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Abstract. The surface currents of the Mediterranean Sea are interpolated with a variational inverse method for nine years

(2013-2021). The general method is called DIVAnd and was adapted here specifically for surface currents as it considers

the presence of the coastline and a divergence constraint. For the interpolation, three data sources are used; satellite altimetry,

drifters and high-frequency radars. A subset of drifters (10%) is used to calibrate the parametrization and to validate the results.

Moreover, the results are compared with the geostrophic product computed per DUACS (Copernicus Marine Service, 2023)5

and was shown to be less accurate than the DIVAnd results. Using the new results, summer and winter seasons were averaged

and compared to capture the most consistent patterns. At the basin scale, we concluded that the winter to summer variation is

a shift between a coastal, large and well-defined currents to a variable and gyral circulation. In addition, we decomposed the

Ionian Sea into orthogonal functions to investigate the appearance of what we called the Twin Gyres (TGs). These gyres, that

settle around 36°N-17°E on the second part of the year, first appeared in the central Ionian Sea in 2020. The TGs were found10

to modify consequently the temperature profile of the central Ionian Sea. The mode decompositions showed it to be associated

with the Atlantic Ionian Stream velocity and being associated with a temperature front, situated between the Adriatic waters

and the southern Ionian waters.

1 Introduction

Since the emergence of satellite altimeters during the second half of the twentieth century (Le Traon et al., 2025) , the study of15

surface dynamics has been consequently expanded, refining our understanding of the global circulation patterns.

Recently, the number of sampling tools to observe the sea has increased significantly (Wilkinson et al., 2024) and their

access was facilitated with online platforms such as Copernicus or EMODnet, providing validated and documented datasets.

Among the variety of these datasets, three of them are particularly valuable to observe the surface currents; satellite altimetry

(sea level), drifters, and High Frequency radars (HF Radar). Although these tools share the common capability of measuring20

surface currents, each operates with distinct temporal sampling frequencies and spatial coverage ranges.

Satellites have monitored the global ocean for several decades and provide an overall estimate of currents on a large scale

through altimetry. Indeed, sea-level anomalies are used to estimate surface velocities under the geostrophic assumption, which

is generally valid at large spatial scales characterized by low Rossby and Ekman numbers (Beckers and Cushman-Roisin, 2011).25
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However, because this assumption comes less and less valid at small scales, mesoscale and sub-mesoscale events cannot be

resolved, particularly under 100km of resolution. Despite these limitations, satellite altimetry represents the major source of

data to provide surface current estimates and is widely used in surface current studies, (e.g. Cotroneo et al. (2016); Poulain

et al. (2013); Soto-Navarro et al. (2010); Martínez et al. (2024)).

A major part of surface currents studies rely on in-situ observations obtained from drifters and/or gliders. These platforms30

drift with the near-surface flow, providing the most direct measurement of surface and near-surface dynamics. Therefore, they

are frequently used for the validation and to increase the robustness of surface current analysis (e.g. Capodici et al. (2019);

Corgnati et al. (2024); Menna et al. (2019a)). However, their spatial distribution is sparse, especially in high latitude regions

(Lumpkin and Johnson, 2013). We note also that their trajectory is influenced by the wind speed, the wave height and the

various internal oscillation within the upper layer (Delpeche-Ellmann et al., 2021).35

High-Frequency Radars, introduced in the late twentieth century, have become an important tool for coastal observations, as

they measure currents via a Doppler shift. These antennas monitor surface dynamics in a range of 85 km from the coast with

hourly temporal frequency and fine spatial accuracy, often going under 4 km (Barth et al., 2021). Within the Mediterranean

Sea, HF Radars are used for small scale currents pattern analysis such as the study of the Strait of Gibraltar (Soto-Navarro

et al., 2016), Balearic Island dynamics (Troupin et al., 2015) or Sicily channel (Capodici et al., 2019). They are also used in40

many other regions in the world to analyze meteorological and climatic phenomena e.g. Domps et al. (2022); Frissell et al.

(2016); Liu et al. (2021).

The objective of this paper is to perform a large scale interpolation of the surface circulation of the Mediterranean Sea

using Satellites, Drifters and HFRadars within the same framework. The combination of these different datasets is necessary45

to obtain a sufficient coverage as the data distribution of drifter and HF radar data is highly heterogeneous. Since the average

currents of the Mediterranean Sea are well known (e.g. Pinardi et al. (2015); Iacono et al. (2013); Martínez et al. (2024)), the

main objective of the study is to contribute to the knowledge of the seasonal, inter annual and climatic variations at the basin

scale. This issue is addressed using a variational inverse method documented in (Barth et al., 2021). To this end, nine years of

observations corresponding to the period 2013-2021 will be used to reconstruct the monthly surface current of the whole basin50

of the Mediterranean Sea.

2 Mediterranean Sea Surface Currents review

The Mediterranean Sea is viewed by the scientific community as a “miniature ocean” due to its short water residence (corre-

sponding to a tenth of the global ocean time) and its thermohaline circulation comparable to the global ocean (Adloff et al.,

2015). Therefore, defined as a hot-spot to observe the major impacts of global warming, its response to climate change is55

expected to be faster than the global ocean. Thus, the impact of climate change can be seen on a lifetime period and then, make

its study of a primary importance (Malanotte-Rizzoli et al., 2014).
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Western Mediterranean Sea

Atlantic Waters AW

Western Alboran Gyre WAlbG

Eastern Alboran Gyre EAlbG

Algerian Current AC

Western Algerian Gyre WAlgG

Eastern Algerian Gyre EAlgG

Sicily Channel SC

Tyrrhenian Current TC

Eastern Corsica Current ECC

Western Corsica Current WCC

Northern Current NC

Gulf of Lion Gyre GLG

North Balearic Current NBC

Eastern Mediterranean Sea

Atlantic Ionian Stream AIS

Atlantic Tunisian Current ATC

Northern Ionian Gyre NIG

Mid Ionian Jet MIJ

Lybio Egyptian Current LEC

Cyprus Current CC

Asia Minor Current AMC

Mersah-Matruh Gyre MMG

Rhode Gyre RG

Ierapetra Gyre IG

Pelops Gyre PG
Table 1. Lists of acronyms.

The Mediterranean Sea has a counterclockwise circulation, occurring in two separated sub-basins (western and eastern

basins). These sub-basins are partially isolated one from another by the Sicily Channel, acting as a physical barrier, due to

the reduced depth of its continental shelf. Along with that, its complex bathymetry makes the coastlines and the continental60

slopes an important factor to constraint the current. Most of the studies measure currents below 1 m/s with strong currents at

the border of the domain, while the middle ocean is populated by cyclonic and anticyclonic gyres and eddies. The following

section will describe the existing knowledge of the Mediterranean Sea surface current and is summarized in Figure 1. It starts

with the penetration of Atlantic Water (AW) at the Strait of Gibraltar for the western basin and will describe the circulation of
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the eastern basin, starting with the description of the circulation of the Sicily Channel (SC).65

2.1 Western Mediterranean Sea

Alboran Sea

In the western part of the sea, the Atlantic Waters (AW) enter the Mediterranean Sea through the Strait of Gibraltar with a

mean estimated to 0.81 ± 0.06 Sv (Soto-Navarro et al., 2010). The AW inflows the Alboran basin, known to have a complex70

circulation populated by two or three large permanent gyres (Renault et al., 2012). These patterns exhibit two or three times

more energy during summer months compared to winter periods. Their dynamics are complex and are known to vary in

response to changes in the transport through the Strait of Gibraltar (Renault et al., 2012). The AW follows the gyres from west

to east, ultimately directed towards the Algerian Coast.

Algerian Current75

The AW then exits the Alboran Sea and flows along the African continental slope between 0°E and 10°E forming the Algerian

Current (AC). It is known to be a strong permanent current, to which is associated two large permanent gyres; Western Algerian

Gyre (WAlgG) and Eastern Algeria Gyre (EAlgG) (e.g. Testor et al. (2005); Mallil et al. (2022)). This current is agreed to be

highly turbulent, impacted by baroclinic instabilities, forming meanders, and leading to intense eddy formation migrating to

the north (Poulain, 2012; Cotroneo et al., 2016; Pessini et al., 2018; Mallil et al., 2022).80

Tyrrhenian Sea

Once at the northern part of the Sicily Channel, the AC has two options; a part of the water will be kept in the western part of

the sea and will enter in the Tyrrhenian Sea while the remaining AW will cross the Sicily Channel (SC). The current entering

the Tyrrhenian Sea will be called the Tyrrhenian Current (TC), which is known to exhibit strong variations with winter-summer

seasonality. The late winter and early spring patterns can be described with a consistent strong cyclonic flow along the coast.85

On the other hand, the summer circulation is associated with the collapse of the coastal current, which is much more variable

and associated with the appearance of coastal gyres (Iacono et al., 2013, 2021).

Northern Current and Balearic Islands

Northward, we find the Corsica channel and further, the Liguro-Provencal Basin, where a non-negligible part of the TC will

flow. In the Liguro-Provencal Basin, the along slope current is called the Northern Current (NC) and is controlled by thermoha-90

line circulation, the northern shelf edge and the wind (Poulain, 2012; Carret et al., 2023). This latter varies in velocity between

summer and winter, being faster in winter, reaching 0.9m/s (Poulain, 2012). The NC will flow alonglsope until the Balearic

Island longitude. Offshore the Gulf of Lion, we find a permanent large cyclonic circulation called the Gulf of Lion Gyre (GLG)

(Pinardi et al., 2015).
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Further, most of the studies report the return of the NC through the North Balearic Current (NBC), flowing eastward in the95

center part of the western Mediterranean Sea (around 40°N) (Vargas-Yáñez et al., 2025). However, a non-negligible amount of

water will cross the Ibiza channel section. Recent literature documented the transport within the Ibiza and Mallorca channels

and highlighted a dominance of the southward flow within the Ibiza channel and a northward flow within the Mallorca channel

(Vargas-Yáñez et al., 2025, 2023).

100

2.2 Eastern Mediterranean Sea

Sicily Channel and Ionian Stream

Coming back to the SC, a non-negligible part of the AC forms one (or two depending on the season) jet that crosses the SC and

enters the Eastern part of the Mediterranean Sea (Jebri et al., 2016). The seasonal transport through the strait has a maximum

value of 1.4Sv in winter and a minimum value of 0.8Sv at the end of summer (Béranger et al., 2004). First, the strongest and105

the most resilient flow found after the SC is the Atlantic Ionian Stream (AIS), directed by the Sicily continental slope (Jebri

et al., 2017; Jouini et al., 2016). Second, the flow can follow the Tunisian coastline via the Atlantic Tunisian Current (ATC).

This current has a high seasonal and spatial variability, known to be weaker in summer due to surface easterly winds (Jouini

et al., 2016; Martínez et al., 2024). However, the lack of in-situ observations and its low velocity in summer makes its detection

complex compared to the AIS (Sammari et al., 1999; Jebri et al., 2016; Jouini et al., 2016).110

Ionian basin

Further, the Ionian Sea is characterized by two main currents. First, the Northern Ionian Gyre (NIG) follows the northern

boundary of the basin, cyclonically or anti-cyclonically depending on the thermohaline situation of the basin (Menna et al.,

2019b; Meli, 2024; Demirov and Pinardi, 2002). This latter is described by a decadal/sub decadal reversion where the last

reversion occurred in 2019 going from anticyclonic to cyclonic. The “decadal” term i.e. Menna et al. (2019b) is under debate115

due to the recent shorter variations (Napolitano et al., 2025; Borzelli et al., 2009; Liu et al., 2022; Meli, 2024). Its complex

mechanism is described in Civitarese et al. (2023). Second, the Mid Ionian Jet (MIJ) crosses the basin going southeastward,

joining the Cretan Passage. This basin is known for its complex bathymetry and for the local wind stress, inducing instabilities

and numerous vortices within the MIJ (Menna et al., 2019b). When the NIG is flowing cyclonically, the MIJ is reported to

be an intense (10-20cm/s) south-eastward current while, during the anticyclonic phase of the NIG, the MIJ is less intense and120

more fragmented, with velocity under 10 cm/s (Menna et al., 2019b).

Cretan Passage and Levantine basin

Further, MIJ waters enter the Levantine Basin by the Cretan Passage, becoming an along slope current, the Lybio-Egyptian

Current (LEC). In a big picture, the circulation of the Levantine basin is cyclonic and reaches Egyptian longitudes via the LEC.

There (around 30°E), the LEC bifurcates; The first branch reamins an along slope cyclonic circulation, while the other one125
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flows seaward (northward) toward the south-west Cyprus coast. The seaward flow is called the Cyprus Current (CC) and the

coastal cyclonic flow is called the Asia Minor Current (AMC). Due to the coastal flow and associated instabilities, the AMC is

comparable to the AC and the TC (Amitai et al., 2010; Verma et al., 2024). This later flows along the slope until the Turkish

coast and back to the Cretan passage.

Within the Levantine Basin we find three major permanent or semi-permanent gyres, described hereafter (Verma et al.,130

2024).

First, the Mersa-Matruh Gyre (MMG) is an anticyclonic gyre that is centered between 28 and 31°E and between 33 and

34°N depending on the source (Baaklini et al., 2022; Verma et al., 2024; Zodiatis et al., 2023). Its presence is reported in every

research while its location is still under debate.

Following, the Cyprus eddies is an eddy/gyre system that is situated at the south of Cyprus, first identified by Brenner (1989)135

and described by several papers in the recent literature e.g. Egorova et al. (2022); Zodiatis et al. (2023). These vortices reported

as “relatively permanent” by Egorova et al. (2022), have a significant impact on the local biogeochemical variables, due to the

vertical movement induced by cyclonic and anticyclonic eddies.

Further on the AMC, we find the largest gyre of the eastern basin, called the Rhode Gyre (RG), which flows cyclonically

from 28°E to 30°/32°E depending on its size. Ciappa (2021) assessed its importance to trigger the LEC with input of cold water140

brought by its cyclonic circulation.

Figure 1. Summary of the literature review. Adapted from <Renault et al. (2012); Soto-Navarro et al. (2010); Testor et al. (2005); Mallil et al.

(2022); Poulain (2012); Cotroneo et al. (2016); Pessini et al. (2018); Iacono et al. (2013, 2021); Carret et al. (2023); Pinardi et al. (2015);

Poulain et al. (2013); Vargas-Yáñez et al. (2023); Juza et al. (2025); Jebri et al. (2016); Jouini et al. (2016); Martínez et al. (2024); Menna

et al. (2019b, a); Napolitano et al. (2025); Borzelli et al. (2009); Liu et al. (2022); Meli (2024); Mkhinini et al. (2014); Civitarese et al.

(2023); Baaklini et al. (2022); Alhammoud et al. (2005); Ciappa (2021); Amitai et al. (2010); Verma et al. (2024)>. Dashed line represents

the shadow zone corresponding to the literature review and the light blue circles represents the generation of eddies and meso-scale gyres
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3 Material and Methods

3.1 Data

The following datasets are used for their surface currents measurements within the Mediterranean Sea. They will be interpolated

with DIVAnd method to reconstruct nine years of surface currents at the basin scale.145

The HF Radar, drifters, and altimetry datasets were all retrieved from the Copernicus Marine Service (CMEMS) covering

the period 2013–2021. The datasets only retain Mediterranean Sea observations. As they did not share the same spatial and

temporal resolutions, pre-processing was necessary. For this reason, they were all averaged over a day in order to make them

comparable for the interpolation framework.

For the drifters and the HF Radars, the following CMEMS product is used: Global Ocean-Delayed Mode in-situ Observations of150

surface and sub-surface ocean currents (European Union-Copernicus Marine Service, 2018). The altimetry product is European

Seas Along Track L 3 Sea Surface Heights Reprocessed 1993 Ongoing Tailored For Data Assimilation (European Union-

Copernicus Marine Service, 2021)

3.1.1 Drifters

710 drifters tracks were used, counting for 465701 observations in the basin for the whole period which count at maximum155

1000 observations per region of 30 km2 (figure 2a). They are transported with the 15 m depth current which will be considered

as surface current within this research as Dohan et al. (2010) and Lumpkin and Pazos (2007) have shown to be valid. The

velocities are given every 6 hours, which we averaged per day. We isolated a subset of these drifters, taking 25% out of the

computation for validation purposes. We note that the Tyrrhenian Sea and the Tunisian coastline are less sampled compared to

the remaining part of the sea. In another hand, the Aegean and the Adriatic Sea are not sampled by drifters, except for a few160

of them that were trapped in the southern Adriatic gyre (Figure 2). Due to this poor sampling, the surface currents won’t be

discussed for these two regions.

3.1.2 High Frequency Radars

HF Radars are situated in the western part of the Mediterranean Sea at the following locations: At the Strait of Gibraltar, on

the Ibiza Island, on the at the Ebro river delta, and at the Gulf of Genoa (Figure 2). It is important to note that the Gibraltar and165

the Ibiza HF Radars have available observations for the whole period (2013-2021) while the Ebro one was launched in 2014

and the Ligurian one in 2016. Their utility is at measuring coastal flows where altimetry is not accurate. These datasets were

available at hourly time step. We decided to take the first observation of the day (at midnight) which are further averaged within

each time step. The space resolution is conserved, since the of the regridding of the observations is part of the framework of

DIVAnd.170
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3.1.3 Altimetry

The altimetry dataset represents the main input for observation count. Contrary to the two previous sets of data, the altimetry

measurements cover the whole basin for each year of the computed period (Figure 2). The product is processed by DUACS

and contains a bundle of satellites, which ensure a large data coverage over the Mediterranean Sea. It includes e.g. Sentinel-

6A, Jason-3, Sentinel-3A, Sentinel-3B, Saral/AltiKa, Cryosat-2, Jason-1, Jason-2, among others. Since the product gives daily175

information of the surface altimetry, temporal processing of the data was not needed. The measure of altimetry is used as a

proxy to compute the pressure gradient. This pressure gradient is then used to compute the associated surface velocities through

the geostrophic equilibrium. This latter is known to be a reasonable approximation whenever the field is characterized by low

Rossby and Ekman numbers, respectively low contribution from inertial forces and low contribution from the fluid viscosity

(Beckers and Cushman-Roisin, 2011).180

(a) Drifter data (b) Satellite data (c) High Frequency Radar data

Figure 2. Spatial coverage of the different dataset used for this study.

3.2 DIVAnd

DIVAnd is a multivariable interpolation method. It was originally described in Brasseur and Haus (1991) and later presented

as a univariable inteprolation method by Troupin et al. (2010). Based on these work a multivariable interpolation method was

developed by Barth et al. (2014) which were adapted for surface currents in Barth et al. (2021). Therefore based on a cost

function, it computes a scalar variable J(ϕ) that depends on the difference between the variable ϕ(xj), the observations dj and185

the spatial/temporal regularity of the field.

J(ϕ) =

Nd∑

j=1

uj [dj −ϕ(xj)]
2 + |ϕ−ϕb|2 (1)

In this cost function, ϕ is the ocean field and Nd is the number of observations for the locations xj , ϕb is the background

estimate which is a first guess of the interpolated field, (here ϕb is set to zero) and the spatial/temporal regularity is defined

using the following norm:190
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|ϕ|2 =
∫

Ω

(
α2 (∇2ϕ)2 +α1 (∇ϕ)2 +α0ϕ

2
)
dΩ (2)

where ∇ is the gradient operator and ∇2 is the Laplacian of the field (equation 2). For the variational inverse method, any

physical laws or other constraint can be added as additional terms to the cost function (equation 1). More information about

the mathematical formulation of these physical laws are described in Barth et al. (2021). In our work, two constraints out of

four will be used; The coastline effect (equation 3) and the divergence constraint (equation 4).195

u ·n∼ 0 (3)

Where u is the velocity adjacent to the coastline and n is the vector normal to the coastline. Second, we added a divergence

constraint which says that at any point of the reconstructed field, the horizontal flux for every grid cell must be balanced.

∇ ·u∼ 0 (4)

For each time instance, corresponding to one month, we gather the corresponding observations, and we interpolate them,200

excluding the validation drifters. As explained earlier with the equations 1 and 2, DIVAnd computes the field that match the

best the observations while being the smoothest possible, taking into account the coastline and the divergence constraint. There

the reconstruction is evaluated by comparing the corresponding independent observations to the newly reconstructed field. The

validation is further described in the section 3.4.

3.3 Parametrization205

In 2D cases like this one, time correlation is not forced, meaning that each time instance is reconstructed independently. For

each of these reconstructions, two free parameters are shaping the result; the correlation length (L) and ϵ2, error variance of the

observations (normalized by the error variance of the first guess).

First, the correlation length is proportional to the scale of the interpolated domain. The largest it is, the further the obser-210

vations will have an influence on the reconstructed field. Second, the error variance of the observations is a parameter that is

related to the accuracy of the observations. The smaller this number is, the larger the confidence will be given to a data point. In

this case, we decided to associate three different errors variances; respectively for the drifters, the satellites and the HF Radar

observations.

The grid size of the result is fixed to 1/4° in both directions (along the meridional and zonal component) which corresponds215

to a latitude extent of 27.75 km resolution while the longitudinal extent is on average equal to 18.2 km with 49° as a latitude

average. This resolution was selected because it represents a compromise between the computation of mesoscale processes and
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computation time. The time resolution is set to a month. It represents an outstanding compromise as we have to gather enough

observations to accurately reconstruct the field and to compute the seasonal and monthly variations.

3.4 Validation220

For the validation, we decided to do a cross validation using drifters. The choice of the drifters as a dataset source for validation

is coherent since they are the only in-situ measurement of the study and therefore, are considered as the most reliable observa-

tions (Poje et al., 2014). Moreover, they have a reasonable cover for the considered period (figure 2a). To do so, we assigned

to each drifter a number (Drifter ID) and we randomly selected in space and time a subset of these IDs, representing 25% of

their total amount. Doing this ensures to not split a drifter trajectory by retrieving their complete path. This subset was not used225

for the interpolation and was rather kept aside for its comparison to the results, which assess the interpolation accuracy. Once

retrieved, we linearly interpolated the result onto the validation drifters positions to compare both. The interpolation results are

monthly averages, therefore, the validation drifters will gather a month of observations. The validation is based on the “Root

Mean Squared Error”(RMSE) (equation 5) and the correlation at each month for u and v velocities.

In the equation 5, n represents the amount of independent observations gathered each month (on average 34 observations230

per month for 2021), ŷi represents the prediction of DIVAnd linearly interpolated on the position of the observation yi. Thus,

an RMS error is computed for each month, with varying position among the domain.

RMSE =

√√√√ 1

n

n∑

i=1

(yi − ŷi)
2 (5)

The optimization of the two free parameters (here correlation length and signal-to-noise ratio) were carried out with “Julia

Black Box Optim”, a package that sets random values (in a given range) for both parameters and are optimized based on the235

RMS. We sought parameters values that minimize the RMS error for a year of computation. The values leading to the lowest

RMS error were kept. Once found, these values were kept for any year of the analysis (from Jan 2013 to Dec 2021). As a

double check for the interpolation accuracy, other years were validated with the remaining independent observations.

4 Results

4.1 Validation240

The validation of the results is performed in the year 2021 for its great data coverage, where we gathered 409 independent

observations from surface drifters and compared them to the DIVAnd method, and later, to the DUACS product. For each

month, the meridional and zonal components of the velocity were compared to independent observations using the RMS Error

(equation 5).
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4.1.1 Parameter value245

The following parameters values L and ϵ2 are found (table 2). The correlation length obtained is 137,80 km. The error variance

of the observations has three values; one for each source of the dataset.

/ Parameter value

Correlation length 137.8 km

ϵ Altimetry 0.026

ϵ Drifters 0.006

ϵ HF Radars 0.098

Table 2. List of hyperparameters tuned for the analysis based on the validation. The correlation length is given in kilometers and the epsilon

parameter is an error ratio.

First, as expected, drifters are found to be the most reliable source of observations as the validation is performed with the

same tool and their measurment is in-situ. The speed derived from altimetry has a higher error compared to the drifters, which

is due to the assumptions made to derive the speed from water elevation. Finally, HF Radars are found to have the highest error250

variance among the three source of observations, which can be explained by the redundant observations within radars. Indeed,

whenever two observations are closely correlated, the error variance is increased for computational facilities, which has the

consequence of reducing their use and, therefore, to increase the error variance. This phenomenon is depicted in Lee and Song

(2017) for the interested reader.

A graphical example of the validation is shown in figure 3 for June and December. In both examples, the validation drifters255

are located in the eastern part of the Mediterranean Sea. The June drifter (figure 3a) is trapped in the well-known Cyprus

eddies where it follows the streamlines computed by the interpolation. The December one (figure 3b) is following the Asia

Minor current, where its velocity rises along the south-eastern boundary of the sea and reaches speeds up to 0.5 m/s. The

RMSE for June is 0.045 m/s for the meridional velocity (u) and 0.042 m/s for the zonal velocity (v). The error for December

is equal to 0.072 m/s for the meridional velocities (u) and 0.029 m/s for the zonal velocities (v) which are the months with the260

smallest RMSE in 2021. Within the validation year, the largest RMSE is found in February (figure 6).

We aimed to compare the entire year of independent observations with the reconstructed results, rather than solely having a

month-by-month visual comparison. To this end, the velocities were separated into their zonal and meridional components and

plotted in a scatter plot, from which were derived regression lines. The ideal slope (where the independent drifters are exactly

the same as the results) would have a slope equal to one and the intercept equal to zero. These results are shown on figure 4.265

It is found that the independent observations and the results are equivalent in both directions, having a slope equal to 1.34 for

the meridional velocities and equal to 1.28 for the zonal velocities and intercept equal to 0.01 and 0.05 respectively. We can see

that there is higher variability with their zonal component of the velocity compared to the meridional one. This could be easily

explained due to the inner circulation properties of the Mediterranean Sea for which the major stable flows are found along the
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(a) (b)

Figure 3. Two months examples of the validation for DIVAnd results. Red arrows represent the velocity of independent drifters and the blue

arrows are the results of DIVAnd interpolation computed with a resolution of 1/4°.

(a) (b)

Figure 4. Linear regression and scatter comparison of the two components of the velocity (meridional and zonal) with the independent

observations for the year 2021.
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Figure 5. Two months examples of DUACS comparison with independent drifters. Those products were processed by SSALTO/DUACS and

distributed by AVISO+ (https://www.aviso.altimetry.fr) with support from CNES.

coast and therefore, in majority, along the meridional direction. Thus, it is normal to find higher variability along the zonal axis.270

Moreover, we find both of the regression slopes up to one, which means that on average, the independent drifters have higher

velocities compared to the interpolation results. This could be explained by two different reasons. First, we compare monthly

averages to instantaneous velocities, making the drifter’s velocities likely to be larger. Second, DIVAnd smooths the field to

create the interpolation, which reduces the highest velocities while the independent drifters keep their high ranges. Therefore,

we will always find higher independent velocities compared to interpolation results. We note that the slope is slightly higher275

for the meridional velocities, meaning that the meridional velocities show a greater degree of underestimation compared to the

zonal velocities.

4.2 Comparison with geostrophic velocities from DUACS

Since our surface currents are also derived from drifters and HF Radar, rather than solely from altimetry, we assume that

our results should capture processes beyond geostrophic dynamics. This would allow us to analyze smaller-scale features280

characterized by higher variability and increased precisions for instabilities, which are abundant in the Mediterranean Sea

(Baaklini et al., 2021). Therefore, a comparison with geostrophic products is performed to confirm our hypothesis (Copernicus

Marine Service, 2023). To this end, we carried out a validation procedure using the same independent drifters as on the main
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results for the geostrophic velocities (Figure 5). In order to make both results comparable on their temporal extent, we decided

to average the geostrophic velocities per month. The resulting RMS error is reported in Figure 6.285

On average, the computed RMS errors with the DUACS product over the year 2021 are higher compared to the DIVAnd

interpolation. Indeed, they count 0.138 m/s for the meridional component and 0.119 m/s for the zonal component of the

velocity, while the RMS error for the DIVAnd product corresponds to 0.095 and 0.082 m/s respectively.

This last result demonstrates that the contribution of drifters, HF radars, and the imposed physical constraints of the method

enables the resolution of surface currents with high accuracy at the monthly scale, beyond geostrophic dynamics. These results290

are therefore valuable for analysing seasonal patterns and specific dynamics over nine years of observations.

Figure 6. Comparison of the monthly averaged DUACS L4 surface currents and DIVAnd interpolation results RMS error based on indepen-

dent drifters observations.

4.3 Seasonal variation with climatic averages per month of 2021

First, the present paper will discuss the seasonality of the major known currents in the Mediterranean Sea: Alboran Gyres, Al-

gerian Current, Tyrrhenian Current, Northern Current, Sicily Channel dynamics, Lybio-Egyptian Current, Asia Minor Current

and the major gyres of the eastern basin. Their seasonality will be shown based on climatic averages for the winter-summer295

differences occurring in the 2013-2021 period (figure 7). To do so, the currents were averaged in June, July and August for the

summer period and in December, January and February for the winter period. These averages will highlight the most consistent

features at the seasonal scale for the considered period.
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Figure 7. Seasonal averages for summer (June to September) and winter (December to February) at the basin scale. Averages are computed

for 2013–2021.

Alboran Sea300

First, in the Alboran Sea, the Western Alboran Gyre (WAlbG) is stronger and better defined in summer (centered around -

4.5°E, 36°N), with a current speed up to 0.4 m/s in the climatology and up to 0.55m/s in spontaneous results. This gyre sets as

an anticyclonic gyre at the end of spring and lasts until October, which agrees with (Renault et al., 2012). During winter, the

presence of the WAlbG is less consistent, which prevents its emergence in the decadal-scale analysis. However, the WAlbG

rarely disappears for more than two months. The Center Alboran Gyre and the Eastern Alboran Gyres are not consistent enough305

neither in winter nor in summer to be captured on these averages, which confirms the dominance of the WAlbG. It is important

to note that we captured a much more complex circulation in monthly velocities, sometimes composed by 3 or 4 gyres at

the same moment which brings complexity to the modes observed by Renault et al. (2012). This last conclusion confirms the

SSH profiles measured by Brett et al. (2020), highlighting an episodic and complex hydrodynamical circulation. This complex

circulation often sets after summer, and disappears with the deepening of the mixed layer.310
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Algerian Current

The AC is stable from 0°E to 4°E at the climatic scale. We observe slightly higher velocities in winter compared to summer,

reaching 0.4 m/s in the climatology. We find the reduction of the current speed (due to enhanced instabilities) covering a larger

longitudinal range in summer (4°E to 10°E) compared to winter (from 5°E to 6°E) as shown on figure 7. Indeed, in winter,

due to the intensification of the wind speed and the extended mixed layer depth, the AC, which is on average lighter than the315

Mediterranean water, flows deeper, faster, and therefore, is more stable during the cold season (figure 7, figure 8a). On the

other side, the enhanced stratification due to the higher temperature and the overlying of AW over Mediterranean water has a

tendency to make the AC unstable and slower during summer, forming a highly variable gyre field from which an example is

given figure 8b.

Tyrrhenian Sea320

The Tyrrhenian Sea has a strong variation between summer and winter, having a well-defined coastal current during cold

months and a highly unstable surface during summer (figure 8c-d). This was first described in Iacono et al. (2013), describing

that the surface circulation goes from coastal currents to gyral circulation. These instabilities are thought to be enhanced by the

emphasis of the stratification caused by the rising temperature. Transitional states with meanders and baroclinic instabilities

are captured at the monthly temporal scale in our results. Our conclusion meets the one brought by Iacono in his papers (Iacono325

et al., 2013, 2021), and won’t be discussed more here.

Liguro-Provencal basin and Balearic Island currents

The NC is observed in both periods between 9°E and 5°E, having higher velocities in winter; up to 0.35m/s, compared to

summer; below 0.2 m/s (figure 7). In both seasons, the current decreases its velocity just after crossing the Gulf of Lion as

we observe currents around 0.1 m/s. Additionally, the GLG is not clear as its size and location is highly variable with time.330

However, it is clearly seen on spontaneous results.

Further, at the latitude of the Balearic Islands, during summer, the current turns eastward on the northern side of the

archipelago, forming the NBC (around 40°N as mentioned by Vargas-Yáñez et al. (2025)). Meanwhile, in both seasons, a

part of the flow tends to pass through the islands toward the Alboran Sea. Although the seasonal mean circulation shows a

predominantly southward flow across the Balearic Islands, we also observed a northward current, which caused the Alboran335

Sea to feed the NBC. This pattern happened 4 times in the considered period; first in winter 2013, once in winter 2016, during

summer and autumn 2017 and last, in winter 2021. The drivers of this phenomenon are not known since a physical explanation

of the reversal is, to our knowledge, not mentioned within the literature. One hypothesis brought by Vargas-Yáñez et al. (2025)
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(a) (b)

(c) (d)

(e) (f)

Figure 8. Spontaneous monthly circulation showing the non-stable behavior of summer compared to the deep and stable winter circulation:

(a–b) Algerian Current, (c–d) Tyrrhenian Current, and (e–f) Libyo–Egyptian Current.
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is that the mesoscale events are strongly influencing the zone, having the potential to sporadically change the circulation.

This hypothesis is even stronger as we notice that the northward flow never settles for more than a one-month period.340

Sicily Channel, AIS and ATC

The AIS has a remarkable difference between winter and summer; in its velocity and its path. In winter, the large and fast

last portion of the AC (around 10°E) induces large transport along the Tunisian continental slope. Indeed, the AIS follows the

continental slope from 38°N until 36°N with velocities around 0.2-0.3 m/s (figure 7). Once the current has crossed the Sicily

Channel (at 36°N), it is directed to the east, toward the Sicily continental slope where the current gains in velocity (figure345

7). The temperature profile with a front separating the southern Ionian waters and the northern AW is the key to explain the

winter path within the channel (Jebri et al., 2017). In summer, the current is not flowing along the Tunisian coast nor at the

Sicily continental slope and rather has a large and slow path that flows around 0.1 m/s. Nonetheless, the currents still gains in

velocity while passing on the Sicily shelve. On its side, the ATC does not display enough consistency to be detected in climatic

averages; it is only observed sporadically at the monthly scale, only at the beginning of the period of interest. Its variability,350

the lack of drifters within the region, combined with low velocity current, are responsible for its low detection with DIVAnd.

Ionian basin

The AIS is known to follow the Sicily continental slope before being directed to the Ionian Sea towards the Cretan passage,

there, becoming the MIJ. This jet is known to have a high temporal variability and to be surrounded by many vortices (Mkhinini

et al., 2014). The pathway of the MIJ has often been described in the literature as a simple forward trajectory within the Ionian355

Sea (e.g., Pinardi et al. (2015); Menna et al. (2019b); Liu et al. (2022); Civitarese et al. (2023)), as it is in our results for the

2013–2019 period and particularly during summer (Figure 9a). However, the results corresponding to 2020 and 2021, report a

complex and relatively stable circulation, where the MIJ crosses twin vortices (figure 9b) located at 36°N and around 16°E and

18°E each (cyclonic and anticyclonic from west to east). These two vortices shape the path of the MIJ, influencing the current,

the temperature and the biogeochemistry of the central Ionian basin as it is stable for months (figure 10). This last result shed360

light on a transition between two modes of circulation both shown on figure 9. These gyres are associated with a frontal zone

between the warm waters of the southern Ionian and the colder, fresher waters of the Adriatic Sea, which can be identified in

temperature maps (figure 10). After crossing the twin gyres, the MIJ is directed southward, creating cold water intrusions at the

southern part of the Ionian Sea (figure 10a-f). Then, the flow will turn eastward to join the northernmost part of Libya, which

will create the Lybio-Egyptian Current.365

We note that during both periods, we find a northward current on the west side of the MIJ which starts at 15°E-33°N and

ends at 12°E-36°N. This location was not expected to be the location of a northward current as the ATC settle there. To our

knowledge, this counter-current has never been reported in the literature (figure 7,9).
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(a) (b)

Figure 9. Comparison of two modes of circulation observed in the central Ionian Basin.

Cretan Passage and Levantine basin

The LEC is the strongest and the fastest current of the averaged seasons (figure 7). It starts at 21°E-33°N at the coast of Libya,370

fed by the MIJ (no matter its path in the Ionian Sea), and flows south-eastward (along the coast) during winter while flowing

purely eastward in summer, detaching from the coast, due to the presence of anti-cyclonic gyres (figure 8e). These conclusions

were already given by Ciappa et al. 2021 and our results act here as a confirmation as the phenomenon is observed on long

time averages (figure 7). Further, around 27°E, the LEC is separated in two branches, one following the coast and the other one

flowing seaward to join Cyprus Island. The branch flowing seaward is the CC and is detected in both seasons on the same path,375

being wider in winter than in summer (figure 7). The branch flowing along the coast is named AMC. This latter undergoes

significant instabilities populated by gyres and eddies in both seasons, making the AMC almost invisible, especially at the

summer climatic scale. With the yearly warm up, the amount of mesoscale activities along the coast increase, having a compa-

rable seasonality with the TC. Therefore, during summer, on large temporal averages, the CC becomes the only one found in

the Levantine basin, the rest of the region being populated by mesoscale eddies, not captured here at the climatic scales (figure380

7). Further, during winter, the AMC is more stable compared to summer, making it clearer on the results (figure 7). However,

a region situated between 33°N and 36°N on the eastern border of the basin remains highly turbulent during the cold season,

where the AMC does not have a clear path at the climatic scale. This last sentence supports the results of Verma et al. (2024).
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Futher along the coast, the AMC merge with the CC nearby Turkey and flow westward, back to the Cretan passage and to the

Ionian basin.385

The end of this section will describe the permanent and semi-permanent gyres that are reported in the introduction, known

as MMG, CE, RG.

First, the anti-cyclonic MMG is spotted in both seasons, making it consistent on the whole period. It is situated westward

of the bifurcation of the LEC, centered at 27.5°E-33°N. This gyre is better defined in summer and has speed reaching 0.4 m/s390

while winter averages are closer to 0.1 m/s.

In the south of Cyprus island, we spot a semi-permanent eddy, centered at 32.5°N-32.5°E. This last is part of the CE system.

It is well-seen in summer, while its presence in winter is unclear, as the climatic average does not retain its complete signature.

Indeed, the coastal current (AMC) overlaps the gyre during winter as it grows in speed and space (figure 7). This gyre is the

only gyre spotted on climatic averages from the Cyprus Eddies system depicted in the introduction.395

Further, the Rhode Gyre is not seen on the averages. The last part of the AMC (that flows from 30°E to 27°E and around

35°N), is the northern part of the RG, and is well-defined all year long while the southern part of the gyre is not observed

on long term averages. However, it is observed sporadically on spontaneous results and follows properly cold water intrusion,

observed with satellites.

4.4 Twin Gyres and the Ionian front400

We decided to shed light on the central basin of the Ionian Sea in the context of the complex BIOS system (Civitarese et al.,

2023). Indeed, several researches were carried to understand the reversal of the NIG and its physical insight e.g. (Kalimeris

and Kassis, 2020; Borzelli et al., 2009; Liu et al., 2022; Meli, 2024) while the surface current of the central Ionian Sea is only

poorly understood. Our results show a clear transition within the circulation of the central Ionian Sea going from a simple

forward path before 2016 to the amplification of a gyral complex circulation from 2020 to the end of our period of interest405

(figure 9).

First, we verified that this pattern does not result from an interpolation artifact. To do so, we compared the surface current

to the temperature patterns measured by satellite. The product is referred as Copernicus Climate Change Service and Collecte

Localisation Satellites (2021) and exampled with the figure 10a-f. These examples show that the streamlines does not result410

from an interpolation artifact as the currents follows rigorously the temperature isotherms.

We first remark that a front is systematically observed when the TGs are present. This later is positioned as an extension of

the Sicily continental slope, at the beginning of the MIJ (approx. 16°E-36°N). This front is the result of the cross-road between

the cold AW coming from the SC, the Adriatic cold water intrusion and the hot southern water of the Ionian Sea. This front

does not only separate southern and northern water but is also shaped by the presence of the TGs as we see hot water intrusion415

at 18°E-36°N and cold water intrusion around 16°E-36°N, corresponding to the location of the gyres computed with DIVAnd
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(a) (b) (c)

(d) (e) (f)

Figure 10. Twin Gyres examples: Surface currents superposed with L4 satellite temperature (°C) for the period 2020 - 2021

(figure 10a-f).

In order to highlight the appearance of the TGs and the associated mechanisms, we decomposed the Ionian Sea (correspond-

ing to 108 months of the DIVAnd result) into modes with orthogonal functions. Using a singular value decomposition (SVD),420

the first mode explains the most variability and the last explains the less. To highlight solely the circulation patterns of the

Ionian Sea, we selected a spatial subset of the results, corresponding to 13-23°E and 34-40°N as it is on figure 11a. This was
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(a) (b)

(c)

Figure 11. Ionian Sea SVD decomposition: first mode in space and time. Measured speed along current and Mid Ionian Jet averaged velocity

performed with the package “LinearInterpolation” in Julia language.

The TGs appear in the first mode (figure 11a) which explains 8.37% of the variability of the Ionian Sea for the whole period425

and exlplains 30% of the variability at the end of 2020. This mode emerged in 2017 and appeared every following year, growing

steadily over the considered time period (figure 11b). It emerges with a distinct seasonality, being always stronger in the second

half of the year, (around autumn/early winter) and peaking at the end of 2020, showing its rising importance.

As the gyres seem to be stable for months and were already seen in previous year (figure 9a), we could suspect the enhance-

ment of pre-existent gyres due to the changing path of the MIJ. We also suspect the NIG to play a role in this phenomenon,430

being responsible for the strength of the MIJ as Menna et al. (2019) demonstrated. To answer the question, we will rely on the

SVD results, which will highlight patterns concomitant with the appearance of the TGs.

As shown on figure 11a, it suggests that the TGs are highly correlated to the AIS input as the end of the AIS and the begin-

ning of the MIJ is well represented on figure 11 (red square). On the other side, the rotational direction of the NIG does not
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seem to be an important factor as it is not seen on the same mode.435

Following this last conclusion, we averaged the monthly AIS speed over the considered period (2013-2021). To do so, we

defined a spatial subset represented by the red square and computed the velocity and direction averages considering every

month (figure 11a). From these results, a new axis system was established aligned with the principal direction of current

variability. The monthly mean velocity associated with this system is reported in Figure 11c.440

We first remark that the maximum speed in winter rose for the last 6 years of the period, while the lowest speed in summer

almost stayed the same. The transitions between summer and winter are thus more and more abrupt, creating a positive trend

of the speed over the period. The both winter intensification of the MIJ and the TGs are concomitant and support the first

hypothesis linking the MIJ speed and the appearance of the TGs. However, the velocity of the AIS cannot explain alone the

appearance of the TGs as these velocities were already reached without inducing this pattern.445

A reasonable cause could be the intensification of the Ionian temperature gradient, enhancing the observed front, which

encourages the current in the direction of the pre-existent gyres, creating the TGs. In these conditions, the intensification of the

AIS followed by the intensification of the front would induce the enhancement of stable and strong TGs which remain present

during winter time.

These have the consequences to modify the physical properties of the central Ionian Sea as it modify the temperature and450

the currents profiles. Consequences cannot be yet measured, but these modifications will have consequences on the Mid-Ionian

Sea seasonality. Modifications on the mixed layer depth, chemical components and biological productivity are expected.

5 Conclusion

In this paper, we interpolated and validated at a monthly scale Mediterranean Sea surface currents. To do so, we used the inter-

polation method DIVAnd with which we mapped nine years of surface currents from three different sources of observations:455

drifters, altimetry, and HF Radars. These results were validated against independent drifters and compared to geostrophic sur-

face current estimates that use only altimetry. The validation showed significant agreement between the independent drifters

and the calculated results per DIVAnd. We carried out the same validation with DUACS velocities and showed the improve-

ment brought by the additional data and the dynamical information used in the analysis (imposed physical laws: equation 3 &

4). Indeed, we obtained a higher error with the geostrophic product (figure 5), which we observe to be less variable than our460

results (figure 3 versus figure 5). Furthermore, the validation procedure shaped the parametrization, showing that the in-situ

measurements were the most reliable, followed by the satellite measurements, while HF Radar have the highest error variance,

explained by the redundancies of the dataset (Lee and Song, 2017).

At the basin scale, our study highlights the coastal to gyral circulation as the major change in the Mediterranean basin for465

the winter to summer variation. In our observations, we could example the increased amount of gyres during summer with the

WAlbG, the Tyrrhenian Sea, the LEC, the MME and the CE southern gyre. On the winter side, we mainly observed the coastal
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currents to be better defined and more stable. The AC, the TC, the LEC and the AMC are the main examples to highlight this

phenomenon. Concretes examples of seasonal transitions are shown on figure 8. Our main hypothesis to support this statement

is the variation of the mixed layer depth, giving conditions for deeper and stable current during winter and inducing instabili-470

ties. In order to verify this hypothesis, an insight of the vertical extent of the surface current and the mixed layer depth variation

could be an interesting complementary work.

In addition, we had a closer look at the central Ionian Sea as we observed a non-documented pattern forming a double gyre

system associated to the Mid Ionian Jet. We first documented its presence along with temperature profiles and further, made a475

temporal analysis with mode decomposition with orthogonal functions.

First, we noticed the concomitant acceleration of the MIJ with the appearance of the TGs, both during the second part of the

year. Thus, we argue that the TGs are a consequence of the increasing velocities of the MIJ, but not only, as these velocities

were already reached without inducing this pattern. We support that the increased velocity of the MIJ along the temperature

gradient in the continuity of the Sicily continental slope force the current to flow eastward, being ultimately trapped in gyres,480

that we decided to call the Twin Gyres. The biogeochemical modifications of the central Ionian Sea are not yet measured but

are expected regarding the productivity and the physicochemical properties of this region.
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