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Abstract. Mesoscale activity plays a central role in ocean variability, substantially influencing the mixing of biogeophysical

tracers, such as heat and carbon, and driving changes in ecosystems. Eddy Kinetic Energy (EKE), a metric 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 regions, 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 hotspot5

for climate change impacts, also exhibits such intensification. Despite the high number of observational data and modeling

experiments, there is a gap in understanding the long-term evolution of mesoscale dynamics and EKE trends in the Mediter-

ranean 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 different gridded altimetric

products: a global product derived from a stable two-satellite constellation (two-sat) and two other products (global and Euro-10

pean) incorporating all available 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 construct 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 products in capturing EKE trends, we compare them with along-track15

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 negative in the Ierapetra area. These findings highlight the importance of using

altimetric products with a stable number of satellites constructed for climate applications when addressing long-term ocean

variability analysis.

1 Introduction20

The ocean is a central component of the Earth’s climate system, 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 anthropogenic carbon emissions (Abram et al., 2019). This massive uptake directly

contributes to rising ocean temperatures, with consequences for sea level, thermohaline circulation, and overall climate dynam-
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ics. In a climate change context, a deeper understanding of the response of the ocean is necessary.25

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 char-

acteristics 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 and Morrow, 1994), which quantifies the30

energy associated with time-varying flow. Recent studies have reported a robust global intensification of EKE, particularly

in high-energy regions such as the western boundary currents, based on satellite 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 robustness

of satellite-based EKE trends, Barceló-Llull et al. (2025) compared two different satellite altimetry products and highlighted35

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 applica-

tions (two-sat), revealing that EKE trends derived 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 climate40

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 Larnicol, 2005), yet still rich in mesoscale eddies, filaments, and fronts (Barral

et al., 2021; Mason et al., 2023; Zodiatis 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 fea-

tures are smaller and challenging to observe from satellite data. The regional circulation is shaped by the inflow at the surface45

of Atlantic water through the Strait of Gibraltar to compensate for the high evaporation (Schroeder et al., 2012), forming the

Atlantic Jet (Renault et al., 2012). These Atlantic waters progress counterclockwise in the Mediterranean (Fig. 1), mixing with

resident Mediterranean water. The water input from the Atlantic becomes saltier, warmer and denser, during its journey before

exiting through the Strait of Gibraltar, in depth. A more detailed description of surface currents is provided by Poulain et al.

(2012); Escudier et al. (2021). The Atlantic Jet drives anticyclonic gyres in the Alboran Sea (Renault et al., 2012) (Fig. 1).50

These features, along with other recurrent structures such as the Ierapetra eddy (Fig. 1) in the eastern basin (Ioannou et al.,

2017), plays 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 distribution and temporal evolution of EKE across the Mediterranean55

basin. To assess the robustness of the EKE variability, we compare three gridded altimetric products which differ in their satel-

lite 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
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reveal spatial heterogeneity in EKE trends, with contrasting behaviors in energetic regions such as the Alboran Sea and the

Ierapetra area.

Figure 1. Temporal average of EKE in the Mediterranean Sea over 1993-2023, from all-sat European product. White arrows repre-

sent 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.
60

2 Data and methods

2.1 Altimetry data derived products

2.1.1 Level 4

We rely on three gridded Level 4 (L4) satellite altimetry products provided by the E.U. Copernicus Marine Service (CMEMS:

https://marine.copernicus.eu/, Le Traon et al., 2019). These products include gap-free daily zonal and meridional geostrophic65

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;70

– "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.
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Figure 2. (a) Ground tracks from the two satellites used in two-sat-glo over 20 days (from May 1st, 2022 to May 20th, 2022) in the

Alboran Sea. (b) Same as in (a) for all-sat products (7 satellites between May 1st, 2022 and May 20th, 2022). (c) Evolution of the

number of altimetry missions used to build the all-sat products.

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 altimetry missions (TOPEX, Jason series, Sentinel-6). This selection ensures spatial75

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 days, 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), pro-80

duced by SSALTO/DUACS and distributed by AVISO+ (https://aviso.altimetry.fr). 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 includ-

ing location, closed contours, radius, and rotational speed. The detection algorithm used to generate this atlas was developed

in collaboration between IMEDEA (Mason et al., 2014) and CLS, is freely available under GNU General Public License

https://github.com/AntSimi/py-eddy-tracker. The META eddy atlases are constructed from gridded Absolute Dynamic To-85

pography (ADT) fields (i.e. SLA + MDT, Mean Dynamic Topography) from DUACS. A high-pass filter removes large-scale

signals to isolate 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
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trajectories. In this study, no lifetime threshold is applied and all detected eddies are considered, including short-lived eddies

(lifetime < 10 days), long-lived eddies (> 10 days), and untracked eddies, which are detected features not associated with any90

other eddy in time.

2.2 Methods

2.2.1 Eddy Kinetic Energy

Throughout the manuscript the EKE is de�ned as:

EKE =
1
2

�
u2

ga + v2
ga

�
(1)95

whereuga andvga refer to the components of geostrophic velocity anomalies in the zonal and meridional directions, respec-

tively. Note that in the original CMEMS products, geostrophic velocity anomalies (uga , vga) are computed relative 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 re�ect 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:100

EKE =

X
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(2)

whereA i;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 formula.

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-track105

data (� ). uga? is computed using a central �nite difference method with a 5-point stencil width as follow (in the horizontal

plane):
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g
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�
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@� sin(� )
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1
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Wherel is the distance between two successive nadir measurements,� is the angle between the north direction and the satellite

track,g is the gravitational acceleration, andf is the Coriolis parameter. The EKE computed from L3 data (EKE ? = 1
2 u2

ga? )110

is thus based solely on the cross-track component of the geostrophic velocity anomalies and therefore represents a portion of

the total EKE. For comparison, we also calculatedEKE ? from the L4 data by interpolating the gridded SLA �eld onto the

along-track positions (both in space and time).
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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-parametric115

method commonly used to detect monotonic trends in time series. However, serial autocorrelation in the data affects the

signi�cant level of the MK test. To address this, we adopted the correction proposed by Yue and Wang (2004) implemented in

the Pymannkendall Python package (https://pypi.org/project/pymannkendall/). Moreover, the standards errors (SE) associated

with the different trend 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):120

SE =

q P
(y i � ŷ i )2

n ef f � 2
p P

(x i � �x)2
(4)

With yi the observations,̂yi the predictions,nef f the effective sample size,x i the independent variable (i.e. time), and�x its

mean. Trends were considered statistically signi�cant when the associated p-value was below0:05.

3 Results

3.1 Mean Eddy Kinetic Energy in the Mediterranean Sea125

The mean EKE in the Mediterranean Sea exhibits a heterogeneous spatial distribution, with most of the basin characterized by

relatively low values of EKE (Fig. 1). The overall spatiotemporal mean is66:10 cm2s� 2. In the western 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 of235:58cm2s� 2. This vigorous eddy activity, up to400cm2s� 2 (Mason et al., 2023),

plays a key role in modulating heat and salt transport through the Strait of Gibraltar (Bryden et al., 1994; Tsimplis and Bryden,130

2000; Sánchez-Román et al., 2009). In the eastern Mediterranean, the most energetic feature is the Ierapetra eddy, a long-lived

anticyclonic structure that forms southeast of Crete (Larnicol et al., 2002; Ioannou et al., 2017; Pegliasco et al., 2021), with a

spatiotemporal mean EKE of319:63 cm2s� 2, up to500cm2s� 2 (Mason et al., 2023). For comparison, EKE values over the

Gulf Stream and the Kuroshio Extension can exceed3000cm2s� 2 (Renault et al., 2017; Barceló-Llull et al., 2025).

3.2 In�uence of altimeter coverage: all-sat versus two-sat135

The EKE averaged over the Mediterranean Sea (Fig. 3a) from all-sat-glo shows a signi�cant increase during the altimetric

era, from a mean of44:91 cm2s� 2 in 1993 to68:04 cm2s� 2 in 2022. The computed trend is0:75� 0:06 cm2s� 2year� 1

(Fig. 3e) and is statistically signi�cant. This result is consistent with all-sat-euro which exhibits a similar trend of0:87�

0:05 cm2s� 2year� 1 (Fig. 3e). Although comparable, the all-sat-euro trend is slightly stronger as it has a higher spatial reso-

lution (1/8° compared to 1/4° for all-sat-glo), which allows for better representation of mesoscale eddies and their associated140

energy (Wang et al., 2022). However, the two-sat-glo product shows a markedly weaker and not statistically signi�cant trend

of 0:06� 0:04 cm2s� 2year� 1 over the Mediterranean Sea (Fig. 3a and 3e). The larger trend detected in the all-sat products
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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 agreement on seasonal cycles and interannual

variability (r = 0 :98between all-sat-glo and all-sat-euro andr = 0 :79between all-sat-glo and two-sat-glo after removing their145

linear trends).

In the Alboran Sea region (Fig. 3b and 3e), all three products exhibit positive and statistically signi�cant EKE trends, in

contrast to the Mediterranean basin as a whole where the two-sat-glo trend is not signi�cant. 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 cm2s� 2year� 1) and two-sat-glo (0:43� 0:18 cm2s� 2year� 1). This indicates that the impact of the increasing number150

of satellites is especially evident 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 cm2s� 2year� 1 for all-sat-euro and3:44� 0:31 cm2s� 2year� 1 for

all-sat-glo), while revealing a net increase for the two-sat-glo product:1:16� 0:28 cm2s� 2year� 1. This suggests that the

alignment of altimeter tracks relative to energetic features (Fig. 2) plays a signi�cant role in capturing variability accurately.155

Unlike the other regions, the Ierapetra region displays strong statistically signi�cant negative trends (Fig. 3d and 3e, the bound-

ary of the Ierapetra area was de�ned 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 isoline at200cm2s� 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 anticy-

clonic structure with peak intensity in late summer (Fig. 3d). We notice a marked decrease in peak intensity, with EKE maxima160

reaching� 1500cm2s� 2 before 2007 but only� 500cm2s� 2 after 2012. In this region, 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 enhances the accuracy of the gridded �elds and reduces interpolation 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

product is suf�cient to capture the SLA signal accurately, thereby narrowing the difference with the all-sat products.165

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 Supplementary Material (Fig. S1), where

larger short-term variability makes the interpretation of long-term trends more challenging.
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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 errors for the

different L4 products in the four studied regions. Statistically non-signi�cant trends are indicated in italics (only two-sat-glo in the

Mediterranean Sea).
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