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Abstract In this work, we use a set of recent multiyear simulations to develop a simplified sea surface
height index (SSH). The index characterizes the dynamics of Ionian upper layer circulation and its links with
sea surface height and salinity in the Southern Adriatic and Aegean Seas during the period 1987–2008. The
analysis highlights a covariant behavior between Ionian Sea and Aegean Sea associated with a mutual zonal
exchange of water masses with different salinity characteristics. Our analysis confirms that the variability
observed in the period 1987–2008 in the upper layer circulation of the Ionian was driven by the salinity
variability in the Southern Adriatic and Aegean Sea. This study supports and reinforces the hypothesis that
two observed BiOS-like reversals reflect the existence of multiple equilibrium states in the Mediterranean
Thermohaline circulation in the Eastern Mediterranean and that a complete characterization of observed
variability needs to take into account a fully coupled Adriatic-Ionian-Aegean System.

1. Introduction

Recent observational and modeling studies suggested a primary role of the Aegean Sea in shaping the
decadal variability of the upper layer circulation in the Ionian Sea, extending the concept of Adriatic-Ionian
Bimodal Oscillating System (BiOS) (Gačić et al., 2010) to a coupled Adriatic-Ionian-Aegean system (Figure 1)
(Amitai et al., 2016; Reale et al., 2016; Theocharis et al., 2014).

The Adriatic Sea (Figure 1) has an elongated shape (approximately 800 km long and 200 km wide) and is con-
nected through the Otranto Strait (75 km wide and approximately 800 m deep) with the Ionian Sea. Historically,
the Southern Adriatic has been identified as the main source of deep waters (also referred as Adriatic Deep Water
(ADW); Manca et al., 2002; Querin et al., 2013, 2016) for the Eastern Mediterranean (EMED). ADW ranges approxi-
mately between 0.1 and 0.4 Sv (1Sv 5 106 m3 s21) with typical temperatures lower than 13.38C, salinities higher
than 38.68 and potential densities within the range of 29.17–29.18 kg m23 (Gačić et al., 2002). ADW exits through
the Otranto Strait oxygenating the deep layers of the Ionian Sea and EMED (Manca et al., 2002; Reale et al., 2016).

The Ionian Sea (Figure 1) is a crossroad for the Mediterranean Thermohaline Circulation (MTHC; Gačić et al.,
2010). It is connected with the Western Mediterranean through the Sicily Channel, with the Levantine
Basin through the Cretan Passage and with the Aegean Sea through the system of the West Cretan Straits
(Figure 1). Usually its deep layers are filled with ADW, whereas its intermediate layers are influenced by warmer
and saltier Levantine Intermediate Waters (LIW) moving westward. Ionian Sea surface layers are influenced by
relatively fresher and colder Modified Atlantic Water (MAW) moving eastward (Gačić et al., 2010). Both LIW and
MAW affect the density of ADW and deep waters potential formation (hereafter DWF, Gačić et al., 2010). The
Aegean Sea (Figure 1) is a semienclosed basin of the EMED, connected with the Ionian Sea and Levantine
basins through the eastern and western Straits of the Cretan Arc (Zervakis et al., 2004) and with the Black Sea
through Bosporus and Dardanelles straits. Its bottom topography is characterized by an alternation of shelves
and sills with deep basins (Zervakis et al., 2004). Aegean Sea circulation is characterized by a prevalent cyclonic
pattern that increases the potential for open ocean convection and therefore DWF (Nittis et al., 2003).

During the Eastern Mediterranean Transient (EMT) event the main source of deep waters for the Eastern
Mediterranean (EMDW) shifted from the Southern Adriatic to the Aegean Sea (Roether et al., 2007, among
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the others). From 1987 and during 7 years, the deep layers of EMED received newly formed dense waters of
Aegean origin, through the Kasos and Karpathos Strait (Figure 1), denser with respect to the Adriatic out-
flow, with temperature higher than 13.78C, salinities higher than 38.8 and densities higher than 29.18 kg
m23 (Roether et al., 2007). This event peaked between mid-1992 and late 1994 delivering an average out-
flow of 3 Sv (Roether et al., 2007). This outflow rapidly spread across the Levantine basin and the Ionian by
advection processes (partly retaining a cyclonic behavior rimming the periphery of the Ionian Sea) (Roether
et al., 2007). The factors triggering the EMT have been identified in the intense winter cooling over the
Aegean Sea during the winter 1987, 1992, and 1993 (Beuvier et al., 2010; Theocharis et al., 1999) that acted
on top of a previous positive salinity anomaly between 1987 and 1991. The EMT event started to relax in
1995 (Theocharis et al., 2002) and the outflow almost stopped in 1998 (Klein et al., 2000). Presently, observa-
tions suggest that the main formation region of EMDW is back to the Adriatic (Klein et al., 2000), despite the
fact that a recent reactivation of the Aegean Sea has been observed during 2007–2010 (Krokos et al., 2014).

The appearance of EMT has suggested the possibility of existence of multiple equilibrium states in the
MHTC (Amitai et al., 2016; Ashkenazy et al., 2012). The transition between different states has been shown
(through box models and idealized experiments) to be triggered by density differences between the South-
ern Adriatic and Aegean Seas and, in particular, has been associated with increasing (decreasing) salinity
(temperature) over Aegean Sea (Amitai et al., 2016; Ashkenazy et al., 2012). Recent studies (Beuvier et al.,
2010; Mihanović et al., 2015; Theocharis et al., 2014; Velaoras et al., 2015) identified three past events shar-
ing with EMT the shift of deep waters formation from the Southern Adriatic to Aegean Sea but not the over-
all volume of deep waters formed: one at end of 1950s, one between 1962 and 1965 and one toward the
end of 1970s.

In the last decade many studies based on remotely measured satellite or modeled Sea Surface Height (here-
after SSH, Bessieres et al., 2012; Gačić et al., 2010, 2014; Pinardi et al., 2015; Reale et al., 2016) pointed out

Figure 1. Bathymetry of Adriatic-Ionian-Aegean region (in m). Red squares mark the areas where the SSH index and Salin-
ity have been computed. The green line represents the transect where the zonal transport of salinity has been computed.
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the existence of two different circulation states in the Northern Ionian with a positive (negative) circulation
state which corresponds to a positive (negative) SSH anomaly, i.e., anticyclonic (cyclonic) pattern. A first
transition from anticyclonic to cyclonic mode was observed in 1997 and was attributed to the relaxation
phase of EMT. An opposite transition has been observed between 2006 and 2011 (Gačić et al., 2010). An
unexpected anticyclonic mode was observed in 2012 (Gačić et al., 2014) and it was attributed to extremely
harsh conditions over the Adriatic Sea during the 2012 winter, which caused the formation of very dense
ADW (Gačić et al., 2014). This transient phase ended in 2013 with the establishment of a new cyclonic state.
The variability observed in the circulation, and hence in SSH, can clearly affect the salinity behavior of
EMED, in the Sicily Channel (Gačić et al., 2011, 2013) and of salt, nutrients and mixed layer depth in the Adri-
atic Sea (Civitarese et al., 2010; Gačić et al., 2010; Mihanović et al., 2015; Reale et al., 2016).

Different mechanisms have been suggested as drivers of this variability: variability of wind stress curl over
the basin (Pinardi et al., 2015), internal dynamics of the Adriatic-Ionian Seas system (Gačić et al., 2010), alter-
nation between Southern Adriatic and Aegean Sea as the main DWF sites for EMED (Theocharis et al., 2014;
Reale et al., 2016).

According to Gačić et al. (2010) Ionian and Adriatic Seas behave as a bimodal oscillating system (BiOS).
When cyclonic conditions are present in the upper layer circulation of the Ionian Sea saltier LIW enter in the
Adriatic leading to an increase of density in the ADW and of the potential for DWF. Later this newly formed
ADW fills the Ionian bottom layers and induces a shallowing of isopycnal surfaces and the stretching of vor-
ticity reversing the circulation from cyclonic to anticyclonic. In the upper layers, the anticyclonic circulation
of the Ionian brings MAW into the Adriatic leading to a decrease of density in the ADW and of the potential
for DWF. Finally this newly formed ADW fills the Ionian bottom layers and induces a deepening of isopycnal
surfaces and the squeezing of vorticity reversing the circulation from anticyclonic to cyclonic.

Conversely, other authors (Krokos et al., 2014; Theocharis et al., 2014; Velaoras et al., 2014) suggest that the
variability observed reflects an internal mechanism driving the alternation of the Adriatic Sea and Aegean
Seas as main DWF sites for the EMED. When the Adriatic Sea is the main DWF site for the EMED, MAW is
deflected northward in order to balance the outflow of ADW through the Otranto Strait. This deflection
leads to a decrease of salinity in the Southern Adriatic and, thus, of the potential for DWF. At the same time,
the recirculation of LIW in the Aegean Sea induces an increase of salinity in the basin and an increase of
potential for DWF. A shift of DWF from the Southern Adriatic to the Aegean Sea eventually takes place.
When Aegean Sea is the main DWF site for the EMED, MAW is deflected eastward in order to balance the
outflow of Aegean deep waters through the Cretan Straits. This deflection together with an enhanced trans-
port of LIW in the Southern Adriatic leads to an increase of salinity in the Southern Adriatic and of the
potential for DWF. In the Aegean Sea, the transport of MAW induces a decrease of salinity in the basin and
a decrease of potential for DWF. This results in the shift of DWF from the Aegean Sea to the Southern Adri-
atic. Under the above hypothesis, the anticyclonic (cyclonic) patterns observed in the Ionian Sea reflects the
northward (southward) shift of the MAW in the Ionian Sea.

Recently Reale et al. (2016) has shown, through simplified process studies, that the variability observed in the
period 1987–2008 can be explained only if the Aegean Sea dynamics is explicitly taken into account in the
system. The transitions between the two circulation states have as main source of energy the conversion
between Available Potential Energy (APE) and Kinetic Energy (KE) and is strictly linked to enhanced exchanges
of APE between Aegean (Adriatic) Sea and Ionian Sea during the different circulation states in Ionian.

Thus, the observed reversals are consistent with the hypothesis of the existence of multiple equilibrium
states in the MHTC (Amitai et al., 2016; Ashkenazy et al., 2012; Theocharis et al., 2014) and then they can be
explained only taking into account a fully coupled Adriatic-Ionian-Aegean system (Crisciani & Mosetti, 2016;
Reale et al., 2016).

Here we first define a simplified nondimensional index for the SSH to characterize the interactions between
Ionian, Adriatic, and Aegean Sea during the period 1987–2008. Then we show the existence of a covariant
behavior between the Ionian and Aegean Seas strictly linked to zonal exchanges of water masses with dif-
ferent salinity characteristics. We also confirm the feedback mechanism involving salinity variation between
Southern Adriatic and Aegean Seas and the circulation in the Ionian Sea during the period 1987–2008.
Finally we show how the variability observed reflects the existence of multiple equilibrium states in the
Adriatic-Ionian-Aegean system.
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2. Materials and Methods

This study aims at analyzing the dynamics of the Adriatic-Ionian-Aegean Sea system using a multimodel
approach. The advantages of using a multimodel approach in the Mediterranean region have been shown
in the analysis of heat and salt budget (Harzallah et al., 2016; Llasses et al., 2016), but also in analysis of
atmospheric circulation over the area (Flaounas et al., 2016). These studies have shown that a multimodel
approach is able to describe the main features and mechanisms driving the atmosphere-ocean circulation
over the Mediterranean region (Ruti et al., 2014). A multimodel analysis will thus provide us with a more
robust characterization of the variability in the Ionian Sea.

In the next sections, we describe the numerical simulations used in this study (for more details about the
single simulation please refer to the references reported in Table 1) and outline the procedure followed to
derive the nondimensional index applied to the SSH.

2.1. Adriatic-Ionian System (AISys) Experiments
AISys experiments (Reale et al., 2016; Table 1) cover the period 1987–2008 and have been designed as a
process study for the analysis of the variability of upper layer circulation in the Ionian Sea in response to
wind forcing and thermohaline lateral fluxes.

AISys experiments have been performed using the MITgcm (Adcroft et al., 1997; Marshall et al., 1997a,
1997b), a primitive equation model implemented over Adriatic-Ionian System. The domain of integration
consists of the Southern Adriatic and Ionian Sea. The spatial resolution is 0.1258 with 36 vertical levels. The
model is forced with 3 hourly wind fields from RegCM4 simulations (Giorgi et al., 2012) for the MedCordex
domain (Ruti et al., 2014). Current speed from MyOcean data set (Oddo et al., 2009) and temperature and
salinity from the NEMOMED8 experiment (Beuvier et al., 2010) are used as lateral boundary conditions. In
the case of temperature and salinity boundary conditions an averaged profile was computed for each
month for the period 1987–2008 and applied over each boundary (Sicily Channel, West Cretan Straits, and
Cretan Passage).

AISys experiments represent a process study (Reale et al., 2016) and some forcings (e.g., heat fluxes) have
not been derived from preexisting data sets but have been artificially created in order to recreate the DWF
over Southern Adriatic, to compensate the absence of the DWF over Northern Adriatic and to ensure a real-
istic outflow/volume of ADW through the Otranto strait. Evaporation, precipitation and runoff fluxes were
not taken into account during the experiments. Initial conditions for both temperature and salinity have
been derived from the data of German cruises in the area in the 1987 (Roether et al., 2007). These vertical
profiles were applied to the entire domain and used in 20 year long spin-up experiment. The resulting final
temperature and salinity 3-D fields were used as initial conditions for the following experiments. Initial
velocities are null over the domain.

Table 1
Main Characteristics of the Simulation Data Sets Selected for This Work

Model Period
Horizontal and

vertical resolution
Initial

conditions
Boundary
conditions References

AISys 1987–2008 1/88 36 levels Modified
Roether
Conditions

Artificial Heat Fluxes,
MyOcean, RegCM4,
NEMOMED8

Reale et al. (2016)

NEMOMED8 1961–2008 1/88 43 levels MedAtlas-II Arpera Beuvier et al. (2010)
Hermann et al. (2010)

MedMIT12 1979–2012 1/128 75 levels MedAtlas-II Aldera Harzallah et al. (2016)
Llasses et al. (2016)

Copernicus 1955–2014 1/168 72 levels SeaDataNet AMIP Oddo et al. (2009)
Adani et al. (2011); Fratianni et al. (2015)
E.U. Copernicus Marine Service

Information (http://marine.copernicus.eu/services-
portfolio/access-to-products/?option5com_csw&view5

details&product_id5MEDSEA_REANALYSIS_PHYS_006_009.)
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2.2. Nemomed8
NEMOMED8 model is the configuration for the Mediterranean area of the NEMO ocean model (Table 1,
Beuvier et al., 2010; Herrmann et al., 2010). It covers the whole Mediterranean and a buffer zone including a
portion of the Atlantic Ocean. The Black Sea is parameterized as a river runoff in the Aegean Sea. The exper-
iment used in this study covers the period 1961–2008 and has been used before for the investigation of the
factors triggering the EMT (see Beuvier et al., 2010) and the formation of deep waters in the Western Medi-
terranean (Herrmann et al., 2010). The spatial resolution is 0.1258 with 43 vertical levels. The model uses
boundary conditions from ARPERA daily mean fields of momentum, freshwater and heat flux (Beuvier et al.,
2010). ARPERA derives from the dynamical downscaling of ERA40 (Simmons & Gibson, 2000) by the regional
climate model ARPEGE (D�equ�e & Piedelievre, 1995). Initial conditions are derived by Medatlas II climatolo-
gies for the 1960s and the model was initially run until a spin up is reached. The resulting 3-D outputs were
employed as final initial conditions for the experiment.

2.3. MedMIT12
MedMIT12 (Harzallah et al., 2016; Llasses et al., 2016) is the MITgcm (Table 1, Adcroft et al., 1997) adapted to
the Mediterranean region and implemented at a horizontal resolution of 1/128 with 75 vertical levels. The
model covers the whole Mediterranean Sea plus a buffer zone including a small portion of the near Atlantic
Ocean. The Black Sea is parameterized as a surface freshwater flux applied at the mouth of the Strait of Dar-
danelles. The atmospheric fields used to force the simulation come from the regional downscaling of ERA-
interim reanalysis called ALDERA, a 12 km run performed with ALADIN52_v1 and ERA-interim as lateral
boundary conditions (Hermann et al., 2011), covering the years 1979–2013. The ocean model is forced by
net freshwater flux (including river runoff) and by net heat flux. The MedMIT12 experiment has been first
run with a relaxation both to ERA-interim values of Sea Surface Temperature, and to climatological values of
Sea Surface Salinity with time relaxation constants of 2 days and 1.8 days, respectively. The salinity relaxa-
tion term so obtained has been then converted into a climatological flux correction added to the forcing
freshwater flux. The initial conditions have been chosen as the mean state of October 1979, according to
the MedAtlas data set, and no spin up has been performed.

2.4. Copernicus
The reanalysis produced by the Copernicus Marine Environment Monitoring Services (originally derived
from the MyOcean projects, Oddo et al. (2009) and Adani et al. (2011), corresponding to the Version 2 prod-
uct MEDSEA_REANALYSIS_PHYS_006_009; see main features in Table 1 and further details in Fratianni et al.
(2015)) are based on the NEMO-OPA 3.2 and 3.4 models. NEMO has been implemented in the Mediterra-
nean Sea at 1/168 horizontal resolution and 72 vertical levels (Oddo et al., 2009) and it is nested in the Atlan-
tic. The model is forced by momentum, heat, and freshwater fluxes interactively computed by bulk
formulae adapted to the Mediterranean case, using AMIP data (Cherchi & Navarra, 2007) with a correction
applied to the heat flux. The Dardanelles inflow is parameterized as a river, with the climatological net
inflow rates from Kourafalou and Barbopoulos (2003). The model uses the OceanVar three-dimensional vari-
ational assimilation scheme (Dobricic & Pinardi, 2008) assimilating in-situ temperature and salinity vertical
profiles from CTDs, XBTs, MBTs, bottles, ARGO, and altimeter satellite measurements. Initial conditions corre-
spond to a gridded climatology for temperature and salinity computed from in-situ data sampled contained
in SeaDataNet.

2.5. Derivation of the Nondimensional Index for the SSH
The use of a nondimensional SSH index for characterizing the dynamics and the reversals in the Ionian Sea
(combined with another index for the eddy KE) has been already introduced in Bessieres et al. (2012). In the
present work, we adopt a simplified version of this index based only on the SSH term to study the dynamics
of the Ionian, Southern Adriatic and Aegean Seas upper layers. The use of a nondimensional index is further
justified since we compared this quantity among different models with different resolution, parametriza-
tions and forcings.

The computation of the nondimensional SSH index has been carried out as follows:

� the original monthly SSH data have had the seasonal cycle removed for the period covered by each simu-
lation (this was introduced to avoid any influence on the SSH variability due to seasonal or steric effect
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which are substantial in data sets where sea level data are assimilated as in Copernicus; P. Cipollini (per-
sonal communication, 2016)

� the resulting monthly anomalies have been then used to compute an annual SSH anomaly (SSHa) for
each year of simulation over a selected area

� the nondimensional SSH index is defined as:

SSHi5 SSHaj51;nyear2SSHMa
� �

=stdSSHa (1)

where SSHMa is the mean of SSHa over all the simulated years for each model and stdSSHa is its standard
deviation. The procedure adopted for the computation of the index maintains the sign and variability of the
original field and thus can be adopted to study the variability of the sea surface. This is demonstrated in Fig-
ure 2 where we show the comparison between the area-averaged Absolute Dynamical Topography field
(hereafter ADT) over the Ionian (a), Southern Adriatic (b), and Aegean Sea (c) and SSHi computed using ADT
data. By definition, ADT is equal to the sum of Sea Level anomaly (SLA) and Mean Dynamic Topography
(MDT). The MDT is the part of Mean Sea Surface Height due to permanent currents, so that MDT corre-
sponds to the Mean SSH minus Geoid (SSALTO/DUACS Users Handbook, 2016, Available at http://www.
aviso.altimetry.fr/en/data/product-information/aviso-user-handbooks.html). The regional Mediterranean
ADT product is computed using a specific regional MDT (Mediterranean Sea only). The data are on regular
spatial grid of 1/88 and covers the period 1993–2013. ADT data have been extensively used in previous studies
(Bessieres et al., 2012; Borzelli et al., 2009) to describe the reversals in the Ionian upper layer circulation.

The targeted regions for the computation of SSHi (Figure 1) have coordinates 188E–208E and 368N–388N
(Ionian), 17.58E–18.58E, and 418N–428N (Southern Adriatic) and 24.58E–26.58E and 378N–398N (Aegean). The
Ionian area has been chosen through a previous analysis (not shown) of SLA anomaly maps which shows, in
the period 1993–2013, a change in terms of sign of Northern Ionian Gyre (NIG) already pointed out in previ-
ous studies (e.g., Gačić et al., 2010; Pinardi et al., 2015) and clearly visible in Figure 2. The area in the South-
ern Adriatic has been already adopted in previous studies (Gačić et al., 2010; Reale et al., 2016) to point out

Figure 2. ADT (green dots, in m) and SSHi (blue) in the period 1993–2013 computed in the (a) Ionian, (b) Southern Adri-
atic, and (c) Aegean Sea.
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the possible influence of the Ionian circulation on the intermediate layers of Southern Adriatic. Finally the
area in the Aegean Sea has been chosen according to Nittis et al. (2003) as the primary site for the DWF in
the Aegean Sea. Figure 2a shows that SSHi is able to capture the two states of circulation in the Northern
Ionian as also clearly visible in ADT data. In particular, both SSHi and ADT time series show the positive (anticy-
clonic) circulation pattern up to 1997, a negative (cyclonic) circulation pattern up to 2005, a new positive pattern
until 2011 and a change between positive and negative pattern between 2012 and 2013. All these patterns in
the Ionian Sea have been already identified in previous studies (e.g., Bessieres et al., 2012; Borzelli et al., 2009;
Gačić et al., 2010, 2014; Pinardi et al., 2015; Reale et al., 2016; Theocharis et al., 2014). Also in Southern Adriatic
(b) and Aegean Sea (c) the SSHi maintains the sign and variability of ADT data, hence the simplified index here
defined can be used to describe the variability of circulation in the three regions. The SSHi has been computed
for each available simulation. As in previous studies (Bessieres et al., 2012), the identification of the two circula-
tion patterns in the Ionian is based only on the sign of the SSHi not on its value.

3. Results

Figure 3 shows the SSHi computed in Ionian (a), Southern Adriatic (b), and Aegean Sea (c). The analyses
cover the period 1987–2008 to allow the overlapping among the available simulation data sets given that
the Copernicus data set is the only simulation available until 2014. Figure 3a shows that in the Ionian after
1993 all the simulations present a good agreement with the SSHi computed using ADT (hereafter ADT
SSHi). The SSHi derived from each multiyear simulations and their mean have a positive peak in 1993–1994
corresponding to the maximum of the EMT. This is related to the presence of an anticyclonic pattern in the
Ionian as widely reported in the scientific literature (see Reale et al., 2016, and the references therein).

After 1997 all multiyear simulations and their mean show a reversal in the Ionian circulation with a negative
pattern lasting until 2005. After 2005, the SSHi calculated for all the models and their mean shows the rever-
sal to the positive pattern. The interannual-decadal variability of SSHi in the Ionian is very well in line with
the phenomenology sketched in the introduction. Despite the differences among models in reproducing

Figure 3. Annual-mean SSHi during the period 1987–2008 computed in the (a) Ionian, (b) Southern Adriatic, and
(c) Aegean Sea: based on ADT (blue dots), NEMOMED8 (green), Copernicus (red), MedMIT12 (magenta), AISys (gray, only
for the Ionian Sea) data and the mean of all simulations (black). The standard deviation has been computed for the mean
of all simulations and for the ADT SSHi and reported in the figure as vertical error bar.
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the SSHi value, they all agree in showing the existence of two circulation patterns in the area. In particular,
their mean reproduces quite well the behavior of ADT SSHi. It is worthwhile to mention that, despite the
spread among the models, the mean is able to capture the anticyclonic pattern in the Northern Ionian in
the period 1987–1988, which has been discussed in previous studies (Demirov & Pinardi, 2002).

The same good agreement between the ADT SSHi, the multiyear simulations and their mean can be
observed in the Aegean Sea (Figure 3c). Here all time-series show a progressive increase in the Aegean SSHi
after 1993 and a progressive decrease after 2000. Moreover, the mean Ionian SSHi and Aegean SSHi show a
well-defined antiphase tendency. Conversely, a similar good agreement between model data and ADT SSHi
is not observed in the case of Southern Adriatic (Figure 3b), where the spread among the models is high,
showing positive and negative phases in the same year. Further, neither of the mean fits well the variability
observed in ADT SSHi. These differences may probably be related to the small area chosen for the Southern
Adriatic, the different resolutions of the models, the lower signal-to-noise ration of altimeter data in coast-
bounded regions, or all of them. Hereafter, the mean of all the simulations will be used in the statistical
analysis.

Table 2 (upper part) shows that the linear time-lag correlation (LC) of linear regression between Southern
Adriatic and Ionian SSHi reaches its maximum in correspondence of a 2 years delay but this result needs to
be considered with caution owing the poor correlation. The same consideration holds when considering
the linear regression between Southern Adriatic and Aegean SSHi. In this case, the Southern Adriatic SSHi is
weakly correlated with the Aegean SSHi, with a delay of 2 years. The coefficient of both linear regressions
can explain only a small amount of variability (Table 2). Conversely the Ionian-Aegean LC exhibits a signifi-
cant anti-correlation with an R2 of 0.66 reaching surprisingly its top a 0 lag. This means that the Ionian and
the Aegean SSHis variations can be considered synchronous.

Figure 4 shows the mean annual salinity computed between 0–100 m (upper layer) and 200–800 m (inter-
mediate layer) in the Southern Adriatic (Figures 4a and 4c) and Aegean (Figures 4b and 4d) for the model
simulations and their mean (AISys has been excluded as it does not include the Aegean region in its
domain).The depths of the two layers have been chosen as they represent the location of MAW and LIW. In
Southern Adriatic (Figures 4a and 4c) both NEMOMED8 and MedMIT12 show alternate phases of increase
and decrease of the salinity in the upper/intermediate layer. This behavior is not present in Copernicus
where a slight decrease (increase) trend in salinity can be seen. The variability highlighted by the mean was
also observed in the experimental data and previous studies (Gačić et al., 2010; Reale et al., 2016; Theocharis
et al., 2014).

In order to correlate the salinity in both basins with the circulation pattern and vice versa in Ionian, a salinity
index (SALi) for both Southern Adriatic and Aegean has been computed using equation (1). Table 2 (inter-
mediate and lower part) shows the lag correlation and the linear regression coefficient between the Ionian

Table 2
Lag Correlation (LC) and Coefficients of Linear Regressions Between Different Indexes

Linear correlation/regression Coefficients Time lag for max LC

Linear Regressions Between the Ionian, Southern Adriatic, and Aegean SSHi
Ionian-Aegean LC 5 20.82 R2 5 0.66 a 5 20.83 0
Ionian-Southern Adriatic LC 5 20.44 R2 5 0.17 a 5 20.61 SA(22)/IO
Southern Adriatic-Aegean LC 5 0.50 R2 5 0.26 a 5 0.36 SA/AE(22)

Linear Regressions Between the Ionian SSHi Southern Adriatic and Aegean SALi (0–100 m)
Ionian-Aegean (0–100 m) LC 5 0.71 R2 5 0.54 a 5 0.68 0
Ionian-Southern Adriatic (0–100 m) LC 5 0.70 R2 5 0.50 a 5 0.88 SA(22)/IO
Southern Adriatic-Aegean (0–100 m) LC 5 0.80 R2 5 0.50 a 5 0.80 SA(23)/AE

Linear Regressions Between the Ionian SSHi, Southern Adriatic and Aegean SALi (200–800 m)
Ionian-Aegean (200–800 m) LC 5 0.72 R2 5 0.60 a 5 0.69 IO/AE(11)
Ionian-Southern Adriatic (200–800 m) LC 5 0.60 R250.40 a 5 0.77, b 5 0.28 SA(22)/IO
Southern Adriatic-Aegean (200–800 m) LC 5 20.60 R2 5 0.36 a 5 20.55 SA/AE(24)

Note. The Salinity index is calculated in the upper layer (0–100 m) and in the intermediate layer (200–800 m). Only
values significant at 90% of confidence are reported. R2 is the regression coefficient, a and b are the coefficient of linear
regression y 5 ax 1 b (reported only when significant). The time lag where LC is maximum is expressed in years.
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SSHi and Southern Adriatic and Aegean SALi, respectively, in the upper and intermediate layer. Surprisingly,
in the upper layer of the Aegean the SALi and the Ionian SSHi are positively correlated with a zero time lag
(as found, but with opposite sign, for the correspondent SSHis). The Southern Adriatic SALi is also positively
correlated with the Ionian SSHi (Aegean SALi) with a time lag of two (three) years. All regressions show a R2

greater than or equal to 0.50 and so they explain at least 50% of the observed variability (Table 2). The high-
est value is observed between the Ionian SSHi and the Aegean SALi (Table 2).

For the intermediate layer (Table 2), the Aegean SALi is correlated with the Ionian SSHi with a one year
delay. Southern Adriatic SALi and Ionian SSHi maintain the same time lag as in the upper layer. Southern
Adriatic SALi and Aegean SALi are negatively correlated with a time lag of four year. The latter confirms the
results of previous studies that highlight the opposite behavior of the salinity in the two basins (see Bensi
et al., 2016; Krokos et al., 2014; Theocharis et al., 2014; Velaoras et al., 2014) and the importance of the
Aegean in influencing the salinity of the intermediate layer in the Southern Adriatic (Amitai et al., 2016). The
Salinity/SSH based indexes in the upper layer in both Southern Adriatic and Aegean have the same time lag
(Table 2) with the Ionian SSHi, suggesting that variations in upper layer salinity and SSH are connected.

The observed variability in salinity affects also the maximum mixed layer depth behavior in February (MLD,
de Boyer Montegut et al., 2004) in both basins (Figures 5a and 5b). The increase (decrease) in salinity in
both basins corresponds to an increase (decrease) in MLD (Figures 5a and 5b) which is affected in late win-
ter by the open ocean convection and is related to an increase in the DWF intensity (Nittis et al., 2003). This
could explain the enhanced negative pattern in the observed Aegean SSHi. In fact, as clearly shown in Fig-
ure 3c, Aegean SSHi shows two relative minima: one in 1993 corresponding to the EMT peak (e.g., Roether
et al., 2007), and one in 2007 corresponding to the reactivation of the Aegean as dense water formation site

Figure 4. (a and c) Salinity (in psu) in the Southern Adriatic and (b and d) Aegean Sea (a and b) between 0–100 m and (c and d) 200–800 m according to NEM-
OMED8 (green), Copernicus (red), and MedMIT12 (magenta) and their mean (black).

Journal of Geophysical Research: Oceans 10.1002/2017JC012983

REALE ET AL. COVARIANCE OF AE AND IO IN THE 1987–2008 8028



(Krokos et al., 2014). The MLD computed in the Aegean (Figure 5b) shows two relative maxima: one in 1993
and one in 2006 depicting a large open ocean convection in the area and thus DWF. Conversely, in the
same years, the MLD in the Southern Adriatic (Figure 5a) was characterized by a sudden decrease (after a
period of sharp increasing) indicating a reduced DWF (Amitai et al., 2016; Dunić et al., 2016; Theocharis
et al., 2014).

Straddling the end of the 1980s and the beginning of the 1990s, during a positive Ionian SSHi, the northward
shift of MAW in the Ionian leads to a sharp increase of salinity in the upper layer of the Aegean and the year
after in its intermediate layer. The progressive increase of salinity in both upper and intermediate layer enhan-
ces the cyclonic circulation at the center of the Aegean and leads to a decrease in the Aegean SSHi (which
corresponds to the increase of MLD). This reflects on the DWF shift from the Southern Adriatic to the Aegean
(e.g., EMT, Roether et al., 2007; Theocharis et al., 2014). When the difference between the Ionian and Aegean
SSHi is such as to accelerate MAW toward the Aegean, a decrease in salinity takes place in the Aegean, leading
to an increase of SSHi (and a decrease of the MLD) in the area (Theocharis et al., 2014). Meanwhile, after the
mid-1990s, due to the lower input of MAW, the Southern Adriatic begins to become saltier at the surface and
then in its intermediate layers due to an enhanced advection of LIW (see Gačić et al., 2010; Reale et al., 2016)
leading to a increase of MLD (despite a sudden observed decrease in 2001 which was associated with very
mild conditions over the area in February (Sellschopp & Alvarez, 2003)) and affecting the Ionian SSHi. This
results in a shift of DWF from the Aegean to the Southern Adriatic, as already observed in Klein et al. (2000)
and Theocharis et al. (2014). While the MAW begins to shift northward, with a new reversal after 2005, the
Aegean begins to become saltier and the cycle starts again (Theocharis et al., 2014).

These final results support the idea that the reversals observed in the period 1987–2008 reflect the exis-
tence of multiple equilibrium states in MTHC in the EMED and that Adriatic-Ionian-Aegean Sea system
behaves like a coupled system (Amitai et al., 2016; Ashkenazy et al., 2012; Crisciani & Mosetti, 2016; Reale
et al., 2016; Theocharis et al., 2014).

From another point of view these results explain the reasons why we used the term ‘‘unexpected’’ and ‘‘sur-
prisingly’’ in relation to the covariant behavior of Aegean and Ionian Seas, highlighted in the previous statis-
tical analysis. This is clear observing Figures 6a,b,c, where the monthly mean zonal transport of salinity
between Aegean and Ionian Seas in the period 1987–2008 is shown (centered on 368N and computed
between 19.58E and 24.58E, green line in Figure 1). During the positive phase of Ionian SSHi the zonal flow
of salinity is absent or mainly oriented from the center of the Ionian toward the Cretan Sea, filling, as stated
before, the upper layer of the Aegean with fresher MAW water and leading to the decrease of salinity in the
Aegean. During a negative SSHi the direction of the flow reverses, filling the upper layer of the Ionian with
saltier Aegean water, further decreasing the salinity in the Aegean itself and increasing the strength of
cyclonic circulation in the Ionian. Hence, the source of the covariant behavior observed between the Ionian
and Aegean SSHi and between the Ionian SSHi and the Aegean SALi is associated with an advective signal
of monthly temporal scale, as shown in the Hovmoeller diagrams in Figure 6.

Figure 5. MLD (in m) in (a) Southern Adriatic and (b) Aegean Sea according to NEMOMED8 (green), Copernicus (red), and
MedMIT12 (magenta) and their mean (black).
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The existence of this advective signal and the related time scale has been suggested in previous studies
supported by experimental data (Krokos et al., 2014; Velaoras et al., 2014) and numerical experiments (Reale
et al., 2016; Theocharis et al., 2014). In this work, the advective signal is confirmed by the validation of SSHi
against ADT data and by the use of a multimodel approach. On the other hand the interaction between the
Southern Adriatic and the Ionian does not appear to take place on the same time scale and with same
advective signal. The Ionian SSHi exhibits a delay of 2 years with respect the salinity in the Southern Adri-
atic, and the reasons for that will be addressed in a future study.

Finally, comparing Figure 3 with Figure 4 (by means of a scatter plot, not shown here) it appears that a salin-
ity upper layer value above (below) 38.8 in the Aegean characterizes the positive (negative) SSHi in the
Ionian, whereas for the intermediate layer the two different patterns in the Ionian hold for a value of salinity
above (below) 38.95. In the case of the Southern Adriatic, on average, for the upper layer salinity a value
above (below) 38.7 in the Southern Adriatic can be linked with a time delay of 2 years to a possible positive
(negative) pattern in the Ionian, while for the intermediate layer this can be speculated to exist for a value
of salinity above (below) 38.75.

Figure 6. Hovmoeller diagrams of zonal flux of salinity (in psu ms21), monthly-mean values for the top 50 m, computed between 19.58E and 24.58E and 368N in (a)
NEMOMED8, (b) MedMIT12, and (c) Copernicus for the period 1987–2008.
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4. Conclusions

In this paper, a simplified index for SSH in the Ionian Sea has been introduced and used to describe the
reversals of the Ionian Sea upper layer circulation that took place in the region between 1987 and 2008. The
comparison with satellite data and results from the scientific literature has allowed us to test the ability of
the Ionian SSHi to capture the dynamics of the Ionian. As shown in previous studies, a cyclonic pattern per-
sists between 1997 and 2005, whereas an anticyclonic pattern is found between 1987–1996 and 2006–
2011. The multimodel approach has shown the potential to overcome the spread among the models and
to reconstruct the variability of the upper layer in the Ionian Sea, as described in previous studies. This is
particularly true in the case of the 1987–1988 reversal (Demirov & Pinardi, 2002), which has been well cap-
tured by multimodel mean but not by all the singular models. This 1987–1988 reversal has been attributed
to atmospheric forcing through wind stress curl changes (Demirov & Pinaridi, 2002). It is likely that the dif-
ferent forcing spatial resolution used in each model can explain the observed spread.

The comparison of the Ionian SSHi with the SALi in the Aegean and Southern Adriatic has shown the
following:

1. The Aegean and the Ionian Seas explicitly show a covariant behavior in the period 1987–2008. In particu-
lar, Aegean upper layer salinity covaries in the time with the Ionian SSHi. Salinity in the Aegean interme-
diate layer shows a delay of one year with respect to the Ionian SSHi.

2. The source of the covariant behavior of the two basins is an advective signal involving the salinity and
acting on a monthly scale in both directions.

3. The existence of this advective signal has been suggested by previous numerical and experimental stud-
ies (Krokos et al., 2014; Reale et al., 2016; Theocharis et al., 2014). Here we have confirmed the signal by
validating the SSHi against ADT data and through a multimodel approach.

4. The shift of MAW toward the Aegean Sea is followed by a salinity and MLD increase in the Southern Adri-
atic. This induces an increase of sea level difference between the center of the Ionian and Southern Adri-
atic, and thus a progressive shift northward of MAW toward the Southern Adriatic. The time scale
associated is larger than the one observed between the Ionian and the Aegean Seas.

5. Positive (negative) patterns in the Ionian Sea are observed in together with upper layer salinity above
(below) 38.8 in the Aegean Sea.

6. For the Southern Adriatic, a value of upper layer salinity above (below) 38.7 could be used to forecast
Ionian reversal two years in advance.

7. The comparison of the SSHi with ADT data and Salinity data in the period 1987–2008 has confirmed the pres-
ence of multiple equilibrium states in the MHTC of the EMED (Amitai et al., 2016; Ashkenazy et al., 2012).

8. BiOS-like observations during the period 1987–2008 reflect the switching between the two possible
deep water sources for the EMED (Reale et al., 2016; Theocharis et al., 2014).

The influences of external forcings on this system, in particular wind and surface fluxes, and their effect on
the temporal scale of reversals are however still to be analyzed. Further experiments based on a new gener-
ation of coupled models are in preparation in order to analyze more in depth these effects and to evaluate
them from an energetic point of view. Some experiments will be specifically oriented toward the analysis of
the time delay between the Ionian and the Southern Adriatic.
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Gačić, M., Civitarese, G., Eusebi Borzelli, G. L., Kovacevic, V., Poulain, P.-M., Theocharis, A., . . . Zarokanellos, N. (2011). On the relationship
between the decadal oscillations of the northern Ionian Sea and the salinity distributions in the eastern Mediterranean. Journal of Geo-
physical Research, 116, C12002. https://doi.org/10.1029/2011JC007280
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