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A B S T R A C T

The most prominent oceanographic features in the Central Mediterranean are decadal reversals of the Northern
Ionian Gyre (NIG), interpreted in terms of internal processes. Altimetry data, drifter data and model surface
salinity products are used in this paper to define some specific features of the circulation related to the antic-
yclonic or cyclonic NIG modes. Results not only highlight different shapes and intensities of the Mid-Ionian Jet
and northern Ionian meander among the two circulation mode, but emphasize distinct behaviour within the
same mode, imputable to the variability of the mesoscale quasi-permanent features. The wind-driven Messina
Rise Vortex, on the western side of the northern Ionian, and the Pelops Gyre, on the eastern side of the northern
Ionian, show different behaviour during the first (1993–1996) and the second (2006–2010) anticyclonic periods,
related to the cyclonic activity along the dense water pathway. When the dense water was of Aegean origin
(1993–1996; “Aegean” anticyclone), the cyclonic mesoscale activity on the eastern flank of the Ionian over-
whelmed the anticyclonic wind forcing, and led to the disappearance of the Pelops Gyre. When the dense water
was of Adriatic origin (2006–2010; “Adriatic” anticyclone), the strengthening of cyclonic mesoscale activity on
the western flank of the Ionian caused the shape change of the Messina Rise Vortex, favouring its longitudinal
extension. The zonally-elongated Messina Rise Vortex reduced the inflow of Atlantic Water in the northern
Ionian, and induced a strengthening of the eastward flowing Mid-Ionian Jet in the southern Ionian and Cretan
Passage. From these results, it emerges that the interannual variability of the wind-driven quasi-permanent
mesoscale gyres in the Ionian is influenced by internal forcing (location of the deep water formation site –
Aegean or Adriatic Sea), in turn related to the major local climatic shift occurred in the last decades (the Eastern
Mediterranean Transient). We show that the interplay between decadal and interannual variability, or rather
between basin-wide and mesoscale circulation, affected the intrinsic characteristics of the NIG reversals.

1. Introduction

The Central Mediterranean Sea (CMS), defined in this paper as the
area between 29.2°−41°N and 12°−26.5°E (see Fig. 1 for geographical
reference), includes the Sicily Channel (SC), the Ionian Sea (IS) and the
Cretan Passage (CP). The first attempt to define the main circulation
and water masses pathways in the CMS dates back to 1990's, when
Malanotte-Rizzoli et al. (1997) made a schematic map, based on hy-
drographic data collected in 1986–1987 (POEM-Phase I experiment),
which already identified the key structures of the CMS dynamics. The
authors described the inflow of the Atlantic Water (AW) in the SC
through the Atlantic Ionian Stream (AIS), jet which enters the IS and
bifurcates in two main branches: one branch turns southward, whereas

the second branch advects the AW toward the northern Ionian, then
turns southward to cross the entire IS meridionally and finally veers to
the east and enters the CP. This meander of AW, that moves into the
Ionian and feed the eastward flow in the Cretan Passage, was subse-
quently defined as Mid-Ionian Jet (MIJ; Robinson et al., 2001).

A few years later, Demirov and Pinardi (2002) detected two dif-
ferent behaviours in the IS circulation before and after 1987, char-
acterised by an inversion of the surface circulation from cyclonic to
anticyclonic in 1987–1988. According to these authors, the change of
the circulation modified the salinity of the Levantine Intermediate
Water (LIW) transported toward the Aegean and the Adriatic Sea, in-
fluencing the deep water processes in these regions. An anomalous
behaviour in the path of AIS toward the northern IS with respect to
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those described in 1986–1987 by Malanotte-Rizzoli et al. (1997), was
already observed by Brandt et al. (1999) investigating the tidally-in-
duced internal dynamics in the Strait of Messina during autumn 1995.
In this new perspective, the situation described by Malanotte-Rizzoli
et al. (1997) corresponded to the northern Ionian anticyclonic mode of
circulation, and the behaviour of the currents and water masses during
the cyclonic mode was still to be discovered. In the following years, the
interannual variability of the CMS was studied in order to better un-
derstand the impact of these reversals on the circulation structures, on
the biogeochemistry and biology of the Eastern Mediterranean and on
the thermohaline properties of the whole Mediterranean Sea.

The discovery of two different circulation patterns in the northern
Ionian also led to an update of the nomenclature of circulation struc-
tures in the basin. In detail the MIJ, defined in Robinson et al. (2001) as
the meridional current which crosses the northern-Ionian in the north-
south direction before creating the Mid-Mediterranean Jet (MMJ), was
successively considered as a quasi-zonal, south-eastward extension of
the AIS which flows into the IS (south of 36°N) from the west to east,
connecting the SC with the CP (Gačić et al., 2011, 2014; Bessieres et al.,
2013). The northern Ionian meander was instead defined as northern
Ionian Gyre (NIG; Civitarese et al., 2010).

At present, it is known that the NIG is characterised by its quasi-
decadal reversals which influences the strength of the MIJ and the
properties of the Eastern Mediterranean thermohaline cell (Borzelli
et al., 2009; Gačić et al., 2010; Civitarese et al., 2010). The NIG re-
versals are driven by internal processes (e.g. Pisacane et al., 2006;
Borzelli et al., 2009; Gacic et al., 2010, 2011, 2014; Theocharis et al.,
2014). The most accredited and cited process to explain such reversal is
a feedback mechanism, named Adriatic-Ionian Bimodal Oscillation
System (Gačić et al., 2010; Civitarese et al., 2010), driven by the dif-
ference in salinity (Figs. 1c, 1d) between the salty and warmer waters
originating from the eastern Mediterranean (LIW- and Levantine Sur-
face Water, – LSW), and the less saline AW entering from the SC (Gačić
et al., 2011, 2014). Another possible mechanism proposed for ex-
plaining the NIG reversal is wind forcing (see Pinardi et al., 2015 and
references therein).

During the anticyclonic phase of the NIG the AIS is deflected north-
eastward (Fig. 1a) and brings AW toward the northern Ionian and
eventually the Adriatic Sea (Fig. 1c); consequently, the flow of the AW
in the Levantine basin is reduced (weakening of the MIJ) and the LSW
becomes saltier (Gačić et al., 2014). The cyclonic phase of the NIG
(Fig. 1b) partially blocks the inflow of the AIS toward the northern IS,

Fig. 1. Geography and bathymetry of the CMS superimposed with a schematic representation of the main surface currents (black arrows), anticyclonic (red arrows)
and cyclonic (blue arrows) features during the a) anticyclonic and b) cyclonic modes of NIG; summary of the water masses distribution during the c) anticyclonic and
d) cyclonic NIG (the background maps are ADT annual average in 1996 and 2003, respectively). Acronyms are listed in Table 1.
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therefore the AIS preferentially moves toward the mid IS (strengthening
the MIJ) allowing the inflow of more saline water masses of the Le-
vantine origin into the Adriatic basin (Fig. 1d). This situation due to the
inflow of the salty Levantine waters facilitates the winter convection in
the southern Adriatic area and leads to the formation of a denser
Adriatic Dense Water. As a consequence of the high density water
outflow from the Adriatic the lowering of the sea level along the flanks
of the Ionian occurs and weakens the upper-layer cyclonic circulation
(Gačić et al., 2010).

The NIG reversals influences also the depth of the nitracline
(Civitarese et al., 2010) and the phytoplankton phenology (Lavigne
et al., 2018) in the northern Ionian, and the biodiversity in the Adriatic
Sea (Civitarese et al., 2010). Cyclonic (anticyclonic) circulation causes a
downwelling (upwelling) of the nitracline (and of the nutrient max-
imum layer, too) along the borders of the NIG and a decrease (increase)
in the nutrient content of the water flowing into the Adriatic across the
sill (800m deep) of the Otranto Strait (Civitarese et al., 2010). In ad-
dition, the advection of different water masses due to the NIG reversals
can result in the entrance of allochtonous organisms in the Adriatic of
either Atlantic/Western Mediterranean or Levantine/tropical origin
(Civitarese et al., 2010). Associated with the NIG reversals, two dif-
ferent trophic regimes in the Ionian Sea occur (Lavigne et al., 2018): the
anticyclonic NIG is characterised by an early winter bloom, whereas the
cyclonic NIG supports a bloom onset in late winter and a chlorophyll
peak in March.

The Levantine and Cretan seas salinities are out of phase with re-
spect to the Ionian surface water salinity, and a dilution/salinification
of the Levantine-Cretan waters during the cyclonic/anticyclonic NIG
phases is observed (Gačić et al., 2011; Ozer et al., 2017). This re-
lationship can be considered as a preconditioning for the Eastern
Mediterranean Transient (EMT) -like phenomena (Artale et al., 2006;
Pisacane et al., 2006; Gačić et al., 2011, Cardin et al., 2015). Salinity
variations in the core of the LIW produced in the Levantine Basin are
transferred through the SC and impact the Western Mediterranean.
Gačić et al. (2013) showed that the travel time between the LIW for-
mation site (Rhodes Gyre) and the SC is of about 11 yr, whereas the
time lag between the SC and the Algero-Provençal basin is of about 4 yr.
These authors concluded that the LIW salinity variations in the Eastern
Mediterranean, in turn related to the NIG reversals, can be observed in
the Western Mediterranean with a delay of about 15 yr, and could have

created the conditions for the Western Mediterranean Transition, i.e.
the sudden salinity and temperature increase in the deep layer of the
Western Mediterranean basin occurring since 2004 (Schroeder et al.,
2016).

Given the aforementioned considerations, it is clear that the NIG
reversals has a significant impact, not only on the physical and chemical
dynamics of the southern Adriatic and northern Ionian seas, but also on
the Levantine Basin, the SC and Western Mediterranean. The goal of
this study is to address the interaction between mesoscale and basin-
scale circulations within the Ionian basin. More specifically, we con-
sider two semi-permanent, wind-induced features: the Pelops Gyre (PG)
and the Malta Rise Vortex (MRV). Altimetry, drifter data and model
surface salinity products are used to describe common and peculiar
characteristics of the NIG anticyclonic and cyclonic modes. Differences
within the same circulation mode are identified and interpreted in
terms of climatic events (like that induced by severe winter conditions
in the Adriatic Sea) or sporadic interactions between the basin-wide
circulation and mesoscale gyres in the IS. Also the mesoscale features
are described in terms of their interannual variability and their de-
pendence of the basin-scale deep circulation patterns.

2. Data and methods

The altimetry data used for this study were the gridded (1/8°
Mercator projection grid), daily Absolute Dynamic Topography (ADT)
and the corresponding Absolute Geostrophic Velocities (AGV) dis-
tributed by CMEMS (product user manual CMEMS-SL-
QUID_008–032–051). Interannual means of the ADT and AGV were
computed over the periods characterised by anticyclonic (1993–1996;
2006–2010) and cyclonic (1997–2005; 2011–2016) NIG circulation
(Fig. 2, right panels).

The monthly means of the AGV were used to compute the inter-
annual Eddy Kinetic Energy (EKE) field over the period for which al-
timetry data was available (25 years from 1993 to 2017; Fig. 6). In
order to obtain an interannual mean excluding the seasonal variability
of the signal, the monthly AGV climatology estimated over 25-years
(i.e. UJan1993–2017; UFeb1993–2017; UMar1993–2017,…; VJan1993–2017;
VFeb1993–2017; VMar1993–2017, etc., where U and V are the zonal and
meridional components of the AGV) was removed to each month (i.e.
U’Jan=UJan1993 - UJan1993–2017; V’Jan=VJan1993 - VJan1993–2017) in every
grid point. Finally, EKE values in each grid point were calculated from
the AGV residuals (U’ and V’):

= +EKE U V1
2

;2 2
(1)

EKE field is used to locate the transects of Fig. 7i.e. where the
currents inflow (outflow) in (from) the CMS or where they bifurcate.

Lagrangian data were taken from the MedSVP_db24 drifter dataset
(Menna et al., 2018). Among the available products, we selected the
database interpolated at 6 h and filtered at 36 h. More details about the
drifter data and telemetry, editing and interpolation are available in
Menna et al. (2017). Pseudo-Eulerian velocity statistics in bins of
0.5°×0.5° were computed over the NIG cyclonic/anticyclonic periods
(Fig. 2; left panels). Due to their Lagrangian nature, drifters move with
the currents and provide an accurate but irregular spatial and temporal
sampling of near surface currents.

Salinity fields were derived from the surface (~ 1.5m depth)
MEDREA products (https://doi.org/10.25423/medsea_reanalysis_phys_
006_004, distributed by CMEMS and available until 2016) using a
variational data assimilation scheme for temperature/salinity vertical
profiles and satellite Sea Level Anomaly along track data (Simoncelli
et al., 2014). Mean maps of the surface salinity patterns were estimated
over the NIG cyclonic/anticyclonic periods (Fig. 5).

The Cross-Calibrated, Multi-Platform (CCMP) V2.0 ocean surface
wind velocity were downloaded from the NASA Physical Oceanography
DAAC for the period July 1987 – May 2016 (Atlas et al., 2011). These

Table 1
List of acronyms used in this paper.

Geographical names and transects
CMS Central Mediterranean Sea
CP Cretan Passage
IS Ionian Sea
SC Sicily Channel
Water masses
AW Atlantic Water
LIW Levantine Intermediate Water
LSW Levantine Surface Water
Currents
AC Algerian Current
AIS Atlantic Ionian Sea
MIJ Mid-Ionian Jet
MMJ Mid-Mediterranean Jet
Gyres and eddies
MCC Maltese Channel Crest
MRV Messina Rice Vortex
NIG Northern Ionian Gyre
PG Pelops Gyre
SG Sirte Gyre
Climatic events
EMT Eastern Mediterranean Transect
Physical properties
ADT Absolute Dynamic Topography
AGV Absolute Geostrophic Velocities
EKE Eddy Kinetic Energy
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Fig. 2. Mean drifter currents in spatial bins of 0.5°×0.5° (arrows) superimposed on means map of ADT (colours) (left panels) and mean AGV (arrows) and relative
speeds (colours) (right panels) in the CMS for the periods a) b) 1993–1996, c) d) 1997–2005 e) f) 2006–2010 and g) h) 2011–2016.
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products were created using a variational analysis method to combine
wind measurements derived from several satellite scatterometers and
micro-wave radiometers. The CCMP six-hourly gridded analyses (level
3.0, first-look version 1.1, resolution of 25 km), were used to quantify
the vertical component of the wind stress curl [curl τ]z over the Sicily
Channel:

= =curl
x y

C u v U[ ] ; ( , ) ( , )z
y x

y x D w w 10 (2)

where (τx,τy) are the wind stress components, ρ (1.22 kg/m3) is the
density of air, (uw,vw) and U10 are the components and the magnitude of
the wind speed at 10m, respectively, and CD is the drag coefficient
which has been obtained according to Yelland and Taylor (1996) and
was already used in the Mediterranean Sea by Shabrang et al. (2016):
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Wind stress vorticity fields were used to speculate on the link be-
tween the wind variations and the interannual variability of mesoscale
and sub-basin scale structures.

Monthly means of the AGV field were used to estimate the relative
vorticity ( ), defined as the vertical component of the velocity field curl

= V
x

U
y

;
(4)

where U and V are the velocity components of the AGV. The resulting
geostrophic currents vorticity fields and the wind stress vorticity were
spatially averaged in the region of PG (35–36.5°N; 20–22.5°E) and fil-
tered (13-month moving average) in order to remove the seasonal and
intra-annual variations (Fig. 4).

The time series of the monthly geostrophic velocity components
perpendicular to the transects depicted in Fig. 6 are depicted in Fig. 7.
Transect locations were chosen in order to intercept both the main
pathways of surface currents in the CMS and the regions with the larger
values of the interannual EKE field.

3. Results and discussion

The reversals of the NIG circulation are documented from altimetry
and drifter data since 1993, with the occurrence of two anticyclonic
(1993–1996 and 2006–2010) and two cyclonic (1997–2005 and
2011–2016) modes (Fig. 2). The anticyclonic mode of 1993–1996, ac-
tually started before the temporal coverage of altimetry data (in
1987–1988 according to Demirov and Pinardi, 2002). In addition, a
recent reversal of the surface circulation of the NIG from cyclonic to
anticyclonic was observed in the second half of 2017 (Notarstefano
et al., 2019, section 4.5 in von Schuckmann et al., 2019).

The inversion of 2006 to anticyclonic mode was supported by alti-
metry data (Gačić et al., 2014) and ocean state indices (Bessieres et al.,
2013; Reale et al., 2017), but it was not sustained by the MEDREA
reanalysis products that documented only a weakening of the cyclonic
circulation in the period 2006–2016 (Pinardi et al., 2015; Simoncelli
et al., 2018, section 3.4 in von Schuckmann et al., 2017). In order to
dispel these doubts and to confirm the circulation inversion noticed
from the satellite data, the altimetry ADT fields were qualitatively
compared with velocity measurements derived from drifters (Fig. 2; left
panels). The bin size selected for the Lagrangian statistics (0.5°×0.5°)
was a compromise to resolve the basin and sub-basin scale circulation
and, at the same time, to obtain robust statistics in each bin; un-
fortunately, mesoscale and sub-mesoscale velocities were not resolved.

Left panels of Fig. 2 show the mean drifter currents superimposed on
the mean ADT fields during the periods characterised by anticyclonic/

cyclonic modes. The two datasets fit rather well, confirming the alter-
nance of the two circulation modes, the occurrence of the anticyclonic
mode in 2006–2010, and the peculiar shapes of the basin and sub-basin
scale circulation features related to the NIG. The anticyclonic mode in
2006–2010 is indirectly confirmed also from the results of Ozer et al.
(2017) in the Levantine Basin. These authors observed two salinity
maxima of the LSW and LIW in 1991 and 2008, related to periods of
anticyclonic circulation in the northern Ionian (1987–1996 and
2006–2010, respectively).

The right panels of Fig. 2 depict the mean AGV derived from alti-
metry data (arrows) superimposed on the corresponding speed (col-
ours). West of 15°E and south of 35°N, the pattern of the main currents
was not influenced by the NIG circulation mode: the Algerian Current
(AC) along the Tunisia coast (mean intensities between 30 and 40 cm/
s), the meandering AIS (speeds between 12 and 25 cm/s) and two
mesoscale permanent features (the cyclonic Medina Gyre - MG, and the
anticyclonic Maltese Channel Crest - MCC) show similar patterns and
intensities in all panels of Fig. 2. In the southern Ionian a permanent
anticyclonic circulation is observed off the Libyan coast (between 15°
and 19°E and 32–35°N). This structure, already detected by Menna and
Poulain, 2010 and Poulain et al. (2012) and defined in Pinardi et al.
(2015) as the Sirte Gyre (SG), shows an interannual variability in terms
of intensities and shape but it is not influenced by the decadal reversal
of NIG. Larger velocities (10–15 cm/s) are observed in the westward
branch of the SG, located along the Libyan coast.

East of 15°E, anticyclonic (cyclonic) periods are characterised by the
strengthening (weakening) of currents in the NIG and the weakening
(strengthening) in the MIJ (Fig. 2 right panels). The NIG shape changed
during the two different modes: throughout the anticyclonic mode, it is
located between 17°E and 20°E and it was surrounded by cyclonic
mesoscale structures along its western and eastern sides (Figs. 2a, 2b,
2e, 2f). During the cyclonic mode, the basin wide cyclonic circulation
convoluted the mesoscale structures located along the coasts, therefore
the cyclonic meander involved all the circulation structures of the
northern Ionian (Figs. 2c, 2d, 2g, 2h). The anticyclonic NIG reached the
largest mean geostrophic velocities (12–18 cm/s) at its northernmost
portion (~ 39°N; Figs. 2b and 2f). The cyclonic NIG shows the largest
velocities (10–12 cm/s) off the Gulf of Taranto and along the Calabrian
coast (Figs. 2d and 2h).

The MIJ also changed its characteristics according to the NIG cir-
culation modes: it appears as an intense (10–20 cm/s) south-eastward
continuous currents that joined the SC and the CP during the cyclonic
NIG (Figs. 2c and 2g), whereas it was generally less intense (less than
10 cm/s) and more fragmented during the anticyclonic NIG (Figs. 2a
and 2e).

The PG shows a prominent interannual variability: this anticyclonic
structure disappeared during the period 1993–1996 (Figs. 2a, 2b), and
showed largest intensities during 2006–2010 (as large as 25 cm/s), and
moderate speeds (15 cm/s) during the other two periods.

A quantitative comparison between the currents derived from
drifter (Fig. 2, left panels) and satellite (Fig. 2, right panels) is out of the
scope of this paper. However, it is important to note that quantitative
discrepancies between the two data sets are imputable to (i) the wind-
driven and ageostrophic currents included in the drifter velocity mea-
surement (Poulain et al., 2012), (ii) the spatial and temporal gaps due
to the non-uniform drifter density (Poulain et al., 2012), (iii) the spatial
smoothing applied to the satellite altimetry data (Pujol and Larnicol,
2005).

During the anticyclonic period 2006–2010 (Figs. 2e, 2f) the north-
ward extension of the NIG and its speeds were reduced with respect to
the period 1993–1997 (Figs. 2a, 2b). The differences in intensities be-
tween the two periods can be explained in terms of the massive inflow
of the Aegean dense water associated with the EMT. During the 1990s,
due to a yet not completely understood chain of atmospheric, oceanic
and hydrological interactions, the region of the Eastern Mediterranean
Deep Water formation switched from the southern Adriatic to the
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Cretan Sea (Roether et al., 2007). The production rate of the Eastern
Mediterranean Deep Water of Aegean origin during the years of
stronger formation (1992–1994) was an order of magnitude larger
(2.8 Sv on average according Roether et al., 2007; 1.5 Sv according to
Klein et al., 1999) than the rate of Eastern Mediterranean Deep Water of
Adriatic origin (0.3 Sv; Roether and Schlitzer, 1991; Gačić et al., 1996).
This phenomenon, known as EMT, caused changes not only in the deep
layers but also over the entire water column (Roether et al., 2007; Gačić
et al., 2010). We can speculate that, due to the massive inflow of dense
water during the EMT, the horizontal pressure gradients in the IS were
larger with respect to a no-EMT situation, inducing a stronger currents
in the period 1993–1996.

The difference in shape between the anticyclonic NIG of 1993–1996
(Figs. 2a, 2b) and that of 2006–2010 (Figs. 2e, 2f), on the other hand,
can be associated with the interannual variability of the MRV. This
mesoscale structure has often a meridionally elongated shape and it is
squeezed along the eastern coast of Sicily (Fig. 3a; Fig. 2 in Sorgente
et al., 2011). During the period 2007–2009 it assumed a zonal extension
and partially obstructed the inflow of the AW in the northern Ionian
(Fig. 3b). In Fig. 3 (upper panels), we compare the mean ADT and AGV
in the three-year period characterised by the strengthening of the MRV
(2007–2009) with a three-year period selected during the previous
anticyclonic NIG mode (1993–1995). In 1993–1995 the AIS flows di-
rectly northward from the SC toward the northern Ionian, describing a
strong meandering current parallel to the eastern Sicily and Calabrian
coasts and strengthening the eastern branch of the MRV (Fig. 3a). In
2007–2009 the zonal-elongated MRV obstructed the inflow of AW in

the northern Ionian (Fig. 3b). The AIS partially flowed southward
feeding the MIJ, and partially flowed eastward moving along the edges
of the MRV and feeding an anticyclonic meander around 37°N (Fig. 3b);
the eastward deflection of the ASI along the southern branch of the
zonally – elongated MRV was clearly detected also by drifter mean
currents in 2006–2010 (Fig. 2e). The flow towards the northern Ionian
was strongly reduced, and, in any case, its path was conditioned by the
presence of MRV. In order to explain the possible causes of the MRV
strengthening in 2007–2009 we compare the AGV and ADT fields with
the corresponding maps of the mean wind - stress vorticity (Figs. 3c and
3d). Even if geostrophic currents are not directly influenced by wind,
the sea surface height is still linked to the underlying density field in the
upper layer, which in turn is influenced by the wind-induced diver-
gence (via Ekman pumping). The wind – stress vorticity field in
1993–1995 was generally weaker than in 2007–2009. The strength, the
shape and the location of the mesoscale and sub-basin scale eddies
appear influenced by the wind vorticity field. In particular, during
2007–2009 the zonally elongated shape of the MRV (Fig. 3b) resembled
the pattern of the wind vorticity along the eastern coast of Sicily
(Fig. 3d). The relation between the wind input and the MRV was also
suggested in Lermusiaux and Robinson (2001).

Another mesoscale feature controlled by the wind-stress curl is the
PG, (Ayoub et al., 1998; Mkhinini et al., 2014). The wind vorticity
behaviour with time however was anticyclonic throughout the study
period confirming that the PG is forced by the wind-stress curl. It was
present at the eastern shore of the IS most of the time (Fig. 2) except in
the period 1993–1995 when all the PG area was characterised by a

Fig. 3. Surface geostrophic currents (arrows) and absolute dynamic topography (colours) in the CMS during a) 1993–1995 and b) 2007–2009; wind stress curl during
c) 1993–1995 and d) 2007–2009.
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weak cyclonic vorticity (Fig. 3a). Then the current vorticity was always
negative in the successive years (Fig. 4a). The interannual variability of
the PG, that emerged in Figs. 2 and 3, was investigated by looking at the
time series of the wind and current vorticities, spatially averaged in the
area where this gyre persists (Fig. 4; geographical references defined in
Section 2). The PG area shows a positive (cyclonic) circulation during
the period 1994–1997, whereas in the rest of the study period the
current vorticity was negative (Fig. 4a). The wind stress curl in the
region of PG was predominantly negative all the time producing an
anticyclonic vorticity input; positive values were observed only in some
months of 2009, 2013 and 2015 but were too weak and isolated to be
responsible of a circulation reversal. From these considerations, we
conclude that the anomalous behaviour of PG during 1994–1997 was
caused by internal forcing. The period of absence of PG i.e. of the
prevalence of the cyclonic vorticity in the PG area coincided with the
EMT period. This feature can be explained in terms of the forcing by the
dense water plume coming from the Aegean Sea. As shown by labora-
tory and numerical experiments (Spall and Price, 1998; Etling et al.,
2000; Lane-Serff and Baines, 2000), the dense water plume induces
cyclonic vortices in the upper layer, which then move along the coast to
the right-hand side of the outflow looking seaward. This way the input
of the cyclonic vorticity generated by the dense water plume over-
whelmed the wind input in the PG area. When the Adriatic became
again the primary source of the dense water and the Aegean pre-
sumably stopped to produce a dense water, the area of the cyclonic
vorticity moved along the western IS coast, while the PG became very
prominent depending only on the wind curl input.

In order to describe in more details the basin-wide flow and its
possible interaction with the mesoscale quasi-permanent features, we
performed a more detailed analysis on some indicators of the large-
scale circulation. Firstly, surface salinity fields confirm the enhanced
flow of the AW in the northern Ionian during the anticyclonic phases of
the NIG (low salinity values; Figs. 5a and 5c) and its reduction during
the cyclonic phases, that facilitated the inflow of surface waters of Le-
vantine origin (high salinity values; Figs. 5b, 5d). Salinity fields cap-
tured also the response of the AW flow to the zonal elongated MRV
occurred in 2007–2009; the inflow of the less saline AW in the northern

Ionian was weaken during the period 2006–2010 (Fig. 5c) with respect
to the previous anticyclonic phase (Fig. 5a), and the AW was mainly
trapped south of 37°N (Fig. 5c).

The interannual ‘deseasonalised’ EKE spatial distribution (Fig. 6)
emphasizes the areas of the CMS where there are larger or smaller in-
terannual variabilities of the surface currents. Larger values (as large as
80–100 cm2 s-2) in the southern part of CMS (south of 36°S), in parti-
cular in the SC (MCC), in the southern Ionian (MIJ pathway and SG), in
the CP and in the PG signature. In the northern Ionian the levels of EKE
were modest (30–50 cm2 s-2), associated with the decadal NIG reversals.

In order to study in more details the behaviour of the circulation in
the geographical area characterised by decadal variations in the CMS,
we calculated the time series of the surface geostrophic velocities
through five transects. Transect locations (and orientation) represent a
compromise between the need to intercept the main pathways of sur-
face currents in the CMS (suitable for all the circulation modes that can
occur in the basin), and the need to sample the most interesting areas
from a dynamical point of view (local maxima of the EKE interannual
variability). The transects selected, from west to east (Fig. 6), are po-
sitioned: 1) along the Tunisia coast (Tunisia transect) to intercept the
flow of AW upstream of the SC; 2) in the SC (SC transect) to observe the
variability of the AIS; 3) in the southern Ionian (southern Ionian
transect) and 4) northern Ionian (northern Ionian transect) to describe
the behaviour of the MIJ and of the NIG, respectively; 5) at the entrance
of the CP (CP transect) to intercept the inflow of surface water in the
Levantine Basin.

Time series of the mean surface geostrophic velocities (normal
component), that cross the transects depicted in Fig. 6, are shown in
Fig. 7. A prominent interannual variability dominated the transport
across the Tunisia and SC transects (Fig. 7), whereas decadal variations
prevailed to the East of SC (Fig. 7). The southern Ionian transect (Fig. 7)
intercepts the flux of MIJ showing a decadal oscillation in phase with
the CP transect (Fig. 7), and perfectly out-of-phase with the northern
Ionian transect (Fig. 7). Part of the AW was carried toward the northern
Ionian from the AIS during the anticyclonic NIG, before crossing the
southern Ionian transect, producing a reduced geostrophic flux through
the southern Ionian and CP transects and an increased (positive/east-
ward) flux through the northern Ionian transect. Cyclonic phases of the
NIG blocked the inflow of the AW in the northern Ionian leading to a
larger geostrophic flux toward the southern Ionian and CP transects and
a negative (westward) current toward the northern Ionian transect.

The time series of geostrophic fluxes across the CP transect (Fig. 7)
shows the interannual variability superimposed to the decadal one.
Interannual variations can be ascribed to the pronounced mesoscale
activity observed at the southern entrance of the CP transect (related to
the instability of the coastal current; see Fig. 6) and/or east of the Sicily
(interannual variability of the MRV). Two anomalous behaviours are
observed in the time series. The first one occurred in 2007–2009, when
the flux increased despite the anticyclonic circulation of the NIG,
probably due to the strengthening of the MRV and its zonally elongated
shape near the eastern Sicily coast (see Figs. 2e, 2f and 3b) as already
indicated by Bessieres et al. (2013). The MRV shape (Fig. 3b) obstructed
the inflow of AW in the northern Ionian (Fig. 5c) inducing a cyclonic-
like event, characterised in Fig. 7 by an increase of the geostrophic
fluxes at the SIT and CP transects. The time series of an indicator de-
fined by Bessieres et al. (2013) displays positive/negative values during
the anticyclonic/cyclonic phases, respectively (Figure 16 of Bessieres
et al., 2013). During the period 2006–2010 their indicator shows po-
sitive values (anticyclonic condition), except in 2007 when it shows a
negative peak (cyclonic-like conditions). Bessieres et al. (2013) con-
cluded that the period 2006–2010 was a transitional state (defined as
“anticyclonic-zonal”) between the cyclonic modes occurred before
2006 and after 2010; in this period, the anticyclonic NIG was con-
current with a strong MIJ (Figs. 2e, 2f, 3b). From the results of the
present work, however we sustain that there was no transition state in
2006–2010, but an anticyclonic phase characterised by the presence of

Fig. 4. a) Time series of the monthly, spatially averaged current vorticity (blue
line) and low-pass filtered (13 months) current vorticity (red line) in the Pelops
Gyre; b) time series of the monthly, spatially averaged low-pass filtered (13
months) wind-stress vorticity.
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the strong MRV along the Italian coasts of the northern Ionian, which
blocked the northward flow of the AIS and induced a cyclonic-like
events in the MIJ and CP.

The second anomaly in the geostrophic velocity time series of the CP
transect was observed in 2012–2013 (Fig. 7), when it probably re-
sponded to the premature and transient inversion of the NIG from cy-
clonic to anticyclonic, related to the extremely strong winter 2012 in
the Adriatic (Gacic et al., 2014) leading to a strong weakening of the
transport at CP transect and positive values in the time series of the
northern Ionian transect (Fig. 7) between mid-2012 and the first
months of 2013.

4. Conclusions

The CMS represents a crossroad of all waters participating to the
zonal overturning circulation and it is the main storage of dense water
formed in the Eastern Mediterranean. The upper layer of the CMS is a
complex dynamical system closely linked to the interaction among

internal and external forcing varying on interannual and quasi-decadal
time-scales.

The quasi-decadal reversals of the surface circulation in the
northern Ionian influences the shape and the intensities of the basin-
scale circulation structures (NIG, MIJ). On the other hand, the inter-
annual variability, mainly driven by the sudden and/or extreme cli-
matic events and by the wind stress curl, influences the quasi-perma-
nent mesoscale structures (PG and MRV).

The interannual variability of quasi-permanent mesoscale structures
produces some differences in the basin-wide circulation within the
same quasi-decadal circulation mode. The anticyclonic mode
2006–2010 differed from the previous one 1993–1996 in that it was
characterised by the zonally elongated shape of the MRV, on the wes-
tern side of the northern Ionian, and by the strengthening of the PG, on
the eastern side of the northern Ionian. These quasi-permanent me-
soscale structures are driven by the wind-curl but according our results
it is shown that they are also influenced by internal forcing. The MRV
was squeezed against the eastern coast of Sicily during the EMT

Fig. 5. Surface salinity patterns in the CMS for the periods a) 1993–1996, b) 1997–2005, c) 2006–2010, d) 2011–2015.
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(1993–1996; Figs. 2a, 2b, 3a), when the Eastern Mediterranean Deep
Water in the IS was of Aegean origin (“Aegean” anticyclonic mode),
whereas it showed a zonally elongated shape in 2006–2010 (Figs. 2e,
2f, 3b), when the Eastern Mediterranean Deep Water was of Adriatic
origin (“Adriatic” anticyclonic mode). Its zonally elongated shape
contrasted the northward path of the AIS and reduced the AW flow

northward (Fig. 3b).
The PG disappeared during the “Aegean” anticyclonic mode

(Figs. 2a and 2b) even though the wind curl input was anticyclonic; on
the other hand, it reached its maximum intensity during the “Adriatic”
anticyclonic mode (Figs. 2e and 2f). The explanation for the PG beha-
viour is once again linked to the location of the dense-water formation

Fig. 6. Eddy kinetic energy in the CMS associated with the interannual variability of the current field; black segments denote the location of transects used in Fig. 7.
Acronyms: Tunisia Transect (TT), Southern Sicily Transect (SCT), Southern Ionian Transect (SIT); Northern Ionian Transect (NIT), Cretan Passage Transect (CPT).

Fig. 7. Time series of mean geostrophic cur-
rents (13-months moving average) across
transects showed in Fig. 6. Anticyclonic per-
iods are emphasized in light grey. Red arrows
point out the periods with anomalous beha-
viours of the CMS. Acronyms: Tunisia Transect
(TT), Southern Sicily Transect (SCT), Southern
Ionian Transect (SIT); Northern Ionian
Transect (NIT), Cretan Passage Transect (CPT).
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site. During the “Aegean” anticyclonic mode (1993–1996), the IS dee-
pest layer was filled by dense water of Aegean origin, the Cretan Sea
Outflow Water (CSOW), spreading from the Cretan Passage and in-
vading the eastern Ionian northwards along a cyclonic path (Roether
et al., 1996, 2007). The ADT maps in Figs. 2a and 3a denote a presence
of strong cyclonic mesoscale activity at the surface along the CSOW
dense water path, on the eastern flank of the Ionian (Bensi et al., 2013;
Amiati et al., 2016), that overwhelmed the anticyclonic wind forcing,
and led to the disappearance of the PG. After the year 2000, Adriatic
resumed its role as main dense water source for the Eastern Medi-
terranean (Klein et al., 1999), so the western Ionian slope was again
occupied by the Adriatic Dense Water spreading toward the Ionian
abyssal plain and moving southward along the western Ionian flank
(Bensi et al., 2013). For this reason, during the “Adriatic” anticyclonic
mode (2006–2010), the cyclonic mesoscale activity was mainly con-
centrated along the western Ionian slope, whilst the PG was again
prominent. Our conclusion is that the disappearance of the PG was due
to the massive spreading of the CSOW in the Ionian Sea. This inter-
pretation is supported by the laboratory studies by Etling et al. (2000)
which showed the occurrence of mesoscale cyclonic eddies in the upper
layer along the path of dense water outflow at bottom. Further support
to our interpretation can be found in the experimental results presented
by Lane-Serff and Baines (1999): The propagation of dense water
characterised by the formation of domes gives birth to cyclonic vortices
in the upper water layer, the dominant generation mechanism con-
sisting in an adjustment of the potential vorticity in the outflowing
layer to the lower potential vorticity of the upper layer environment. As
a result, the stretching of the water column induces the formation of
strong, mesoscale cyclonic eddies. In this process, the presence of an
active intermediate layer may enhance the resulting vortex intensity
(Spall and Price, 1998).

During the cyclonic modes, the MRV was incorporated in the large
basin-wide cyclonic gyre and the PG was present and prominent, as well
as during the “Adriatic” anticyclonic mode, since it is mainly de-
termined by the wind stress curl input (Figs. 2c, 2d, 2g, 2h).

The cyclonic mode of 2011–2016 also differed from the previous
one (1997–2005) because it was temporarily interrupted by the forcing
of the climatic event which involved the entire Adriatic Sea. More
specifically, the winter of 2012 was extremely severe in the northern
(Bensi et al., 2013; Mihanović et al., 2013) and southern (Gačić et al.,
2014) Adriatic, resulting in the formation of extremely dense Adriatic
Dense Water. The spread of this water into the IS inverted the bottom
pressure gradient and generate the temporary NIG reversal (Gačić et al.,
2014). This reversal was a short-lived phenomena because of the lim-
ited amount of Adriatic Dense Water involved in the spreading and it
was observed in the northern Ionian in the second half of 2012 (Fig. 7).
The consequent transient reduction of the AW flux toward the Le-
vantine Basin is reported in Fig. 7.

The present study highlights the sensitivity of CMS to the mesoscale
variability and climatic forcing. The interannual variability of the
quasi-permanent mesoscale structures, induced by internal and external
forcing, and climatic shifts, like the one occurred during the EMT, can
change substantially the basin-wide circulation and the water mass
dispersion. These changes affect the characteristic of the NIG reversals
cycle and their periodicity. In this sense, the NIG reversal can be seen as
a gauge of the Mediterranean variability, and its behaviour can be
usefully interpreted as a signal of changes in circulation and/or water
masses distribution in the basin.
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