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Abstract—We present a data-based approach to study the mean
and the climatology of the surface geostrophic currents (SGC) for
the Mediterranean Sea, using satellite ocean surface altimetry
observations for 22 years (1993-2014) in conjunction with the
geoid solution derived from the space mission of GOCE (gravity
field and steady-state ocean circulation explorer; Release 4). The
resultant product is the Mediterranean SGC velocity field, that we
denote by SGCgoce-an, given in spatial resolution of 1/4° and
monthly time resolution. It exhibits smaller scales and lower
dynamic intensities in comparison with open oceans, making the
Mediterranean Sea a challenging test case for our satellite-based
analysis. The mean SGCgocg-—ar is largely consistent with previous
findings but with additional circulation features in time and space.
We also compare our results with the SGC output from the regional
hydrodynamic model of Mercator that assimilates satellite altime-
try, satellite sea surface temperature, and in situ observations. The
prominent SGC features agree well not only on the large and
subbasin scales but also in the widespread mesoscale dynamics.
We find, however, comparatively lower intensities than the Mer-
cator model in general, with differences that are on average around
7 cm/s, but might reach 13 cm/s in some coastal areas.

Key words: Surface geostrophic circulation, mean dynamic
topography, gravity field and steady-state ocean circulation
explorer (GOCE), Mediterranean Sea.

1. Introduction

The Mediterranean Sea is a semi-enclosed basin
strongly susceptive to global climatic changes (e.g.,
IPCC 2013; Durrieu et al. 2011) which have vital
implications in regional environmental and ecosys-
tem conditions. The Mediterranean Sea circulation
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has been largely studied in the literature from in situ
observations, satellite data, and model simulated data
(see, for instance, Robinson etal. 1991, 1999;
Roussenov et al. 1995; Millot and Taupier-Letage
2005; Buongiorno et al. 2006; Bouffard et al. 2008a
and references therein). More recently, Poulain et al.
(2012) studied the surface geostrophic circulation of
the entire Mediterranean Sea for the period
1992-2010 based on drifter observations and sea
surface altimetry data. Poulain et al. (2013) reviewed
selected studies of the Mediterranean circulation
based on drifter observations and ancillary remote-
sensing observations of satellite altimetry and high-
frequency coastal radars. In particular, the satellite
altimetry missions have enabled the accurate deter-
mination of the Mediterranean Sea Surface Height
(SSH), revealing its complex circulation behavior
(see, e.g., Bouffard etal. 2011; Jebri et al.
2016, 2017) in both spatial distribution and temporal
evolution while allowing detailed studies toward a
better understanding of the Mediterranean dynamics.

Recent advances in the estimation of the ocean
Mean Dynamic Topography (MDT) have led to sig-
nificant improvement in accuracy on the surface
geostrophic circulation (SGC) estimates. This owes
to the contribution of the twenty-first century space
gravity missions to our knowledge of the Earth’s
geoid, specially the Gravity field and steady-state
Ocean Circulation Explorer (GOCE) mission that
provided a geoid with spatial resolution typically
finer than 100 km. According to the horizontal
geostrophic balance, the MDT leads to the SGC at the
spatial and temporal resolutions under consideration.
In Bingham et al. (2011), Knudsen et al. (2011) and
Sanchez-Reales et al. (2012), the ability of GOCE
geoid to improve the MDT and consequently ocean
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circulation have been proved. The usefulness of this
method is illustrated, for example, in Sanchez-Reales
et al. (2014) on the SGC variations at global scales,
providing a monthly climatology of the global ocean
at quarter degree longitude-latitude grid resolution
and resolving spatial scales as short as 140 km.

The complex general circulation in the Mediter-
ranean Sea is composed of three major interacting
spatial scales, namely the basin, subbasin, and
mesoscale, making the determination of SGC by a
geodetic approach a challenge. Woodworth et al.
(2015) reviewed the measurements of the Mediter-
ranean MDT proving that the geodetic approach is
comparable with the independent ocean approach
from in situ oceanographic measurements and ocean
modeling, and it is important in validating existing
global ocean circulation models thereby contributing
to their improvements. Menna et al. (2013) used
combined geoid models assimilating GOCE data, to
estimate the Mediterranean MDT and its mean SGC
with promising results.

In this work, we develop a dataset referred to as
SGCgocr-air for Mediterranean SGC using 22 years
(1993-2014) of SSH data from satellite radar
altimetry missions in conjunction with a geoid solu-
tion based on the fourth release of GOCE data (see
Forste et al. 2011). From SGCgocg—arn, we study the
mean SCG and the seasonal climatology of the
Mediterranean for the 1993-2014 period in terms of
the flow velocity. The results are put in the context of
existing literature and compared with the Mercator
model simulated SGC.

2. Data and Methodology

2.1. Absolute Dynamic Topography

The absolute dynamic topography (ADT) is the
departure of the Sea Surface Height (SSH) from the
time-averaged geoid N:

ADT(x,y,t) = SSH(x,y,7) — N(x,y),

where x denotes the longitude, y is the latitude and 7 is
the time.

The SSH is measured by altimetry missions, and
we retrieve the dataset from the Sea Level Climate
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Change Initiative (CCI) project (http://www.esa-
sealevel-cci.org/-products) as a monthly merged
solution from several satellite altimeter measure-
ments (Jason-1, Jason-2, TOPEX/POSEIDON,
ENVISAT, ERS-1, ERS-2, and GFO) for the 22 years
of the time span from 01/01/1993 to 12/31/2014. The
data are anomalies with respect to the global high
resolution 17 years mean sea surface DTU10-MSS,
given at 1/4 degree grid with all recommended geo-
physical and atmospheric corrections applied
(Product version 1.1, see Ablain et al. 2015 for more
details). We add back this mean sea surface to
recover the true SSH.

We adopt the EIGEN-6C3 geoid solution, a high-
resolution global combined gravity field model based
on the 4th release of the GOCE Direct Approach (see
Forste et al. 2011 for details) has been used. Ander-
sen etal. (2015) demonstrated that the MDT
DTU13MDT combined with DTUI3MSS can be
used to derive realistic geostrophic currents compa-
rable to oceanographic-derived MDT. The MDT at
each location is expressed as the difference between
the MSS and the geoid. Thus, we obtain the ADT by
combining the SSH with DTUI3MDT and
DTU13MSS (available via urlftp.space.dtu.dk/-
DTU13, see Andersen et al. 2015 for details) com-
puted by the Danish National Space Center using two
decades of multi-mission satellite altimetry from 9
different satellites (Jason-1, Jason-2, TOPEX/POSEI-
DON, GFO, ICESAT, ERS-1, ERS-2, ENVISAT and
Cryosat-2).

2.2. Estimation of Surface Geostrophic Currents
(SGC)

The SGC speed in terms of the zonal component
(eastward), uy, and the meridional component (north-
ward), v,, follows immediately from the geostrophic
equation for the balance between the pressure gradi-
ent force and the Coriolis force:

Uy (t) = - g eADT )
[y
gO0ADT
foox

where g is the gravitational acceleration, and f =
2w sin ¢ is the Coriolis frequency, which depends on
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the latitude ¢ (w denotes the rate of rotation of the
Earth).

2.3. Simulated SGC from Mercator Model

We shall compare our results against the synthe-
sized data from Mercator Ocean Project (mercator-
ocean.eu). We use the product PSY2V4R4, an output
of the Mediterranean Sea Physics Reanalysis assim-
ilating in situ temperature and salinity profiles, and
satellite sea surface temperature and sea level
altimetry according to a three-dimensional variational
scheme (OceanVar) (for more details see Adani et al.
2011). One of the outputs is the simulated Surface
Currents as monthly maps from 01/01/2007 to 12/31/
2013 with a spatial resolution of 1/16°. To obtain the
geostrophic component of the Mercator Surface
Current, we subtracted the Ekman component of the
Surface Currents as obtained from GEKCO2 product.
The Ekman component was computed by Jo€l Sudre
at LEGOS (France) from remote-sensing altimeter
and scatterometer datasets (see Sudre et al. 2016),
and is distributed by the CERSAT as daily Ekman
Surface Currents maps with a spatial resolution of
1/4°.

3. Results and Discussion

In this section, we present the Mean Mediter-
ranean SGC and the monthly climatology and
seasonal variations of Mediterranean SGC based on
the SGCgoce-air analysis. These are used to derive
the main features of Mediterranean surface circula-
tion that we sketch in Fig. 1a. Direction of the mean
vectors of the flow superimposed to their norm is
shown in Fig. 1b. Notice that due to the seasonal
nature and/or decadal variability of several of the
features in Mediterranean circulation, some of these
features cancel out in Fig. 1b but can be recovered
using the mean speed, that is presented as the norm of
the monthly vectors in Fig. 1c; the mean Ionian SCG
for different periods that captures its distinct states of
circulation in Fig. 2; and the seasonal SCG means for
some of the subbasins that we present in Figs. 5, 6, 7
and 8 and Subsect. 3.2. In the latter subsection,
monthly climatology of the SGC goce-arr as

anomalies with respect to the mean is also presented
to capture the seasonal variability for some of the
main features. A comparison of our results with the
Mercator model SGC for the period 2007-2013 is
presented in Subsect. 3.3.

3.1. Mean Mediterranean SGC

The mean SGCgocg—a; in Fig. la is in good
agreement with the well-studied general pattern of
the Mediterranean Sea Circulation (Robinson et al.
1991, 1999; Roussenov et al. 1995; Millot and
Taupier-Letage 2005; Poulain et al. 2012). The
circulation is characterized by the Atlantic Water
Jet with its instabilities, bifurcations, and multiple
pathways, which travels from Gibraltar to the
Levantine basin (see Robinson et al. 2001). The
Atlantic water inflows through the Alboran Sea,
meandering around the two Alboran Gyres (AG)
(with mean speeds exceeding 25 cm/s, see Fig. 1c)
subject to a strong seasonal variations. It then forms
the Algerian Current (AC) with mean speed around
10-15 cm/s, considerably lower than the 30cm/s
reported by Poulain et al. (2012). The mesoscale
meanders and eddies off Algeria (as reported by
Millot 1985) move eastward to the Sardinia Channel,
and from there two streams of Atlantic water enter
the Eastern Mediterranean through the Sicily Strait:
the Atlantic Tunisian Current (ATC), first reported by
Béranger et al. 2004, running along the coast of
Tunisia; and the Atlantic—Ionian Stream (AIS) flow-
ing off the southern coast of Sicily. The latter has a
branch northward that becomes the Mid-Ionian Jet
(M1)), and a second branch turns southeastward and
merges with a Bifurcation of the ATC (BATC) close
to Lampedusa island, depending on the year it could
be just mainly BATC or mainly AIS (see Jebri et al.
2017). The MIJ is almost cancelled out in our 22
years mean due to the decadal variability of the
Ionian basin. The ATC splits in two branches the
BATC and a second branch that continues all along
the coast flowing eastward to the south Levantine
basin as a border current. At the Gulf of Sirte we also
observe a large anticyclonic gyre, the Sidra Gyre
(Jebri et al. 2016). As the continuation of the BATC/
AIS in the Levantine Basin, going a little northward
at around (32°N, 25°E), water flows by the central
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Levantine basin as the Mid Mediterranean Jet (MMJ)
(Poulain et al. 2012). The MMIJ bifurcates southwest
of Cyprus with one branch flowing cyclonically
around Cyprus forming the Cilician Current (CC) and
joining the Asian Minor Current (AMC) (mean speed
around 12 cm/s). A second branch goes southeast of
Cyprus forming the Rhodes Gyre (RG). This is the
beginning of the Atlantic Water outflow pathway.
Circulation in the Levantine basin is characterized by
large meanders and anticyclonic eddies south of the
MM as the Mersa Matruh Eddies (MME) and the
Ierapetra Gyre (IG) in winter time (identified with
mean speeds that exceed 25 cm/s and subject to
strong seasonality), and cyclonic gyres in the north-
ern basin as the RG, whose northern part merges with
the AMC. Northwest of Cyprus we observed a quite
stable anticyclonic eddy, that was previously reported
to be cyclonic (Malanotte-Rizzoli et al. 1999). Cir-
culation in the Aegean Sea is mainly cyclonic, the
water flows into the Aegean Sea along the eastern
coast with mean velocities around 5 cm/s and out
along its western coast with mean velocities increas-
ing from 10 to 15 cm/s north to south. Then water
continues its way towards the Northern Ionian basin
flowing northwest of Crete around Peloponnese,
where emerges south of the peninsula a strong
permanent anticyclonic feature, the Pelops Gyre
(PG) (see, for instance, Robinson et al. 1991; Korres
et al. 2000), and forms in the Northern Ionian basin
an eastern boundary current going northward fed by
waters flowing westward north and south of Crete.
The Adriatic sea is characterized by a cyclonic
circulation with two well defined gyres located in the
south and the middle of the basin the South Adriatic
Gyre (SAG) and the Middle Adriatic Gyre (MAG)
while for the northern part the behavior seems more
anticyclonic except for the summer months when a
cyclonic eddy is apparent (see Fig. 7). This Adriatic
mean circulation is in agreement with previous
studies (Artegiani et al. 1997; Poulain 2001; Poulain
et al. 2012), except for the anticyclonic circulation in
the Northern Adriatic apparent from autumn to spring
that to our knowledge has not been previously
reported.

The mean SGCgocg—_a;; in the Tyrrhenian Sea
shows an overall cyclonic circulation with a north-
westward current that forms a permanent gyre at the

southwest of the basin. Other important features in
the basin that are almost cancelled in the mean due to
high seasonal variability (see Sect. 3.2) are: the
cyclonic North Tyrrhenian Gyre (NTG) east of the
Bonifacio Strait; an anticyclonic gyre that appears in
autumn months southern to the NTG; close to the
eastern coast (at approximately 40°N) an anticyclone
eddy that reverse to cyclonic in winter months; and a
second anticyclonic feature in the southeastern part of
the basin, north of Sicily.

In the North Western Mediterranean, we observe
two main currents, the Northern Current (NC) going
southeastward along the Italian, French and Spanish
coast (speed around S5cm/s) with a branch going
westward that recirculates from the Balearic Islands
along the west of Corsica back to the gulf of Genoa
(with mean speed ranging between 8-12 cm/s), this
branch is known in the literature as the North
Balearic Front (Robinson et al. 2001; Millot and
Taupier-Letage 2005). In the center of this feature is
apparent a permanent cyclonic gyre off the Gulf of
Lions, referred as the Gulf of Lions Gyre (GLG). This
circulation scheme is in good agreement with previ-
ous studies, except for a bifurcation of the westward
branch of the NC that continues westward towards
the Sardinia Chanel, that is reported in Poulain et al.
(2012), but not captured by our approach.

As observed before, most of the mesoscale eddies
are averaged out in forming the mean (Fig. 1b), as
they are subject to a strong seasonal variation (see
Sect. 3.2). In the case of the Ionian Sea, also more
permanent features are hardly discernible since the
circulation in this region is characterized by a decadal
oscillation the cancels them out, as documented in the
literature in association with the Eastern Mediter-
ranean Transcend (EMT) and the Adriatic—Ionian
Bimodal Oscillating System (BiOS) (See Borzelli
et al. 2009; Gacic et al. 2010; Bessieres et al. 2013,
and references in there). The Ionian Sea circulation
shows two distinct states with a circulation reversal in
the northern part of the Sea from a cyclonic to an
anticyclonic mode and vice versa, inducing in turn a
reversal in the sea level trend of the basin (Vigo
et al. 2005, 2011; Del etal. 2009). We have
computed the mean Ionian SGC for three consecutive
periods: from January 1993 to June 1997; from July
1997 to December 2005; and from January 2006 to
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December 2010 (cf. Poulain et al. 2012; Borzelli
et al. 2009; Gaci¢ et al. 2010) to describe long-term
circulation in the Ionian basin. The resulting maps are
shown in Fig. 2. For the first and third periods we can
observe a strong MIJ (more intense in the first period)
flowing on the northern Ionian Sea producing an
overall anticyclonic circulation, while the middle
period highlights a very weak MIJ with an AIS jet
that reaches its strongest values when owing towards
the center of the Ionian basin and a cyclonic gyre that
develops northward.

3.2. Monthly Climatology and Seasonal Variations
of Mediterranean SGC

Figures 3 and 4 show the monthly climatology of
the SGCgsocp_air as anomalies with respect to the
mean (Fig. 1b). They capture a clear seasonal
variability for some of the main features in Mediter-
ranean circulation. We observe a general
strengthening of the cyclonic circulation in winter
and of the anticyclonic circulation in summer and
autumn. Velocities are lower in summer and early
autumn (from June to October) and higher in winter
and early spring (from November to March) going
eastward in the southern part and westward in
northern part. Notice that being these anomalies, a
vector in Figs. 3 and 4 with opposite direction to the
corresponding vector in Fig. la should not be
interpreted as a change in the direction of the
circulation but rather as a decrease in velocity. This
seasonal changes could be partly driven by the high
seasonality of the inflow of Atlantic water into the
Mediterranean through the Strait of Gibraltar that has
its maximum in September (Soto et al. 2010).

In Figs. 5, 6, 7 and 8, we show the seasonal means
for some of the subbasins to better visualize its
seasonal variations. Notice that these maps (unlike
Figs. 3 and 4 that represent anomalies) are computed
as the mean of the months corresponding to each
season for the whole period 1993-2014. Seasons have
been defined as: Winter (December, January, Febru-
ary); Spring (March, April, and May); Summer (June,
July, and August); and Autumn (September, October,
and November). The seasonal mean for the Western
Mediterranean Basin is shown in Fig. 5. We can
observe that in the north Western Mediterranean

Pure Appl. Geophys.

Basin the NC flows southward along the coast with a
branch that emerges at the Balearic subbasin (North
Balearic Front) surrounding the GLG, forming a
stable cyclonic structure all through the year. The
GLG narrows in winter and spring increasing the
velocities observed in the northern part of the NC
(around 8 cm/s) and in the North Balearic Front
(around 12 cm/s). In the southern basin, we observe
very clearly the east AG with a cyclonic circulation
from autumn to spring that reverses in summer.
Intensities are maximum in winter and summer
(exceeding the 30 cm/s), and much lower in spring
and autumn. The west AG is also apparent showing a
cyclonic circulation in winter and spring that reverses
in summer and autumn. Here maximum intensities
(exceeding the 35 cm/s) are in autumn and in spring
when the Atlantic water that flows in merges with the
NC.

The observation that the AG circulation is
cyclonic in certain seasons of the year is apparently
in disagreement with existing literature that reports
the two AG appear intermittently but always anticy-
clonic (see e.g., Vélez-Belch et al. 2005; Snaith et al.
2003). This discrepancy might be partially explained
by the fact that, as we estimate only the geostrophic
circulation, the past studies often referred to the total
circulation and it is well known that the Alboran Sea
upper layer circulation driven by wind stress and
atmosphere pressure is largely ageostrophic (see
Viddez et al. 1996, 1998). In any case, the observed
seasonal reversal of the two AG should be interpreted
with caution considering the high variability of the
mesoscale phenomena and the inadequate in situ
observations in the region.

The AC, characterized by meanders emerging
around several cyclonic and anticyclonic gyres, is
also easily identifiable from Fig. 5. Maximum
velocities are observed along the African coast in
winter (around 10 cm/s).

The seasonal mean SGC in the Tyrrhenian basin
is shown in Fig. 6. The southern subbasin is
characterized by a branch of the AIS that flows
cyclonically toward the north, but with meanders
emerging around several anticyclonic gyres along the
Italian coast, as the one located approximately 40°N
(that reverses to cyclonic in winter months), and the
one located the southeastern part of the basin, north
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Figure 3
Monthly climatology of the Mediterranean Surface Geostrophic Currents anomalies with respect to the 1993-2014 mean, shown in Fig. la.
Months from January to June, the month is indicated at the left bottom of each panel

of Sicily. The main feature in the northern subbasin is
a dipole composed of cyclonic and anticyclonic
circulations observed in the northwest: the anticy-
clonic NTG (east of the Bonifacio Strait); and the
North Tyrrhenian Cyclonic Gyre southern to it (see
Marullo et al. 1994). This dipole feature displays a
strong seasonal dependence in size and position,
being stronger in autumn. These results are in good
agreement with the circulation reported by Rinaldi
et al. (2010).

The seasonal mean for the Adriatic sea is shown
in Fig. 7. The Adriatic general circulation system is
confirmed as a global cyclonic circulation, except in
the northern Adriatic area where an anticyclonic

meander going northeast direction towards Trieste is
apparent in autumn, winter and spring (we could not
find any reference to this anticyclonic meander in the
existing literature). Note that in this same region a
cyclonic gyre also emerge in summer months. A
similar gyre has been also reported by Artegiani et al.
(1997) and Poulain (2001) but they observed it in
different periods. As shown in Fig. 7 in the central
and southern parts of the basin, the well-known
cyclonic MAG and SAG are present throughout the
year. Both gyres broaden in spring and summer and
narrows in autumn and winter increasing velocities.
The western border current, flowing southward along
the Italian coast, and the eastern (and much weaker)
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Monthly climatology of the Mediterranean Surface Geostrophic Currents anomalies with respect to the 1993-2014 mean, shown in Fig. la.
Months from July to December, the month is indicated at the left bottom of each panel

border current, flowing northward, are also observed
as permanent features. In both cases, higher mean
velocities are observed in the central part of the
Adriatic (in summer, close to 15 cm/s for the western
border current; and in autumn, reaching 12 cm/s for
the eastern side). These velocities are lower than
(about half of) those reported by Poulain (2001)
based on drifters data.

In the Eastern Mediterranean Basin (see Fig. 8),
the main seasonal variation regards the MMJ and the
IG. Both shift their position seasonally with higher
velocities in the central part of the basin in autumn.
This is when IG mean velocities exceed 30 cm/s and

IG circulates clockwise remaining southern of the
MMI. For the rest of the year the IG circulates
counterclockwise and remains northern of the MMJ.
This seasonal reversal of the circulation has been
unreported previously, where the IG is described as
an anticyclonic non-steady gyre, that is usually
generated in the summer and might last from several
months to years (see, e.g., loannou et al. 2017). As
for the AG, this apparent discrepancy can be partly
explained by the strong ageostrophic component of
the IG due to the Etesian winds (see, e.g., Mkhinini
et al. 2014).
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1993-2014 Seasonal Mean Western Mediterranean Surface Geostrophic Currents as estimated from satellite gravity and altimetry. Season
(and the corresponding months) is indicated at the right top of each panel. The color scale is designed to better visualize the full range of
values and its saturated to 15 cm/s, though speed reaches up to 35 cm/s

Standard deviation of the monthly SGCgocr—ar
speed is shown in Fig. 9. Notice that the color scale is
designed to resolve regional features rather than
extreme values and saturates at 15 cm/s. As expected
from the annual climatology (Figs. 3 and 4), the
surface current with Atlantic origin is characterized
by higher variability in the inflows of Atlantic water
to the east along the southern part of western and
eastern basins (with peaks above 20 cm/s, saturated
dark red in Fig. 5), and mitigates in its return along
the northern part of both basins. Significant variabil-
ity can also be observed in areas corresponding to
well-known mesoscale dynamics, which include: the

AG [(with standard deviation (std) of the monthly
speed around 12 cm/s]; the different gyres that form
the AC (std around 10 cm/s); the NTG (with lower std
around 5 cm/s); the PG (with std around 8 cm/s); the
IG which is the most active and intense gyre in the
whole basin (with std around 20 cm/s); the MME (std
around 15 cm/s); and the SE (std around 12 cm/s).

3.3. Comparison with Simulated Mercator Surface
Geostrophic Currents

In this section, we compare our SGCsoce—a;r With
the SGC from the hydrodynamic model Mercator that
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Figure 6

1993-2014 Seasonal Mean Tyrrhenian Surface Geostrophic Currents as estimated from satellite gravity and altimetry data. Season (and the
corresponding months) is indicated at the left bottom of each panel

assimilates in situ, SST and altimetry data (see Sect. of the Mercator data availability. Note that, unlike
2.2), hereafter SGCpyercaror- The comparison is Mercator, here we use an independent geoid based on
restricted to the 7-year period of 2007-2013 because GOCE satellite gravity data which leads to an
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Figure 7
1993-2014 Seasonal Mean Adriatic Surface Geostrophic Currents as estimated from satellite gravity and altimetry data by seasons. Season

(and the corresponding months) is indicated at the right top of each panel

independent MDT from the assimilated altimetric
anomalies for the SGCgocg—_an-

Figure 10 shows the mean SGC speed from both
datasets. The annual mean SGCpyyercator Climatology
shows a similar pattern but with higher velocities
than that from SGCgocg—_air, mainly for the Algerian
Current, the North Current, and the Cilician and Asia
Minor Currents. The correlation between the two
maps is 0.46, and statistically significant at the 0.05
level. The map of correlations (see Fig. 11a) shows
correlations ranging from 0.5 to 0.7 all along the

main path of the Atlantic Stream System. Consider-
ing the complex representation of the vector velocity
fields (in the form of u + iv, where u and v are the
zonal and meridional components), we can obtain the
complex correlation coefficient as described by
Kundu (1975) whose magnitude gives the overall
measure of correlation and whose phase gives the
average relative displacement or veering between the
two vector fields. The complex correlation coefficient
between the mean SGC speed from both datasets is
0.27, and the mean angular offset of veering is
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1993-2014 Seasonal Mean Eastern Mediterranean Surface Geostrophic Currents as estimated from satellite gravity and altimetry. Season (and
the corresponding months) is indicated at the right bottom of each panel. The color scale is designed to better visualize the full range of values
and its saturated to 15 cm/s, though speed at AG reaches 30 cm/s

— 6.9°. The maps of veering angle and complex
correlation coefficient are represented in Fig. 11b, ¢
respectively, notice that the angular offset of veering
is more significant the higher the correlation is. The
mean speed is in good agreement quantitatively in the

eastern basin, while in the north part of the Western
basin mean velocities are lower in the SGCsoce—an-

Figure 12 shows the amplitude and phase of the
SGC annual cycle for both datasets. The maximum
values in Fig. 12b reach 14 cm/s (with an average
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Figure 9
Standard deviation of the Mediterranean Surface Geostrophic
Currents speed as estimated from satellite gravity and altimetry
data for the period 1993-2014. The color scale is designed to
resolve regional features rather than extreme values and saturates at
15 cm/s

value of 2.3 cm/s) while in Fig. 12a maximum values
are around 7 cm/s (in average 1.5 cm/s). Again the
main differences are located in current systems near
coastal areas. However, as shown in Fig. 12c, d, we
obtain very close values for the phase, for example,
for the Northern Current that reaches its maximum in
the late winter, in agreement with Mercator and
previous studies (e.g., Birol et al. 2010). Three
plausible explanations of comparatively lower ampli-
tudes in our results are: (1) the lower precision in the
satellite gravity data, since small-scale circulation
details could have been removed in the filtering

(a) 2007-2013 Mean SGC Speed (cm/s)

GOCE Alt

5'w o sE 10E 15 E 20 E 25 E 30 E 35 E

a5

40"

35"

30"

cm/s

processes (Sanchez-Reales et al. 2016); (2) the lim-
itations of the filtering process for altimetry data
products that do not take into account the variability
of signal-to-noise ratio from one mission to another
and seasonally. The latter has been shown by Morrow
et al. (2017) where fine scale ocean dynamics for
northwestern Mediterranean Sea is addressed based
on along track data from Jason-2, SARAL/AItiKa and
CryoSat-2; and (3) barotropic dynamics due to wind
effects are removed from the altimetric signal,
whereas a model could reproduce such a dynamics
(see Bouffard et al. 2008b). In interpreting the
discrepancies between our approach and Mercator
model, it should be noted that the model that
assimilates in situ, SST and altimetry data inherits
some of the problems discussed above, and has its
own uncertainties and therefore it cannot be consid-
ered as undisputed base for any comparison. Further
research is needed to address these issues.

4. Conclusions

In this work, we provide a mean and a monthly
climatology for the Mediterranean SGC using 22
years of satellite ocean altimetry data and the geoid
determination from the GOCE mission (Release 4).
We reproduce the general known patterns of the
Mediterranean Sea Circulation at the basin scale and

subbasin scale (Robinson etal. 1991, 1999;

(b) 2007-2013 Mean SGC Speed

Mercator

cm/s

Figure 10
Mean speed of the Mediterranean Surface Geostrophic Currents for the period 2007-2013 as estimated from: a satellite gravity and altimetry
data, and b ocean model Mercator simulated data. Correlation between the two maps is 0.46
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Figure 11
Correlation between the Mediterranean Surface Geostrophic Currents Speed as estimated from satellite data (gravity and altimetry) and from
ocean model Mercator simulated data (time period 2007-2013): a correlation coefficients map; b veering angle map; ¢ complex correlation
coefficients map

Roussenov et al. 1995; Millot and Taupier-Letage
2005; Poulain et al. 2012), and also report new
findings. For the Ionian basin, decadal variations of
the circulation associated to well marked events
such as the EMT (Roether et al. 2007) and the
Adriatic-Ionian BiOS evidenced by Gaci¢ et al.
(2010) are well reproduced. The estimated mean
Tonian SGC for three consecutive periods illustrates
how the mean SGCgocg_ai; circulation there rever-
ses in mid-1997 from an overall anticyclonic to a
cyclonic circulation, and in late 2010 reverse again
back to cyclonic. Our approach overcomes the main
limitations of existing approaches, those based
solely on altimetry data in lack of independent geoid
as a reference for the altimetry derived SSH maps,
while approximations based on in situ data are
sparse and inhomogeneous in temporal and spatial

coverages. Most seasonal SGC variations here

reported are in agreement with several studies at
subregional level (Artegiani et al. 1997; Poulain
2001; Birol et al. 2010; Rinaldi et al. 2010), though
for some currents we obtain weaker velocities than
in situ observations (as the AC reported by Poulain
et al. 2012). Some of the subbasins and seasonal
mesoscale features, as the seasonal reverse of the
AG and the IG, have not been documented previ-
ously, this indeed evidences the potential of this
new approach to the SGC. Although, as discussed in
the previous section, the high variability of the
mesoscale phenomena in these subbasins, their
ageostrophic nature and the limited availability of
in situ observations suggest that the reported results
should be interpreted with caution.

In the comparison with the hydrodynamic Mer-
cator model that assimilates in situ and altimetry data,
we obtain similar patterns and intensities for the main
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Figure 12
Amplitude and Phase of the annual cycle of the Mediterranean Surface Geostrophic Currents for the period 2007-2013 as estimated from
satellite gravity and altimetry data (left panels), and ocean model Mercator simulated data (right panels).

characteristics at basin and subbasin scales. However,
for finer scale dynamics and specially near-coastal,
our approach reproduces similar patterns and sea-
sonality but weaker intensities compared to Mercator.
We suspect that one of the main contributors to these
discrepancy would be the filtering techniques on
satellite data to remove the geophysical and instru-
mental corrections, where both altimetry and gravity
are affected, though in different ways. Morrow et al.
(2017) provided new evidences that signal-to-noise
ratio varies from one mission to another, and sea-
sonally. Moreover, the filtering process of gravity
data has removed small-scale features affecting the
resolution of the geoid and hence the resolution of the
approach presented here. Other possible contributions
could be associated with barotropic dynamics due to
wind effects that are removed from the altimetric

signal, but a model could reproduce (see Bouffard
et al. 2008b).

As such, our present approach is meant to repre-
sent an evaluation tool for studying ocean dynamics
at basin and subbasin scales while further compar-
isons and improvements are to be anticipated.
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