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a b s t r a c t

We describe a synthesis of the Mediterranean Sea circulation structure and dynamics from a 23-year-
long reanalysis of the ocean circulation carried out by Adani et al. (2011). This mesoscale permitting
dynamical reconstruction of past ocean variability in the Mediterranean Sea allows the study of the
time-mean circulation and its low frequency, decadal, components. It is found that the time-mean circu-
lation is composed of boundary and open ocean intensified jets at the border of cyclonic and anticyclonic
gyres. The large scale basin circulation is generally characterized in the northern regions by cyclonic
gyres and in its southern parts by anticyclonic gyres and eddy-dominated flow fields, with the exception
of the Tyrrhenian and the northern Ionian Sea. The time-mean Tyrrhenian Sea circulation is dominated by
cyclonic gyres of different intensity and intermittency. The northern Ionian Sea circulation, however,
reverses in sign in two ten-year periods, the first in 1987–1996 and the second in 1997–2006, which
is here called the Northern Ionian reversal phenomenon. This reversal is provoked by the excursion of
the Atlantic-Ionian Stream from the middle to the northern parts of the basin. The decadal variability
of other parts of the basin is characterized by changes in strength of the basin scale structures. The water
mass formation rates and variability are dominated by event-like periods where the intermediate and
deep waters are formed for 2–3 years at higher rates. The largest deep water formation events of the past
23 years occurred separately in the western and eastern Mediterranean basin: the first coincided with the
Eastern Mediterranean Transient (Roether et al., 1996) and the second with the western Mediterranean
deep water formation event in 2005–2006 (Smith et al., 2008). A new schematic of the basin-scale circu-
lation is formulated and commented.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Mediterranean Sea is a well-known anti-estuarine semi-en-
closed sea that can be subdivided into two anti-estuarine sub-ba-
sins, the western and eastern Mediterranean, respectively west
and east of the Sicily Strait sill (see Fig. 1). The negative heat and
fresh water budgets correspond to a net loss of about 5 W m�2

and 0.7 m y�1 and are balanced by entering heat and water from
the Strait of Gibraltar. This steady-state balance is achieved at mul-
tidecadal time scales, while at seasonal and interannual time scales
heat can be stored and partially lost by single wintertime large
evaporation events (Garrett et al., 1993; Pettenuzzo et al., 2010).
The river runoff from the basin catchment is only about 10% of
the net water flux into the sea (Struglia et al., 2004) but its de-
crease in past decades due to water usage in agriculture is probably
the largest human impact on the Mediterranean Sea ecosystem
(Ludwig et al., 2009).

Mediterranean Sea circulation is forced, like that of all the major
ocean areas of the world, by the combined effects of wind stress
and buoyancy fluxes. In the past, idealized and coarse-resolution
studies have indicated that the basin circulation has a double gyre
structure (Pinardi and Navarra, 1993; Pinardi and Masetti, 2000;
Molcard et al., 2002) due to westerly winds crossing the basin from
November to June (Korres et al., 2000; Castellari et al., 1998). Due
to the wind stress curl sign, the northern areas are characterized by
cyclonic circulations while the southern areas by anticyclonic mo-
tion. As for the North Atlantic, the cyclonic northern gyres are also
forced by deep and intermediate water formation processes while
the southern gyres store intermediate-mode waters which com-
pose the permanent thermocline of the basin.
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Fig. 1. Mediterranean basin geometry and nomenclature for major seas and areas. The shaded areas indicate depths less than 200 m. The four boxes (1–4) are used for the
water mass formation computations.
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As a mid-latitude basin, the Mediterranean Sea has a large
water mass formation cycle which is impacted by the entering
Atlantic Water (AW) from the Strait of Gibraltar. The fresher AW
characterizes the upper 50–100 m layer which overlies the Levan-
tine Intermediate Water (LIW) formed in the Levantine basin (Las-
caratos et al., 1993). The deep water masses are distinct between
the western and eastern parts of the basin since the Sicily Strait sill
has a maximum depth of 500 m. The Western Mediterranean Deep
Waters (WMDW) and the Eastern Mediterranean Deep Waters
(EMDW) are formed in the Gulf of Lion area and the southern Adri-
atic Sea respectively (see Fig. 1), but deep waters can also form in
the Rhodes gyre (Levantine Deep Water, LDW, Gertman et al.
(1994)) and in the Sea of Crete (CDW, Tsimplis et al. (1999)). In
the late eighties and early nineties a large climatic event known
as the Eastern Mediterranean Transient (EMT, Roether et al.
(1996)) showed for the first time the contribution of the Aegean
Sea to the Eastern Mediterranean deep waters.

The Mediterranean Sea has also been found to have a dominant
mesoscale circulation component (Robinson et al., 1987; Ayoub
et al., 1998), similar to the world ocean, but also specific to this ba-
sin. The eddy field is constituted by semi-permanent eddies that,
due to this specific persistency in time, may be also called gyres.
This is the case of the Ierapetra and Pelops gyres described in sev-
eral papers as recurrent gyres (Larnicol et al., 2002) with a spatial
scale of the order of 10–12 times the local Rossby radius of defor-
mation (Hecht et al., 1988) or about 120 km in diameter. The time
persistency of this eddy field is still an unresolved problem but
probably three factors contribute: the nonlinear dynamical bal-
ances, the specific atmospheric forcing and the bathymetry. The
nonlinear versus Rossby wave linear dynamics balance is synthe-
sized in the beta Rossby number:

b ¼ b0L2

U

where L is the eddy scale, U the velocity scale and b0 is the latitudinal
gradient of the Coriolis parameter. This nondimensional number is
the ratio between the planetary and relative vorticity advection
(Pedlosky, 1979). For the Mediterranean, U ¼ 0:01 m s�1,
L ¼ 10 km while for the North Atlantic U ¼ 0:1 m s�1; L ¼ 100 km
with b0 ¼ 10�11 m�1 s�1 for both, resulting approximately in a beta
Rossby number of 0.2 and 2 for the Mediterranean and North Atlantic
respectively. This shows that stronger nonlinear dynamical balances
may be expected in the Mediterranean Sea, driving large inverse en-
ergy cascades (Rhines, 1979) and inhibiting planetary wave dynam-
ics, thus enhancing the persistency of eddies in the basin.
The general objectives of the present study are: (1) to assess for
the first time the large-scale time-mean circulation structure of
Mediterranean Sea; (2) to quantify the low-frequency time vari-
ability of the circulation; and (3) to describe the major water mass
formation events and explore the relationship between them.

The paper is organized as follows: Section 2 illustrates the
reanalysis data set; Section 3 shows the mean circulation; Section 4
the decadal mean circulation structure; Section 5 the barotropic
wind driven circulation and its decadal variability; Section 6 syn-
thesizes the water mass formation process variability. A discussion
section concludes the paper.
2. The reanalysis data set

The quality of, and the methodology used to produce, the first
high-resolution reanalysis for the Mediterranean Sea is described
in detail in Adani et al. (2011). In this section we will only overview
some important methodological aspects and we will mention some
overall quality indices.

The Mediterranean Sea reanalysis has been produced using the
historical profiles from the MedAtlas data set (Maillard et al., 2005)
and the operational observational network of MFS (Pinardi and
Coppini, 2010). The historical data set consists of MBT, BT, CTD
and XBT data from 1912 to approximately 2000. The operational
MFS network, on the other hand, consists of real-time satellite
and in situ data, from 1992 and 1999 respectively, to today. The
in situ data are composed of temperature vertical profiles down
to 700 m provided by a ship-of-opportunity programme (Manzella
et al., 2007) and temperature and salinity profiles down to 700 and
2000 m implemented by the Medargo program (Poulain et al.,
2007). The real-time satellite measurements consist of along-track
Sea Level Anomaly (SLA) from altimetry (Pinardi et al., 2003). In
addition, a reprocessed five-day mean Sea Surface Temperature
(SST) product from 1985 to 2005 (Marullo et al., 2007) has been
considered, while for the last two years a daily real-time SST prod-
uct (Buongiorno Nardelli et al., 2003) has been used.

The numerical model used for the reanalysis is described in
Adani et al. (2011) and has 71 non-uniform z-coordinate levels
and a horizontal resolution of 1=16� � 1=16�. The domain covers
the entire Mediterranean Sea and a portion of the Atlantic Ocean,
where an Atlantic box is designed to parameterize coupling be-
tween the Mediterranean and the Atlantic. The model is forced
by European Centre for Medium-Range Weather Forecasts
(ECMWF) surface fields using interactive air-sea physics (Pinardi
et al., 2003; Tonani et al., 2009). The initial condition for January



Fig. 2. The basin and time average root mean square error of misfits (difference between observations and model simulation before data insertion) for SLA (top), temperature
T (bottom left) and salinity S (bottom right) panels. Units are m for SLA, �C for T and PSU for S. Modified from Adani et al. (2011).
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1, 1985 is taken from the January climatology of the Medatlas data
set (Rixen et al., 2004) and atmospheric realistic forcing is imposed
from the beginning of the reanalysis without any relaxation to the
climatology itself.

All the satellite and in situ data are assimilated using a 3D var-
iational assimilation scheme, OceanVar (Dobricic and Pinardi,
2008), that produces ocean daily reanalyses. Both the historical
and in situ data are only used to a depth of 1000 m, as we assume
knowledge of the background error covariance matrix only to that
depth. For more details see Dobricic et al. (2007). The SST is used as
a surface heat flux correction term. The quality of the reanalysis
has been evaluated in Adani et al. (2011) by computing basin aver-
age root mean square (rms) of misfits (difference between observa-
tions and model simulation before data insertion) for temperature
(T), salinity (S) and SLA. These are now reproduced in Fig. 2 for the
whole 1985–2007 reanalysis period.

The rms error decreases with depth, from a maximum at the
surface, about 0.8 �C for T and 0.4 PSU for S, to a minimum at
1000 m. These values are comparable with the assumed combined
measurement and sampling error for each type of measurements
(Adani et al., 2011). The SLA rms error is on average 4 cm, which
is also comparable with estimates of satellite along-track altimetry
error (Pujol and Larnicol, 2005).
3. The time-mean general circulation

In the previous section we gave evidence that all the reanalyzed
state variables have a quality that is comparable to the measure-
ment errors. This allows us to analyze the climatological structure
of the general circulation inferred from the observations consid-
ered in the reanalysis. In the past, this study was attempted using
geostrophic computations applied to the climatological tempera-
ture and salinity fields (Brankart and Brasseur, 1998) or applying
inverse methods to a much sparser data set (Tziperman and
Malanotte-Rizzoli, 1991). More recently, a surface current clima-
tology was computed for the same time period considering a linear
model of surface drifter trajectories and geostrophic currents from
altimetry (Poulain et al., 2012), but without considering any other
subsurface data.

The basic reanalysis data set used in this paper is composed of
monthly mean values which were subsequently averaged in time
to compose the time-mean circulation described by the mean
velocity field, ~uM:

~uMð~xÞ ¼
1
s

Z s

0
~uð~x; tÞdt ð1Þ

where ~u ¼ ðu;vÞ is the horizontal velocity, s is equal to 21 years,
from 1987 to 2007, ~x is the model grid positions and t is time. We
allowed for a spin-up time of the analysis system of two years,
1985 and 1986, trying to minimize the effects of adjustments in
the deep layers. In view of the large decadal variability of the circu-
lation, the 21-year average may not represent the long-term mean
circulation.

3.1. Surface circulation

The surface mean circulation is displayed in Fig. 3 and in the fol-
lowing we will describe in detail the main features emerging from
this climatological picture.

Starting with the Alboran Sea (Fig. 1), the circulation is charac-
terized by the Atlantic Water current entering from Gibraltar and
meandering around the two Alboran gyres. We note that the wes-
tern anticyclonic Alboran gyre (Heburn and La Violette, 1990) is
well depicted while the eastern gyre counterpart is at a smaller
amplitude. It is known that both the western and eastern gyres
may disappear from time to time (Vélez-Belch et al., 2005; Snaith
et al., 2003), and the eastern gyre in particular, so its amplitude in
the mean is smaller than the western gyre. The Almera-Oran front
(Allen et al., 2001) is a well defined mean circulation structure that
lies between the eastern Alboran gyre and a cyclonic eddy that we
will call here the Almera-Oran cyclonic eddy. To our knowledge
this cyclonic structure has never been fully documented but it ap-
pears to be a large amplitude mean flow structure of this region.

After the Almera-Oran front two intensified currents are de-
fined, one going northward toward the Ibiza channel (Fig. 1) and
the other forming an intensified segment of the Algerian Current
(Arnone et al., 1990). This is only a well-defined boundary current
immediately after the Almera-Oran front, between 0� E and 2� E,
whereas between 3� and 8� E the mean flow is weak and without
a precise direction. This is the well-known instability region of
the Algerian current (Millot, 1985), where large anticyclonic eddies
grow and persist for several months, dominating the flow field and



Fig. 3. The 1987–2007 time-mean circulation at 15 m depth from the reanalysis: gray areas indicate velocity amplitudes greater than 0.1 ms�1.
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moving slowly in all directions but especially eastward and coast-
ward (Ayoub et al., 1998). The largest eastward mean velocities are
found in the open ocean, in the central western Mediterranean,
forming a wide meandering free jet, centered around 39:5� N. This
eastward mid-ocean current has never been well documented be-
fore, and will here be called the Western Mid-Mediterranean Cur-
rent (WMMC) for future reference. The WMMC is a residual current
after multi-year averaging and instantaneous currents could not
always show this feature.

The northward flowing segment after the Almera-Oran front
feeds the WMMC, branching around the islands of Ibiza and Major-
ca. After Majorca, the WMMC merges with the southern border of
the cyclonic flow dominating the circulation north of 40� N, called
in the literature the Gulf of Lion gyre (Madec et al., 1991; Pinardi
et al., 2006). The latter is constituted by a northward boundary
intensified current also called the Liguro-Provenal-Catalan Current
(Pinardi et al., 2006) which closes cyclonically in the Catalan Sea.

Eastward of the Balearic Islands, the WMMC flows in the open
ocean turning southward along the western coasts of Sardinia
and forming there an intensified current that is the largest ampli-
tude current in the western Mediterranean Sea, called hereafter the
Southerly Sardinia Current (SSC). In the Sardinia Channel, the SSC
flows along the Tunisian coastlines, forming a segment of the Alge-
rian Current starting from 8� E. Entering the southern Tyrrhenian
Sea the reformed Algerian Current branches in three parts, as doc-
umented in the past (Béranger et al., 2004; Pinardi et al., 2006).
Two branches enter the Sicily Strait and a third one flows north-
eastward in the Tyrrhenian Sea.

In the Tyrrhenian Sea the circulation is dominated by three cy-
clonic gyres: the South-Western Tyrrhenian Gyre (SWTG), the
South-Eastern Tyrrhenian Gyre (SETG) and the Northern Tyrrhe-
nian Gyre (NTG, Artale et al. (1994)). Only two of the three are well
known in the literature, while the SETG is weak in the mean, most
probably because this is an area of frequent anticyclonic eddies
that weaken the cyclonic mean circulation (Rinaldi et al., 2010).

In the middle of the Tyrrhenian Sea, the eastern border of the
SWTG forms a wel-defined northward current which we call here
the Middle Tyrrhenian Current (MTC). Around Corsica (see Fig. 1)
there are two northward directed currents, the western and wes-
tern Corsica Currents, the first being part of the Gulf of Lion Gyre
border and the second being a segment of the MTC.

Thus, in conclusion, the surface western Mediterranean circula-
tion is characterized by the well known western and eastern Albo-
ran gyres, the Gulf of Lions gyre but also by new mean currents
such as the WMMC, the SSC and the MTC. The mean Algerian Cur-
rent emerges as a discontinuous structure, formed by two seg-
ments, one from 0� E to 2� E and the other from 8� E to 10� E, as
originally depicted by Millot (1985). The SSC is a very intense cur-
rent in the western Mediterranean that converges with the Alge-
rian segment to form the highest amplitude current of the
Mediterranean Sea, with the sole exception of the Strait of Gibral-
tar. The SSC is confirmed by the recent analysis of surface drifters
of Poulain et al. (2012).

The Algerian Current, entering the Sicily Strait, branches into
the Sicily Strait Tunisian Current (SSTC) along the southern coasts
and the Atlantic Ionian Stream (AIS) (Robinson et al., 1999; Onken
et al., 2003; Lermusiaux and Robinson, 2001) in the north. At
about 13� E, the SSTC turns northward around a large anticyclonic
gyre called by Pinardi et al. (2006) the Sirte Gyre (SG). After the
Malta escarpment the AIS flows as a broad open ocean free jet lo-
cated approximately around 36�—35:5� N. The AIS forms the
northern border of the SG subdividing the Ionian Sea in two
meridional regions. North of the AIS, the mean flow is not very
well defined, except for segments of an eastern boundary current,
called for future reference the Eastern Ionian Current (EIC) and,
on the western Ionian side, a weak cyclonic gyre, called the
Northern Ionian Cyclonic Gyre. Another sub-basin scale coherent
structure on the north-eastern side of the AIS is the Pelops Gyre
(PG) (Robinson et al., 1992), which has been documented to be
a recurrent large eddy.

Before entering the Cretan Passage (Fig. 1), around 20� E, the AIS
turns southward reaching the North African coasts and forming a
broad current from approximately 21� to 26� E which we will call
hereafter the Cretan Passage Southern Current (CPSC). The latter
branches in the Mid-Mediterranean Jet (MMJ) and the Southern
Levantine Current (SLC) (Pinardi et al., 2006). The MMJ was first de-
scribed by Golnaraghi and Robinson (1994) and is a free open
ocean jet between the Mersa Matruh Gyre System (MMGS) to the
south and the Rhodes Gyre to the north (Milliff and Robinson,
1992). The MMJ widens around 31� E branching into a southern
and a western Cyprus current, both of which join the Asia Minor
Current (Robinson et al., 1991; Özsoy et al., 1993). The latter forms
the northern intensified boundary current of the RG. South of the
MMJ branches, what is known as the Shikmona Gyre System
(Hecht et al., 1988; Pinardi et al., 2006; Zodiatis et al., 2005) dom-
inates the mean flow.

In the northern part of the Cretan Passage, directly before the
Strait of Kassos (Fig. 1), the continuation of the Asia Minor Current
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forms a large anticyclonic meander, immediately after the Rhodes
Gyre, encircling the area of the recurrent anticyclonic Ierapetra
Gyre (Robinson et al., 1991). This structure has mainly been docu-
mented by different satellite altimetry analysis studies (Pujol and
Larnicol, 2005; Isern-Fontanet et al., 2003).

The two Mediterranean marginal seas, the Aegean and Adriatic,
generally show a cyclonic circulation. The Adriatic Sea is domi-
nated by the Middle and Southern Adriatic cyclonic gyres and
the Eastern Adriatic Current and the Western Adriatic Coastal Cur-
rent systems (Artegiani et al., 1997). The Aegean Sea shows a
southward flow through the Cyclades (Fig. 1), called for future ref-
erence the Southward Cyclades Current (SCC) and a wide westward
current in the middle of the Sea of Crete, which we call the Cretan
Sea Westward Current (CSWC). North of the Dardanelles outflow
the time-mean circulation is dominated by a well-defined and
high-intensity anticyclonic gyre (Kourafalou and Barbopoulos,
2003), called the North Aegean Sea Anticyclone (NASA). On the
eastern side of the Cyclades (Fig. 1) the Eastern Cyclades South-
ward Current is a well-defined mean circulation structure.

In the Eastern Mediterranean the circulation is very close to
what was depicted by the early basin-scale circulation studies
(Robinson et al., 1992; Malanotte-Rizzoli and the Liwex Group,
2003). The new feature captured by the multi-decadal mean is
the subdivision of the Ionian Sea into northern and southern re-
gions by the free flowing jet of the AIS. In the last section of the pa-
per we will overview the new and consolidated structures of the
general circulation.

3.2. Intermediate depth circulation

The intermediate depth circulation structure is shown in Fig. 4
as the average currents between 200 and 300 m depth. This layer
can be taken as representative of the LIW layer in the Eastern Med-
iterranean. The circulation at this depth has never been mapped
adequately from observational data sets since the level of no-mo-
tion assumption involved in past calculations (Brankart and Bras-
seur, 1998; Tziperman and Malanotte-Rizzoli, 1991) considerably
affects the circulation estimates.

The LIW layer circulation is a component of the subsurface
recirculation flow exiting at Gibraltar (Pinardi and Masetti, 2000),
and thus generally flows in the opposite direction to the surface
flow at the Strait of Sicily and in the Algerian and Alboran Seas.
Fig. 4. The 1987–2007 time-mean circulation, averaged in the layer between 200 and
0.05 ms�1.
We will start our description this time from the Levantine Sea,
which is the area of formation of LIW. The basin-scale cyclonic area
of the Rhodes Gyre and the Cretan Passage is consistent with the
surface flow and the Ierapetra Gyre meander signature is also evi-
dent at depth. The Mersa Matruh Gyre shows at depth a multipolar
structure due to a large meander of the MMJ and a large-amplitude
anticyclone with respect to the surface circulation, near the Egyp-
tian coasts. The Shikmona Gyre System is defined at depth by sev-
eral anticyclonic semi-stationary eddies, up to the Syrian offshore
areas (Hecht et al., 1988; Brenner et al., 1991).

In the Cretan Passage differences emerge with respect to the
surface flow field (Fig. 3): the cyclonic turn of the currents west-
ward of Crete (Fig. 1) now clearly defines the Western Cretan Cy-
clonic Gyre (WCCG). In the Sea of Crete, the surface Cretan Sea
Westward Current (CSWC) also has a well-defined structure at this
depth, exiting the Kithira Strait (Fig. 1) and branching in the Ionian
Sea into three streams. The first forms the southern border of the
Pelops Gyre, the second turns eastward while the other shoots
southward joining the Sirte Gyre anticyclonic flow. The reanalysis
intermediate depth mean flow indicates that the preferred path for
the LIW is southward, along the Gulf of Sirte shelf break as part of
the large scale transport of the anticyclonic SG. The well-known
westward LIW current of the Sicily Strait (Sparnocchia et al.,
1999; Pinardi et al., 2006) emerges as a branching of the SG
south-western intensified current.

Northward of the surface AIS position the mean flow is weak,
but at this depth it is now evident that a cyclonic motion or gyre
prevails. This cyclonic gyre, called the Northern Ionian Cyclonic
Gyre (NICG), is separated from the AIS by a region of weak flow
generated by averaging the AIS excursions and meandering
instabilities.

Entering the Western Mediterranean, the LIW current turns
cyclonically around the SWTG, breaking into current segments that
bring LIW across the Corsica Strait and into the Algerian basin
through the Sardinia Channel. The LIW path is characterized by
two major branches starting approximately at 6� E one directed
northward, toward the Gulf of Lion Gyre and the second westward
toward the Strait of Gibraltar. At this depth the Gulf of Lion Gyre is
multi-centric, with its southern border shifted to the south and
several cyclonic circulation structures inside the larger-scale gyre.

The emerging picture of the Mediterranean Sea mean circula-
tion at intermediate depth shows a basin dominated by intense
300 m, from the reanalysis: gray areas indicate velocity amplitudes greater than
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jets, gyres and large scale eddies, as at the surface. While cyclonic
motion is mainly organized in large scale gyres, anticyclonic mo-
tion is at the scale of the large eddies with the exception of the Sir-
te Gyre. The mean path of the LIW emerges after the Cretan
Passage from the Sirte Gyre south-western intensified border cur-
rents, while in the western Mediterranean it has at least two main
directions, one toward the Gulf of Lion Gyre and the second di-
rectly across the Algerian basin, toward the Strait of Gibraltar.
The latter is the residual of a complex eddy flow field that itself
moves westward in the offshore areas of the Algerian basin and ad-
vects filaments of LIW at its borders (Puillat et al., 2006).
4. Decadal variability of general circulation

The second most important finding of studies of the past two
decades is that the Mediterranean Sea circulation variability peaks
at the seasonal and interannual time scales, as is documented by
observations (Larnicol et al., 2002; Manca et al., 2006; Gacic
et al., 2011; Poulain et al., 2012) and model simulations (Pinardi
et al., 1997; Korres et al., 2000; Molcard et al., 2002; Demirov
and Pinardi, 2002). In this section we will concentrate attention
Fig. 5. The decadal mean circulation at 15 m depth. Upper panel: mean of Period A, 198
than 0.1 ms�1 are depicted by gray areas.
on the decadal changes occurring between the first (1987–1996,
hereafter called Period A) and the second (1997–2006, hereafter
called Period B) decades. Period A was chosen because it coincides
with a stable positive North Atlantic Oscillation-NAO index (Hur-
rell, 2003) and it overlaps with the EMT event period (Gertman
et al., 2006) while Period B was simply the remaining part of the
available reanalysis time series.

In Fig. 5 we show the surface circulation averaged in the two
periods. In the western Mediterranean Sea, the largest surface
changes between the two periods occur in the Alboran and Tyrrhe-
nian Seas. In the Alboran Sea, the western anticyclonic gyre is weak
while the Almera-Oran front is strong in Period A, while during
Period B the western anticyclonic gyre is amplified and the Almer-
a-Oran front is weak and the first segment of the Algerian Current
hugs the coasts up to 3—4� E. The Tyrrhenian circulation shows lar-
ger-amplitude cyclonic gyres, the SWTG, SETG and NTG, during
Period B while in Period A all of them are noticeably weaker.

The largest changes between Period A and B occur in the Eastern
Mediterranean Sea where a current reversal takes place in the
northern Ionian Sea and large differences in gyre location and cur-
rent amplitudes are visible in the Cretan Passage and the Levantine
basin. In the Ionian Sea the AIS shows a large northward meander in
7–1996. Bottom panel: mean of Period B, 1997–2006. Velocity amplitudes greater
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Period A giving rise to an overall anticyclonic circulation in the
northern part of the basin. The picture of the circulation emerging
in Period A is congruent with the previous estimates from single
cruises (Robinson et al., 1999; Malanotte-Rizzoli et al., 1997). On
the other hand, during Period B the circulation in the northern Io-
nian is cyclonic and the AIS cuts across the basin, remaining at
the latitude of 36 N after the Maltese escarpment (Fig. 1). We call
these decadal changes the Northern Ionian Reversal phenomenon
that is connected at the surface with shifts of the AIS position.

During Period B the Levantine Sea cyclonic surface circulation
strengthened and structures like the Asia Minor Current and the
Pelops Gyre grew in amplitude compared to Period A. In Period B
the Mersa Matruh Gyre seems to be more convoluted, forming a di-
pole with the cyclonic meander of the MMJ. The Ierapetra Gyre
meander is deeper and better formed in Period B than in Period A.

In the 200–300 m layer, Fig. 6, the decadal changes are again
largest in the Eastern Mediterranean. The surface Northern Ionian
Reversal phenomenon is evident at intermediate depth: during
Period B the northern Ionian cyclonic gyre is western-boundary
intensified and the LIW subsurface flow, through the Sicily Strait,
is at larger amplitudes than in Period A. In the Levantine basin
Fig. 6. The decadal mean circulation average in the 200–300 m layer. Upper panel: mean
(Period B). Velocity amplitudes greater than 0.05 ms�1 are depicted by gray areas.
the intermediate depth circulation between Period A and B is qual-
itatively similar with the exception of the number of large anticy-
clonic and cyclonic eddies.

In the Western Mediterranean the largest change is represented
by the southward extension of the Gulf of Lion Gyre, which is
formed by two cyclonic centers during Period B, extending one de-
gree further to the south than in Period A. The mean path of the
LIW is always along the Algerian coasts, but during Period B a
southward branch of the Gulf of Lion gyres reinforces the west-
ward flow toward the Strait of Gibraltar.

It is evident from the basin scale analysis that the Northern Io-
nian Reversal phenomenon is the largest decadal variability event
of the Mediterranean Sea in the past 20 years. The phenomenon is
associated with the shift of the AIS northward in Period A and the
emergence of a cyclonic circulation, north of the central position of
the AIS, in Period B. Poulain et al. (2012) also describes this reversal
for almost exactly the same two periods from surface drifters and
satellite altimetry and this change has been also documented by
(Borzelli et al., 2009). All these studies agree in setting the time
of the surface reversal to 1997: in our analysis Period A starts in
1987, but longer reanalysis reconstructions are needed to check
of the period 1987–1996 (Period A). Bottom panel: mean of the period 1997–2006
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the real periodicity, if any, of the Northern Ionian Reversal
phenomenon.

Several large-scale modelling studies have documented a
reversal from cyclonic to anticyclonic around 1987, from the
beginning of the eighties onwards (Korres et al., 2000; Demirov
and Pinardi, 2002). In fact, these previous authors connected the
Fig. 7. The barotropic streamfunction field in Sv (106 m3 s�1) for the 1987–2007 mean (
respectively.
first Northern Ionian Reversal in 1987 with changes in the pre-
valent wind stress curl sign over the basin. Demirov and Pinardi
(2002) analyze a simulation where the circulation in the
northern Ionian was cyclonic between 1980 and 1987, similar
to that now found in Period B, then reversing to anticyclonic
in 1987.
upper panel), the 1987–1996 (middle panel) and 1997–2006 (lower panel) periods
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5. Barotropic wind-driven circulation

In this section we want to show the barotropic structure of the
circulation as depicted by the vertically-integrated flow field, i.e.
~u ¼ 1

H

R 0
�H
~u dz where H is the bottom depth. The barotropic stream-

function will be then computed as:

~u ¼ bk �rw ð2Þ

where bk ¼ ð0;0;1Þ. The analysis of the barotropic flow field will
highlight the structure of the wind driven circulation that is an
important component of the surface and intermediate depth circu-
lation previously described.

In Fig. 7 the long-term and decadal mean barotropic stream-
function is shown. As expected, the streamfunction is character-
ized by sub-basin-scale gyres and eddy-like structures. Northern,
open ocean regions are characterized in the multi-decadal mean
by cyclonic gyres in both the western and eastern Mediterranean:
the exceptions are the Ionian Sea and the Tyrrhenian Sea. The latter
is characterized by an overall multi-centric cyclonic gyre, as
described in the mean surface circulation of Fig. 3. The northern
Ionian Sea is characterized, on the other hand, by large-scale
eddy-like structures of opposite sign for the 21-year mean stream-
function while the two decadal mean fields have opposite sign due
to the Northern Ionian Reversal phenomenon.

In the multi-decadal mean the southern regions are generally
characterized by anticyclonic, eddy-like structures except for
Fig. 8. Wind stress amplitude and direction (left panels) and wind stress curl (right pan
Units are N m�2 for wind stress amplitude and 10�7 N m�3 for wind stress curl.
the southern Ionian basin where the large scale Sirte Gyre (SG)
dominates. In general, the western Mediterranean and Levantine
Sea southern regions are dominated by anticyclonic semi-perma-
nent large-scale eddies that, as discussed in the introduction,
could be indicative of geostrophic turbulence inverse cascade
mechanisms.

The Algerian basin, the northern Ionian Sea and the southern
Levantine basin are undergoing the largest changes in streamfunc-
tion between Periods A (1987–1996) and B (1997–2006). In partic-
ular, it is evident that in Period B the western Mediterranean is
characterized by a southward extension of the Gulf of Lion Gyre,
joining the cyclonic motion along the Algerian Current. The same
seems to happen in Period B in the Levantine Sea, where the
Rhodes Gyre cyclonic circulation extends further to the south, con-
fining the barotropic anticyclonic motion closer to the North Afri-
can coasts compared to Period A.

The analysis of the barotropic flow field shows that the wind
driven circulation subdivides the basin into northern cyclonic
and southern anticyclonic gyres as previously depicted by Pinardi
and Navarra (1993) and Pinardi and Masetti (2000) from low reso-
lution simulations. There is an evident correlation between the
barotropic flow field of Figs. 7 and the surface and intermediate
depth circulation (Fig. 3 and 4) structures, showing the importance
of the barotropic component of the basin scale mean circulation.

The barotropic wind driven circulation was also studied for Per-
iod A by Molcard et al. (2002) and it was shown that correlation
between wind stress curl and the flow field in the Mediterranean
els) average over 1987–2007, for Period A (1987–1996) and Period B (1997–2006).



N. Pinardi et al. / Progress in Oceanography 132 (2015) 318–332 327
Sea is as high as in the mid-latitude North Atlantic regions. Fig. 8
displays the average wind stress and the wind stress curl: the
northern, cyclonic (southern, anticyclonic) regions are associated
with positive (negative) wind stress curl. In the northern Ionian,
the average wind stress curl changes sign between the Period A
and B decades. Such changes are correlated with the streamfunc-
tion changes between the two periods, thus supporting the inter-
pretation that the wind stress curl could play an important role
in the Northern Ionian Reversal phenomenon which has not been
pointed out by previous analyses such as Borzelli et al. (2009)
and Gacic et al. (2011).
Fig. 9. Upper panel: WMF rates (Sv) in different months for each of the four areas,
average for the 21 years. Lower panel: WMF rates (Sv) for the months of February
and March and for the four regions indicated in Fig. 1, as a function of time.
6. Water mass formation variability

One of the most important processes occurring in the Mediter-
ranean Sea is the formation of intermediate and deep water masses
and the reanalysis offers the opportunity to revisit the Water Mass
Formation (WMF) rate variability and events for the past 20 years.

Here we will concentrate on the intermediate and deep water
formation rates occurring in the 4 regions reproduced in Fig. 1. Re-
gion 1 contains the central part of the Rhodes Gyre and is a well-
known region for Levantine Intermediate Water formation (LIW),
while region 2 is in the Sea of Crete and is the site of formation
of what is known as Cretan Deep Water (CDW). Region 3 is the area
where open ocean deep convection occurs and Eastern Mediterra-
nean Deep Waters (EMDW) are formed. Finally, Region 4 is the
Western Mediterranean Deep Water (WMDW) formation area.

Tziperman and Speer (1994) have computed the water mass
formation rate from surface buoyancy fluxes which give an upper
limit for the water that could be transformed from light surface
to heavy intermediate and deep waters. Our estimate of WMF rate
is done following the method of Lascaratos et al. (1993), which
consists of estimating for each year the volume of waters on a
specified density interval in the mixed layer of a specific area of
interest, and then dividing this volume by one year in seconds. This
choice is due to the fact that we believe our estimate of the surface
mixed layer properties is more accurate than the estimates of the
surface fluxes due to data assimilation of temperature and salinity
profiles in the surface layers. The thresholds for the mixed layer
densities, corresponding to the different water masses, are re-
ported in Table 1 for each area, taken from Castellari et al. (2000).

The upper panel of Fig. 9 shows the winter monthly rates aver-
aged over the period 1987–2007 in the different areas, using the
mixed layer density lower thresholds described in Table 1. The
largest rates are always reached during February and March, in
every area, with a tendency of the Gulf of Lion to produce more
deep waters in February than March. Summing the winter rate val-
ues, the WMF rates over the 1987–2007 period amount to 0:7 Sv
for LIW, 0:3 and 0:4 Sv for EMDW and CDW respectively and 0:9
Sv for WMDW. These numbers compare well with all the past esti-
mates and show that the LIW and WMDW rates are more than
double the EMDW and CDW rates.

If we now calculate the WMF rates for each year, we obtain the
lower panel of Fig. 9 where four large event periods appear in the
time series. The first large WMF event in Fig. 9 occurs in the Gulf of
Table 1
Potential density thresholds for the Water Mass Formation (WMF) rate computations
in each of the four regions of Fig. 1. Units are kg m�3.

Areas Water mass acronym Density thresholds for WMF rate

1 LIW-LDW 28.95/29.10
2 CDW 29.00/29.10
3 EMDW 29.10/29.20
4 WMDW 29.00/29.10
Lion area in 1987 as documented by Leaman and Kevin (1991). It is
an open ocean formation event which produced a large amount of
WMDW, larger than found previously in the MEDOC experiment
(GROUP, 1970).

The second event period is the LIW and Levantine Deep Water
(LDW) formation process documented by Gertman et al. (1994)
and the Eastern Mediterranean Transient (EMT) CDW large forma-
tion event (Roether et al., 1996) occurring between 1992 and 1993.
It is clear from the reanalysis that CDW reached maximum rates in
1992–1993 (larger than 1 Sv) together with LIW and EMDW and
that the 1987–1991 period showed consistent formation of both
CDW and LIW. Moreover, during the years 1990–1993 the LIW
formed was in large part LDW, since, using the higher density
threshold of Table 9, we obtain values that are about 80% of the
lower threshold rates.

This remarkable CDW formation event ends abruptly after 1996
and is not reproduced in the ten years following. Many theories
have been put forward to explain the start and origin of the EMT,
based upon model simulations and other experimental evidence,
from the first modelling paper of Wu et al. (2000) to the more re-
cent observations of Gertman et al. (2006) and the latest modelling
efforts of Beuvier et al. (2010). We argue that the EMT reproduced
in the reanalysis is the result of several concomitant factors: the
Northern Ionian Reversal phenomenon which diverted Atlantic
Waters from entering the Levantine Sea, as already discussed by
Malanotte-Rizzoli et al. (1999), increasing the salinity in that area,
the entrance of saltier LIW/LDW from the Rhodes basin straits, the
lower flux of fresh Black Sea waters in the northern Aegean and the
large air-sea flux losses in the winters of 1992 and 1993. The
reanalysis contains all these concomitant factors, except for the
omission of the changes in Black Sea water outflow, and was able
to reproduce the formation of CDW at the right time.

The third event in Fig. 9 occurs in 1999 and 2000 in the Gulf of
Lion and the Adriatic Sea. The 1999 event in the Adriatic Sea is doc-
umented by Manca et al. (2006) and has been connected to saltier
waters entering at mid-depth from Otranto, a consequence of the
CDW spreading connected to the EMT, and to the intensity of the
buoyancy losses in 1999–2000.



Fig. 10. Yearly mean salinity below 200 m average along the section connecting Tunisia and Sicily, shown at the upper left of the picture.

Fig. 11. The h=S diagram for the February–March mean profiles for all the years in the Adriatic Sea, area 3 (upper panel), and the Gulf of Lion, area 4 (lower panel). The right
panels are zooms of the deep water mass characteristics for each area.
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The fourth event in Fig. 9 occurs in 2005 and 2006 in the Gulf of
Lion, as well as in the Adriatic Sea and the Rhodes Gyre area. The
WMDW large rates are documented by a recent paper (Smith
et al., 2008) and the reanalysis captures the process, concomitant
to another equivalent WMF event occurring in the Ligurian Sea
(not shown). The explanation for this large event and its unusually
large formation area is given by (Herrmann et al., 2010) in terms of
increase in salinity of the western Mediterranean waters and large
heat losses: for the increase in salinity we describe the process in
the next section.

If the largest density thresholds of Table 1 were used, the qual-
itative behavior of the time series in Fig. 9 would not change except
for area 3 where the amount would change by 50% probably due to
the large uncertainties in the heat and water fluxes, missing pro-
cesses in the model and the scarcity of assimilated data.

In order to see when the EMT waters arrived in the western
Mediterranean, we have calculated the salinity below 200 m across
the westernmost section of the Sicily Strait (see Fig. 10). It is clear
then that in 2000–2001 waters 0:12 PSU saltier than in the previ-
ous period started to arrive in the western Mediterranean, support-
ing the idea that part of the salt increase in the intermediate waters
in the western Mediterranean is connected to the EMT. However,
as we will see later, the process of salinization of the western Med-
iterranean started earlier than the year 2000.
Fig. 12. The schematic of the mean surface circulation structures as deduced from the 19
200–300 m average circulation. Names of the currents are reported in Table 2
In synthesis, study of WMF rates for the past 20 years confirms
some general concepts already present in the literature: large deep
and intermediate water formation events in the Rhodes, southern
Adriatic and Gulf of Lion areas occur with a frequency of three to
six years. For the deep water of the Sea of Crete, the CDW, we show
that CDW already started to be formed from 1987 onwards, and
after 1996 decayed permanently. The Rhodes Gyre area is con-
firmed as being an area of frequent deep water formation events
and 2005–2006 is the largest deep water formation event of the
past 23 years in the Mediterranean Sea.

6.1. Deep water mass characteristic changes

A view of the changes occurring in the water mass characteris-
tics, associated with the WMF events just described, is given by
Fig. 11. In the upper panel we show the February–March yearly
average h=S diagram for the southern Adriatic region. The water
mass properties change abruptly from 1999 with respect to the
previous 12-year period (1987–1998). The shift is associated with
larger salinity and warmer temperature intermediate waters
entering from the Otranto Strait. This is connected to the spreading
of the EMT event that reached the Otranto Strait increasing the
salinity of the entering intermediate waters in the southern Adriat-
ic Sea.
87–2007 reanalysis mean flow field. Upper panel: surface circulation. Lower panel:



Table 2
Nomenclature for the surface and intermediate depth circulation structures.

Current systems Components

System 1 1a: Atlantic Water Current (AWC)
1b: Western and Eastern Alboran Gyres
1c: Almera-Oran front
1d: Almera-Oran cyclonic eddy
1e: Algerian Current segments
1f: Western Mid-Mediterranean Current (WMMC)
1g: Southern Sardinia Current (SCC)

System 2 2a: Gulf of Lion Gyre (GLG)
2b: Liguro-Provenal-Catalan Current (LPCC)
2c: Western Corsica Current (WCC)

System 3 3a: South-Western Tyrrhenian Gyre (SWTG)
3b: South-Eastern Tyrrhenian Gyre (SETG)
3c: Northern Tyrrhenian Gyre (NTG)
3d: Middle Tyrrhenian Current
3e: Eastern Corsica Current (ECC)

System 4 4a: Atlantic-Ionian Stream (AIS)
4b: Sicily Strait Tunisian Current (SSTC)
4c: Syrte Gyre (SG)
4d: Eastern Ionian Current (EIC)
4e: Pelops Gyre (PG)
4f: Northern Ionian Cyclonic Gyre

System 5 5a: Eastern South-Adriatic Current (ESAC)
5b: Middle Adriatic Gyre
5c: South Adriatic Gyre
5d: Western Adriatic Coastal Current (WACC)

System 6 6a: Cretan Passage Southern Current (CPSC)
6b: Mid-Mediterranean Jet
6c: Southern Levantine Current (SLC)
6d: Mersa Matruh Gyre System (MMGS)
6e: Rhodes Gyre (RG)
6f: Shikmona Gyre System (SGS)
6g: Asia Minor Current
6h: Ierapetra Gyre (IPG)
6i: Western Cretan Cyclonic Gyre

System 7 7a: Cretan Sea Westward Current (CSWC)
7b: Southward Cyclades Current (SWCC)
7c: North Aegean Anticyclone

330 N. Pinardi et al. / Progress in Oceanography 132 (2015) 318–332
The February–March average h=S diagram for the Gulf of Lion
(region 4) shows step-like changes in h=S characteristics for the
past 23 years, all of them in the direction of increasing the salinity
and the temperature of the deep water masses, as documented
very early by Rohling and Bryden (1992). In this picture, however,
we show that between 1987 and 1988 we have the largest single
increase in salt and temperature, followed by 1993 and 1999.
The 1988 and 1993 steps are not connected to special WMDW
events in the Western Mediterranean (Fig. 9), and thus are suppos-
edly a deep water mass redistribution process. The increase of
0:1 PSU and 0.2 �C in the h=S characteristics of the deep waters in
the Gulf of Lion between 1987 and 1999 is presumably determined
within the western Mediterranean Sea by a combination of Gibral-
tar inflow, spreading mechanisms and surface buoyancy fluxes.
7. Conclusions

In this paper we have described the mean circulation of the
Mediterranean Sea emerging from a 23-year eddy-permitting
reanalysis. The multi-decadal mean flow emerging from this anal-
ysis is consistent with many of the previous findings but new cir-
culation structures also become apparent.

A schematic of the surface and intermediate general circulation
emerging from this analysis is presented in Fig. 12, where we have
named currents and gyres for future reference (see Table 2). The
most important difference with respect to previous schematics
and studies is the appearance of more defined open ocean, free
jet intensified structures: the first, is the Western Mid-Mediterra-
nean Current, the second the Atlantic-Ionian Stream and the third
the Mid-Mediterranean Jet (MMJ). Furthermore, it is found that the
largest amplitude currents are found at the Gibraltar Atlantic
Water entrance, in boundary intensified currents around the Gulf
of Lion Gyre and the Rhodes Gyre, in the Sardinia and Cretan Pas-
sages. The presence of a persistent, recurrent eddy-field which is
not averaged out by the multi-decadal mean is shown in the Alge-
rian basin, between 3� and 8� E, in the Aegean arc areas and in the
southeastern Levantine Sea.

The barotropic stream function field confirms that the surface
circulation is strongly connected to the barotropic flow field. The
large-scale wind-driven barotropic gyres reinforce the picture of
a northern basin dominated by cyclonic gyres and a southern one
characterized by anticyclonic gyres and eddies.

The single most important decadal variability event in the basin
occurs in the northern Ionian Sea, where a current reversal phe-
nomenon is documented to occur after 1997. Prior to this date,
the Atlantic Ionian Stream (AIS) was occupying the northern Ionian
Sea, producing an overall anticyclonic circulation structure, while
after 1997 the AIS remains in the middle of the Ionian basin and
a cyclonic gyre develops at its the northern limits. This is the first
time that a clear picture of the Northern Ionian Reversal phenom-
enon has emerged, due to the high space–time consistency of the
reanalysis fields. The Ionian reversal mechanism is also evident
in the streamfunction, thus giving further evidence of the wind-
driven nature of the mechanisms underlying the northern Ionian
reversal.

At middle depth, between 200 and 300 m, the circulation is sim-
ilar to the surface except for the LIW return flow at the Sicily Strait.
We have documented for the first time the fact that the mean path
of the LIW toward the Sicily Strait may be along the Lybian coasts
as part of an intensified current at the border of the Sirte Gyre.

The WMF study documents that four major events occurred in
the basin. Both intermediate and deep water is formed at the same
time in certain years, and the largest WMF event of the past
23 years occurred in the Western Mediterranean in 2005–2006.
The CDW formation event and the EMT process is well captured
by the model, and it is found that CDW starts to be formed in
1987 and then stops after 1996. In 1999, the EMT higher salinity
LIW entered the Adriatic Sea, and in 2000–2001 the EMT modified
LIW crossed the Sicily Strait, presumably conditioning the large
WMDW event of 2005–2006.

The changes in winter water mass characteristics of the past
23 years in the EMDW and WMDW regions occur at different time
scales: the winter deep EMDW T/S characteristics change due to
the 1999 arrival of the saltier LIW and CDW waters during the
spreading phase of the EMT, while the WMDW changes start in
1988 and occur through four steps. The total salinity change in
twenty years for the EMDW is 0.1 PSU and is 0.14 PSU for the
WMDW, while potential temperature changes are 0.2 �C for both.

It is clear that the reanalysis is a valuable tool for studying
ocean dynamics in limited areas of the ocean, provided the model
and the data assimilation are high resolution. However, future
work should consider a thorough analysis of the uncertainties
associated with the derived reanalysis fields in order to further
benefit from the continuous and homogeneous reanalysis time
series.
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