). However, the two-
sat-glo product shows a markedly weaker and not statisti-
cally significant trend of 0.06± 0.04 cm2 s−2 yr−1 over the
Mediterranean Sea (Fig. 3a and e). The larger trend de-

tected in the all-sat products can be explained by the fact
that they estimate nearly twice as much EKE as the two-sat-
glo product in recent years. Despite these notable differences
in trends magnitude, all three L4 products show strong agree-
ment on seasonal cycles and interannual variability (r = 0.98
between all-sat-glo and all-sat-euro and r = 0.79 between
all-sat-glo and two-sat-glo after removing their linear trends).
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Figure 4. (a) Time series of the difference between all-sat-glo and two-sat-glo EKE and the number of altimetry missions. (b) Time series
of the area-weighted mean EKE over the Mediterranean Sea for two-sat-glo and all-sat-glo-corrected.

In the Alboran Sea region (Fig. 3b and e), all three
products exhibit positive and statistically significant EKE
trends, in contrast to the Mediterranean basin as a whole
where the two-sat-glo trend is not significant. The trends
are also higher in magnitude than those observed for the
whole Mediterranean, with a particularly pronounced gap
between all-sat-glo (3.04± 0.23 cm2 s−2 yr−1) and two-sat-
glo (0.43± 0.18 cm2 s−2 yr−1). This indicates that the im-
pact of the increasing number of satellites is especially ev-
ident in energetic regions such as the Alboran, where all-sat
products capture much stronger EKE levels than the two-
sat product. A focus on the eastern Alboran gyre (Fig. 3c)
reveals similar trends to those observed across the broader
Alboran Sea for all-sat products (3.64± 0.32 cm2 s−2 yr−1

for all-sat-euro and 3.44±0.31 cm2 s−2 yr−1 for all-sat-glo),
while revealing a net increase for the two-sat-glo product:
1.16± 0.28 cm2 s−2 yr−1. This suggests that the alignment
of altimeter tracks relative to energetic features (Fig. 2) plays
a significant role in capturing variability accurately.

Unlike the other regions, the Ierapetra region displays
strong statistically significant negative trends (Fig. 3d and e,
the boundary of the Ierapetra area was defined as an EKE-
isoline of the 30 years mean of all-sat-euro product in order
to have the same region for all the products, value of the iso-
line at 200 cm2 s−2). In addition, the EKE time series reveal
intense peaks compared to the rest of the basin. The Ierapetra
eddy itself is not a permanent feature (Ioannou et al., 2017),
but rather a seasonal anticyclonic structure with peak inten-
sity in late summer (Fig. 3d). We notice a marked decrease in
peak intensity, with EKE maxima reaching ∼ 1500 cm2 s−2

before 2007 but only ∼ 500 cm2 s−2 after 2012. In this re-
gion, all products capture similar trends, likely because the
spatial coverage of the two-sat product is already good near
a crossover point of the reference altimeter tracks, which en-
hances the accuracy of the gridded fields and reduces inter-
polation errors (Pascual et al., 2007). Additionally, the lower
short-term variability in this region (compared to the Alboran
Sea) means that the temporal resolution of the two-sat prod-

uct is sufficient to capture the SLA signal accurately, thereby
narrowing the difference with the all-sat products.

For robustness, similar analysis were performed in more
dynamically complex regions, such as the Ionian Sea and the
eastern Algerian basin. The corresponding EKE time series
and trends are provided in the Supplement (Fig. S1), where
larger short-term variability makes the interpretation of long-
term trends more challenging.

Part of the differences observed between EKE trends com-
puted with all-sat and two-sat altimetric products over the
Mediterranean Sea could be explained by the increasing
number of merged altimeters in the all-sat products, which
may amplify EKE signals over time. To further explore this
hypothesis, we examined the temporal evolution of EKE dif-
ferences between products in relation to the number of satel-
lites incorporated in all-sat. The evolution of the difference in
the area-weighted mean EKE over the Mediterranean Sea be-
tween all-sat-glo and two-sat-glo exhibits a marked increase
over time (Fig. 4a). This increase is strongly correlated with
the temporal evolution of the number of altimetry missions
merged into the all-sat-glo product, with a Pearson correla-
tion coefficient of 0.85. As more altimeters are included into
the all-sat product, spatial and temporal sampling improve,
which enhance the detection of mesoscale signals (Ballarotta
et al., 2019). This improved observational capability intro-
duces an artificial positive trend of EKE. This strong cor-
relation suggests that a significant portion of the observed
trend in all-sat products seems to arise from the increasing
number of satellites, rather than from changes in oceanic
variability. Note that once more than five altimeters are op-
erational, the rate of increase in the EKE difference slows
down. To isolate this artificial trend, we performed a sec-
ond degree polynomial regression between the signal differ-
ence and the number of satellites. By subtracting this fitted
signal from the original all-sat-glo time series, we obtained
a version of the product without the artificial trend, shown
in green in Fig. 4b. This new signal, denoted as all-sat-glo-
corrected, represents the all-sat-glo EKE with the artificial
satellite-driven trend removed. The resulting trend for all-
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sat-glo-corrected is 0.12 cm2 s−2 yr−1, and statistically sig-
nificant, which is slightly higher than the trend of two-sat-glo
of 0.06 cm2 s−2 yr−1.

To identify the regions that are more likely to be affected
by the impact of an increasing number of satellites, we com-
puted the Pearson correlation coefficient between the all-
sat-glo and two-sat-glo differences and the number of al-
timetry missions at each grid point (Fig. 5). High correla-
tions are especially pronounced in low-energy areas (Fig. 1)
such as the Adriatic Sea, Tyrrhenian Sea, eastern Levan-
tine basin, and along the Libyan coast. These areas coincide
with zones where all-sat-glo trends are statistically signifi-
cant while two-sat-glo trends are not (Fig. 6). This spatial
coherence highlights that, in these low-energy regions, the
trends observed in the all-sat products are most likely driven
by the increasing number of merged satellite altimeters. In
such regions, the signal-to-noise ratio is lower, making it
more sensitive to observational changes. Moreover, the Alb-
oran Sea, although a high-energy area, also presents a high
correlation. High correlation values are found mainly in the
western Alboran gyre, while the eastern gyre exhibits lower
correlations. This contrast is likely linked to the orientation
of the two-satellite tracks relative to the surface currents. In
the eastern gyre, one of the two-sat tracks crosses close to the
gyre center, providing better sampling of the geostrophic ve-
locities. In the western gyre, however, the tracks mostly sam-
ple the edges of the gyre, leading to limited representation
of its surface geostrophic velocities. This uneven sampling is
further exacerbated by the highly dynamic nature of the west-
ern Alboran gyre, located at the entry point of the Atlantic Jet
(Renault et al., 2012), where the circulation evolves rapidly
and is not fully captured by the two-sat configuration. Con-
sequently, the additional spatial and temporal coverage pro-
vided by multiple satellites substantially improves the recon-
struction of the dynamics in this region, thereby increasing
the observed correlation.

These spatial correlations between EKE differences and
satellite coverage offer insight into where artificial amplifi-
cation of EKE trends is most likely to occur. To place these
findings in a broader spatial context, we now examine the
full two-dimensional distribution of EKE trends across the
Mediterranean Sea. These maps (Fig. 6) reveal that most of
the Mediterranean Sea exhibits positive EKE trends along
the main southern surface currents, especially pronounced
in regions such as the Alboran Sea, along the north African
coast, and in the vicinity of the Mersa–Matruh area (south-
east of the Ierapetra eddy). In contrast, the Ierapetra eddy is
the only region showing strong statistically significant nega-
tive EKE trends. The northern Ionian Sea also shows negative
trends, whereas the central Ionian displays positive trends, a
pattern that may be linked to shifts in the basin’s circula-
tion between anticyclonic and cyclonic states (Gačić et al.,
2010; Bessières et al., 2013; Kalimeris and Kassis, 2020).
All products present a similar pattern with stronger trends
for all-sat products. What differs substantially is the spatial

coverage of statistically significant trends between the all-sat
and two-sat products (Fig. 6). Although 72.40 % and 71.27 %
of the Mediterranean have significant trends for all-sat-euro
and all-sat-glo, respectively, only 48.70 % is significant for
two-sat-glo.

To understand how these regional differences influence
basin-scale assessments of EKE variability, we compare
trends as the spatial average of local trends with trends de-
rived from the area-weighted mean EKE time series (Ta-
ble 1). “Mean of all trends” corresponds to the spatial aver-
age of all grid-point trends. “Trend of the mean” represents
the linear trend computed from the area-weighted EKE time
series averaged over the whole Mediterranean basin, the one
shown in Fig. 3. This comparison highlights the influence
of high-energy regions on basin-wide trends. In all-sat prod-
ucts, the trend of the area-weighted mean EKE time series
is higher than the mean of the trends because high-energy
regions, though spatially limited, dominate the average time
series due to their strong EKE values and pronounced trends.
In contrast, this behavior is not observed for two-sat because
of weaker trends in energetic regions. These energetic ar-
eas are better resolved in all-sat, leading to greater influ-
ence on the overall trend. We also distinguish these trends
in two categories with different reference periods to com-
pute the anomalies: the entire period (1993–2023) that are
the results presented in this manuscript (first raw in Table 1)
and 1993–2012 which is the reference period used in the
CMEMS products (second raw in Table 1). We systemati-
cally observe higher trends for the shorter reference period,
suggesting an increase in kinetic energy in recent years and
highlighting the need to compute geostrophic anomalies with
respect to the full time period when computing eddy kinetic
energy.

3.3 Eddy kinetic energy trends in high-energy regions

To evaluate the fidelity of the gridded products in capturing
mesoscale variability, we compared the L3 and L4 data sets
in two high-energy regions of the Mediterranean Sea (Fig. 7),
the Alboran Sea and the Ierapetra area, assessing how well
the gridded fields reproduce the observed variability.

In addition to exhibiting high EKE values, the Alboran
Sea region displays strong, positive, and statistically sig-
nificant trends in EKE over the studied period (Fig. 7a
and b). Notably, one of the reference satellite altimetry mis-
sion tracks nearly crosses the center of the eastern Alb-
oran gyre (track 96; Fig. 7a). In this configuration, the
geostrophic velocity component along the track is close to
zero, while the cross-track component dominates the total
geostrophic velocity. Therefore, the cross-track EKE along
this track (EKE⊥) is expected to be very close to the total
EKE, and thus enhances the reliability of the observed trend.
In fact, we note the similarity of the trends of EKE⊥ between
the L3-ref and all-sat-glo products for this track (Fig. 7b).
This result indicates that the processing used to produce grid-
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Figure 5. Spatial correlation map between all-sat-glo and two-sat-glo EKE differences and the number of altimetry missions. Black dots
indicate non-significant correlations. A one-month low-pass filter was applied to the time series at each grid point.

Figure 6. EKE trends in the Mediterranean Sea for (a) all-sat-euro, (b) all-sat-glo and (c) two-sat-glo. Gray-hatched areas are statistically
non-significant trends.

ded L4 products does not introduce significant errors in EKE
estimates along-tracks, supporting the suitability of L4 data
for studying mesoscale variability in regions with dense track
coverage. A closer examination reveals that the strongest
positive and significant trends are located at the edges of the
gyre rather than at its core (Fig. 7a and b), where geostrophic

velocity variability is typically greater (Pujol and Larnicol,
2005; Barceló-Llull et al., 2017), leading here to enhanced
positive EKE⊥ trends.

In contrast, the Ierapetra eddy area, crossed by track 185,
shows a negative trend in EKE (Fig. 7c and d). As observed
in the Alboran region, the EKE⊥ trends are consistent be-
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Table 1. Different trends depending on the data set and the method. EKE in the first raw: the anomalies were computed using 1993–2023 as
the reference period. EKE in the second raw: the EKE was computed using raw geostrophic velocity anomalies from the CMEMS data sets
(1993–2012 reference period for the SLA).

Trends in cm2 s−2 yr−1 all-sat-euro all-sat-glo two-sat-glo

EKE Mean of all trends 0.43 0.38 0.06
(1993–2023 anomalies) Mean of the significant trends 0.59 0.52 0.12

Trend of the mean 0.87 0.75 0.06

EKE Mean of all trends 0.52 0.46 0.11
(1993–2012 CMEMS reference period) Mean of the significant trends 0.67 0.60 0.21

Trend of the mean 1.03 0.90 0.17

Figure 7. (a) EKE trends in Alboran Sea (1993–2023), red box in Fig. 1. Background colors represent the gridded EKE trends from all-sat-
glo. Gray-hatched areas highlight regions where trends are not statistically significant. The overlaid dots depict reference altimeters tracks
with arrows indicating the direction of the satellite tracks and the number indicating their name. (b) Along-track EKE⊥ trends in Alboran
Sea for track 96. Dotted lines correspond to non-significant trends while solid lines to the significant trends. Green corresponds to L3-ref
trends and yellow to all-sat-glo ones. (c) Same as in (a) but for the Ierapetra region (Ierapetra eddy and Mersa–Matruh), blue box in Fig. 1.
(d, e) Same as in (b) but for the Ierapetra region, respectively track 185 and track 7.

tween the L3 and L4 products. Southeast of the Ierapetra
eddy lies the Mersa–Matruh area, characterized by episodic
rather than persistent eddy activity (Pujol and Larnicol, 2005;
Barboni et al., 2021) and reveals an increase in mesoscale ac-
tivity (track 7, Fig. 7c and e). The agreement in EKE⊥ trends
across products further confirms the robustness of the results.

3.4 Comparison of eddy characteristics

EKE captures the overall intensity of oceanic mesoscale vari-
ability, integrating contributions from a variety of dynamical
processes, including frontal instabilities, current meandering,

and coherent mesoscale eddies. Among these, ocean coher-
ent eddies are of particularly interest as they are long-lived,
rotating water masses that trap and transport heat, salt, and
nutrients across vast distances (Barceló-Llull et al., 2017;
Barboni et al., 2023; Barabinot et al., 2024).

In this section, we use the META Atlas to analyze the
statistics of these mesoscale eddies derived from the all-
sat-glo and two-sat-glo satellite products, distinguishing cy-
clonic from anticyclonic eddies, including their number, size,
spatial extent, and rotational speed (Fig. 8). A representa-
tive snapshot of detected eddies from each dataset on 4 Jan-
uary 2020 illustrates clear differences with the all-sat-glo
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product capturing a larger number of eddies and finer-scale
structures compared to two-sat-glo (Fig. 8a).

Over the altimetric era, the total number of eddies detected
per year shows a stronger increasing trend in all-sat-glo
(27 812 per year on average) than in two-sat-glo (23 744 per
year). Figure 8b further differentiates between anticyclonic
and cyclonic eddies. For both products, a higher number
of cyclones than anticyclones is detected with 57 % of the
eddies being cyclonic, in agreement with Pegliasco et al.
(2021). In parallel, the decreasing trend in the eddy radius
size in the all-sat-glo product for both cyclonic and anticy-
clonic structures (Fig. 8c) reflects its improved ability to de-
tect smaller-scale features (Amores et al., 2018). In contrast,
in the two-sat-glo product only anticyclones show a decrease
in radius, while cyclones do not display any detectable trend
(Fig. 8c).

Despite these negative trends for the mean radius, when
eddies are not separated by polarity, the total eddy area
remains approximately constant and similar between the
two products. However, separating cyclones from anticy-
clones reveals opposite tendencies in the two-sat-glo product
(Fig. 8d): the total area covered by anticyclones decreases,
while the area associated with cyclones increases. No marked
polarity-dependent trends are observed in the all-sat product.

Finally, the average eddy rotational velocity (Fig. 8e),
highly relevant to local biogeochemical variability, shows
significant increasing trends in the all-sat-glo data, with a
stronger increase for anticyclones, while no such trend is ev-
ident in two-sat.

In general, these results indicate that the progressive in-
crease in the number of altimetric satellites has enhanced the
detection of mesoscale activity (Amores et al., 2019), lead-
ing to more numerous, smaller, and faster eddies in the all-
sat-glo product, while the total eddy-covered area remains
unchanged. These discrepancies also mirror the EKE results
and further highlights the limitations of the two-satellite con-
figuration in resolving the diversity of mesoscale processes in
the Mediterranean Sea, consistent with earlier work by Pas-
cual et al. (2007).

4 Discussion

4.1 Regional variability and changes in EKE

The Alboran gyres and the Mersa–Matruh area confirm a
general intensification of EKE in high-energy areas, con-
sistent with patterns observed in global high-energy regions
(Martínez-Moreno et al., 2021; Barceló-Llull et al., 2025).
However, trends over the Mediterranean Sea are not spatially
uniform and the Ierapetra area is a high-energy region show-
ing negative EKE trends.

The literature describing Alboran gyres is abundant
(Heburn and La Violette, 1990; Renault et al., 2012;
Sánchez-Garrido et al., 2013; Juza et al., 2016; Sánchez-

Garrido and Nadal, 2022). Although transient events have
been observed (Viúdez et al., 1998; Vélez-Belchí et al., 2005;
Peliz et al., 2013), they are mainly persistent gyres with
strong seasonal variability (stronger in summer) and are one
of the most important signals observed in the Mediterranean
Sea. The strong positive trends highlighted at their edges
(Figs. 6 and 7a) reflect their interannual modulation (Iudi-
cone et al., 1998; Vargas-Yáñez et al., 2002; Pujol and Lar-
nicol, 2005; Sánchez-Garrido and Nadal, 2022). As seen in
Fig. 3b the variability in EKE increases during the altimet-
ric record (standard deviation of 44.24 cm2 s−2 for the pe-
riod 1993–2008 and 59.04 cm2 s−2 for the period 2013–2023
for the Alboran Sea). There is still a gap in understanding
the drivers of this variability in the circulation of the Alboran
Sea, which include variations in the flow through the Strait of
Gibraltar, local winds, and background stratification (Peliz
et al., 2013; Sánchez-Garrido and Nadal, 2022). For exam-
ple, previous studies have indicated that the eastern gyre is
less stable and may disappear or shift under specific condi-
tions, such as during winter and spring when its kinetic en-
ergy decreases to nearly zero and it is replaced by the central
cyclonic gyre under moderate Atlantic inflow, or through in-
teractions with the western gyre (Vargas-Yáñez et al., 2002;
Peliz et al., 2013). In terms of EKE, the most energetic sce-
nario in the area is the eastward migration of the western
Alboran gyre before its fusion with the eastern Alboran gyre
(Peliz et al., 2013). Peliz et al. (2013) noted that these migra-
tion events were associated with instabilities of the Atlantic
Jet, more precisely south shifts of the Atlantic Jet along the
Moroccan coasts, which appear to be related to the establish-
ment of easterlies (Bolado-Penagos et al., 2021).

In the Levantine basin, the Ierapetra eddy is the only clear
seasonal signal (Larnicol et al., 2002; Menna et al., 2012), al-
though it does not appear every year (Mkhinini et al., 2014;
Ioannou et al., 2017). Studies have highlighted the role of
the interaction of Etesian winds (persistent northerly sum-
mer winds over the Aegean Sea) with Crete’s orography in
its formation and intensification (Horton et al., 1997; Amitai
et al., 2010; Ioannou et al., 2020). The Ierapetra eddy region
is associated with a strong negative EKE trend (Fig. 6). Fig-
ure 3d shows a net decrease also in the intensity of the EKE
peaks. The analysis of the formation of anticyclonic eddies in
this area reveals smaller and shorter-lived eddies (Fig. S2). In
fact, Gandham et al. (2025) have observed a decline in Ete-
sian wind episodes across the eastern Mediterranean and we
surmise that this decrease in wind episodes could damp the
development of the Ierapetra eddy.

Concerning the Mersa–Matruh area, this region acts as an
attractor (Menna et al., 2012; Barboni et al., 2021) of tran-
sient eddies without clear boundaries, but characterized by
a relatively high EKE activity (Fig. 1 and Pujol and Lar-
nicol, 2005). Ierapetra eddies tend to go west along the
Libyo-Egyptian current (Sutyrin et al., 2009). Previous stud-
ies have suggested that some Ierapetra eddies may devi-
ate south-eastward toward the Mersa–Matruh area (Ioannou

Ocean Sci., 22, 549–564, 2026 https://doi.org/10.5194/os-22-549-2026



P. Hargous et al.: Eddy kinetic energy variability from 30 years of altimetry in the Mediterranean Sea 559

Figure 8. (a) Eddies detected on 4 January 2020 using all-sat-glo (blue) and two-sat-glo (yellow). (b) Annual number of detected eddies.
(c) Annual mean eddy radius. (d) Total annual eddy-covered area. (e) Annual mean eddy speed. Dark-blue and dark-yellow are for anticy-
clones and light blue and light yellow for cyclones.

et al., 2017), potentially contributing to the regional eddy
activity. We investigated this behavior using the META at-
las (see Supplement), which shows that such deviations are
relatively isolated events. This indicates that the EKE trend
dipole observed in the area (Fig. 7c) does not reflect a sys-
tematic shift of the same mesoscale structure.

In addition to the regional patterns discussed above, the
Ionian Sea is known to exhibit pronounced decadal os-
cillations in its surface and intermediate circulation, com-
monly referred to as the BiOS (Bimodal Oscillating Sys-
tem; Gačić et al., 2010; Bessières et al., 2013). These recur-
rent transitions between cyclonic and anticyclonic circulation
regimes can substantially modulate the intensity and posi-
tion of the Mid-Mediterranean Jet (MMJ). During cyclonic
phases, the MMJ tends to strengthen and shift southward,
enhancing mesoscale activity along its path, whereas anticy-
clonic phases are associated with a weakening and northward
shift of the jet (Bessières et al., 2013). Such regime shifts can
therefore imprint decadal variability on EKE in the Ionian
Sea. This is consistent with the spatially heterogeneous trend
patterns apparent in Fig. 6. In all three products, the Ionian
region displays strong spatial contrasts, with negative EKE
trends south of the Peloponnese and west of Greece, while
positive trends emerge in the central and southern Ionian. The

gray-hatched regions, indicating non-significant trends, are
also more prevalent in the central Ionian, reinforcing the idea
that this area is subject to decadal variability rather than a
monotonic long-term change (Fig. S1). Taken together, these
patterns are compatible with a transition from anticyclonic
to cyclonic circulation in the Ionian Sea. In particular, Gačić
et al. (2010) reported a marked regime shift in 1997, when
the circulation flipped from anticyclonic to cyclonic.

4.2 Influence of altimetry products and methods

A central finding of this study is the discrepancy in the mag-
nitude of the EKE trend between altimetry products based
on different satellite constellations (Fig. 3). In high-energy
regions we showed that the intensification in the Alboran
Sea and the decline in the Ierapetra area are supported by
robust and statistically significant trends (Figs. 3 and 6).
However, when extending the analysis to the entire Mediter-
ranean basin, the trend obtained with two-sat-glo is statis-
tically not significant (0.06± 0.04 cm2 s−2 yr−1). While the
all-sat products exhibit positive trends over the whole basin,
the inconsistency between products and the limited signifi-
cance of two-sat-glo trend make it difficult to confidently as-
sert a basin-scale increase in EKE. Moreover, the EKE values
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derived from all-sat products show a strong correlation with
the increasing number of merged satellite altimeters (Figs. 4
and 5). This increase in merged satellites improves spatial
and temporal resolution (Ballarotta et al., 2019) with time,
introducing an artificial trend, especially in low-energy ar-
eas.

Eddy characteristics shown in Fig. 8 have also highlighted
this artificial trend: the number of detected eddies increases
with time for all-sat-glo, whereas the total area they occupy
remains approximately constant. This suggests that the en-
hanced temporal and spatial sampling of all-sat products,
arising from the growing number of satellites, enables the
detection of smaller eddies that were previously unresolved.

Moreover, the distinction between cyclonic and anticy-
clonic eddies reveals several polarity-dependent differences
in the long-term evolution of eddy statistics (Fig. 8), pointing
out intrinsic differences in their detectability and dynamical
behavior. Overall, more cyclones are detected (57 % Fig. 8
and Pegliasco et al., 2021). This asymmetry is fully consis-
tent with the known differences in the reliability of eddy de-
tection in gridded altimetric products. Stegner et al. (2021)
have shown that anticyclones in the Mediterranean are de-
tected with high positional accuracy and moderate radius
biases, while cyclones, particularly large ones, are substan-
tially less reliable, with larger position errors, stronger over-
estimation of radius (only category without negative trend
in Fig. 8c), and greater sensitivity to interpolation artifacts.
These detection biases arise from fundamental dynamical
differences: large anticyclones tend to be more coherent
and longer-lived, whereas cyclones are more unstable and
prone to splitting into smaller, fast-evolving sub-mesoscale
structures that are poorly resolved by altimetric gridding.
The two-sat product, which maintains a stable configuration
over time, further supports this interpretation. While it shows
no significant trends in eddy number or speed, separating po-
larities reveals a positive trend in cyclones total eddy area.
This pattern is consistent with the “coarsening artifact” de-
scribed in Stegner et al. (2021), where small structures are
smoothed into larger, spurious cyclonic features during in-
terpolation.

These polarity-dependent behaviors have direct implica-
tions for the interpretation of EKE trends in gridded altimet-
ric products. The stronger increase in mean rotational speed
for anticyclones than for cyclones in all-sat suggests that
the positive EKE trends reported in multi-mission products
are driven by anticyclonic intensification, as observed in the
semi-permanent Alboran gyres.

As a result, long-term EKE trends in all-sat configura-
tions should be interpreted with caution, as they may re-
flect improved sampling of anticyclones rather than energetic
changes in the mesoscale field. Nonetheless, part of the dif-
ferences in EKE trends can also be attributed to the two-
sat product being derived from a two-satellite constellation
and, as demonstrated by Pascual et al. (2007), a minimum
of three concurrent altimeter missions are required to ade-

quately monitor mesoscale variability in the Mediterranean
Sea.

5 Conclusions

We have analyzed three decades of satellite altimetry data
(1993–2023) to assess whether surface ocean dynamics in
the Mediterranean Sea is intensifying over time, focusing
on the temporal evolution of Eddy Kinetic Energy (EKE).
We have computed EKE trends from three gridded altimet-
ric products: a global product derived from a stable two-
satellite constellation (two-sat) and two others (global and
European) incorporating all available satellites (all-sat). The
robustness of the trends computed from the gridded products
has been tested by comparing them with original along-track
measurements in high-energy areas. These high-energy areas
revealed significant positive (Alboran Sea, Mersa–Matruh)
and negative (Ierapetra area) EKE trends for all products.
However, the increasing number of satellite altimeter mis-
sions merged into all-sat products influences the magnitude
of EKE trends, as does the relative to tracks position of the
structures studied. In fact, the correlation found between the
all-sat-glo/two-sat-glo EKE difference and the evolution of
the number of satellite altimetry missions merged in all-sat-
glo suggests an artificial trend in all-sat products caused by
this increasing number of missions incorporated. Moreover,
in regions of low-energy, the trends are not significant in
two-sat product but are significant in all-sat suggesting that,
in these regions, trends are mainly artificial and due to the
merging of new satellites in all-sat products. It is impor-
tant when studying long-term ocean variability analysis to
use data set built for climate applications such as the two-sat
product. Finally, the study of eddy characteristics raises the
difficulty of two-sat to capture the mesoscale in the Mediter-
ranean Sea. Pascual et al. (2007) concluded that at least three
altimeters are necessary to accurately monitor mesoscale ac-
tivity in the Mediterranean Sea due to the smaller typical size
of the structures. Building on this, we suggest that a three-
sat product available since 2000 would be a valuable tool
to further assess EKE variability in the Mediterranean Sea.
As altimetric products evolve, differences between climate-
oriented and multi-mission data sets require caution when in-
terpreting long-term trends in EKE and mesoscale eddy pa-
rameters. While the Surface Water and Ocean Topography
mission (SWOT, Morrow et al., 2019; Fu et al., 2024) will
enhance mesoscale observations (Wang et al., 2025; Verger-
Miralles et al., 2025), sustained altimetric continuity remains
essential to understand the drivers and impacts of ocean en-
ergetics in the Mediterranean Sea and the global ocean.

Data availability. The altimetric data products used in this study
are publicly available on the EU Copernicus Marine Service
Information website (CMEMS: https://marine.copernicus.eu/,
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last access: 23 July 2024, Le Traon et al., 2019). The
gridded products were downloaded in July 2024, their
version is “vDT2021”, and is described in their respec-
tive QUality Information Document (QUID) (Pujol et al.,
2023). The vDT2021 all-sat-euro product is available with
product ID: SEALEVEL_EUR_PHY_L4_MY_008_068,
https://doi.org/10.48670/moi-00141 (CMEMS, 2024a).
The vDT2021 all-sat-glo product is available with prod-
uct ID: SEALEVEL_GLO_PHY_L4_MY_008_047,
https://doi.org/10.48670/moi-00148 (CMEMS, 2024b). The
vDT2021 two-sat-glo product is available with product ID:
SEALEVEL_GLO_PHY_CLIMATE_L4_MY_008_057,
https://doi.org/10.48670/moi-00145 (CMEMS, 2024c). Along-
track data are also available via the CMEMS website with
product ID: SEALEVEL_EUR_PHY_L3_MY_008_061 and
https://doi.org/10.48670/moi-00139 (CMEMS, 2024d). The al-
timetric Mesoscale Eddy Trajectories Atlas (META3.2 DT),
is produced by SSALTO/DUACS and distributed by
AVISO+ (https://aviso.altimetry.fr, last access: 1 July 2025)
with support from CNES, in collaboration with IMEDEA
(https://doi.org/10.24400/527896/a01-2022.005.220209 (Mason
et al., 2014; Pegliasco et al., 2022) for the META3.2 DT all-sat-glo
version and https://doi.org/10.24400/527896/a01-2022.006.220209
(Mason et al., 2014; Pegliasco et al., 2022) for the META3.2 DT
two-sat-glo version).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/os-22-549-2026-supplement.
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