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Abstract: The Mediterranean Sea is considered a hot spot of global warming because it has been
changing faster than the global ocean, creating a strong impact on the marine environment. Re-
cent studies agree on the increase in the sea level, in the sea surface temperature, and in the sea
surface salinity in the Mediterranean Sea over the last two decades. In this research, the possible
interconnection between these and other parameters that contribute to the regulatory effect of the sea
on the climate are identified and discussed. Spatio-temporal variability of four oceanographic and
air–sea interaction parameters (sea-level, sea surface temperature, sea surface salinity, and freshwater
flux) are estimated over the last 27 years by performing the empirical orthogonal function analysis.
Climatic trends, and interannual and decadal variability of the different datasets are delineated
and described in the whole Mediterranean and in its sub-basins. On the climatic scale, the Mediter-
ranean and its sub-basins behave in a coherent way, showing the seal level, temperature, salinity,
and freshwater flux rise. On the interannual scale, the temporal evolution of the sea level and sea
surface temperature are highly correlated, whereas freshwater flux affects the variability of sea level,
temperature, and the salinity field mainly in the Western and Central Mediterranean. The decadal
signal associated with the Northern Ionian Gyre circulation reversals is clearly identified in three of
the four parameters considered, with different intensities and geographical extents. This signal also
affects the intermediate layer of the Eastern Mediterranean, from where it is advected to the other
sub-basins. Decadal signal not associated with the Northern Ionian Gyre reversals is strongly related
to the variability of main sub-basin scale local structures.

Keywords: Mediterranean Sea; empirical orthogonal function analysis; interannual; decadal and
climatic variability; interaction between oceanographic parameters (ADT, SST, SSS, and E-P)

1. Introduction

The Mediterranean is a semi-enclosed continental sea (Figure 1). It is a concentra-
tion basin receiving relatively low saline Atlantic Water (AW), which then flows in the
surface layer eastward and gains salt due to the positive E-P over the Mediterranean area
(Figure 1A). Eventually, the AW reaches the easternmost part of the Mediterranean Sea,
showing salinity two units higher than at the Gibraltar Strait [1]. During the wintertime
in the area southwest of Rhodes, the intermediate vertical convection takes place and the
Levantine Intermediate Water (LIW) forms [2], starting its westward spreading [3,4] at a
depth of around 300–400 m (Figure 1A). Then, it exits through the Gibraltar Strait in the
layer below the surface, which is occupied by the inflowing AW. This circulation pattern
represents the zonal overturning basin-wide cell [5]. In addition, two north-south cells are
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present, ventilating the deepest parts of the Eastern and Western Mediterranean basins [6].
In the Gulf of Lion and in the Adriatic Sea, the two cells are forced by the air–sea heat
losses, the consequent convection, and dense water formation [7,8]. As far as the physical
mechanism responsible for the sinking, it was found that most of the net sinking occurs
within 50 km of the coastal boundary, away from open sea convection sites [9,10]. The
dense waters formed in the Eastern and Western Mediterranean spread at depths of a few
thousand meters, remaining in the formation basins, because the strait between the two
parts of the Mediterranean (Sicily Channel) and the Gibraltar Strait connecting the Atlantic
and the Mediterranean are relatively shallow (around 400 m). The two overturning circula-
tion cells interact via LIW bringing salt into the dense water formation areas and changing
the buoyancy content of the water column [2]. On the other hand, air–sea heat fluxes vary
on the interannual, decadal, and longer-term time scales [11], affecting the intensity of the
vertical mixing and the thermohaline properties of the dense water formed [12].

Thermohaline properties of the Mediterranean and atmospheric, steric, and mass
sea-level variations occur on interannual and decadal scales [13–16]. Moreover, these
variations show prominent long-term trends, which however differ between various
sub-basins [11,14,15,17]. These differences are probably due to the local circulation [18–21],
thermohaline changes [22–24], and relatively short time-series where it has been calculated
from [25,26]. A quick summary of the trend analysis recently conducted in the Mediter-
ranean describes a scenario of increasing freshwater deficit [27], sea surface temperature
(SST) and sea level [11,14–16], and a basin-scale multi-decadal salinification [11,23,28–30].
The SST is considered an important ingredient for the occurrence and intensification of
evaporation and heavy precipitation events, and plays an important role on the heat waves
in Europe [14,27]. The climatic trends were evidenced not only in the surface layer but
also in the thermohaline properties of the intermediate layer [31]. More specifically, it
was revealed that LIW temperature and salinity show stronger trend of increase than at
intermediate depths in the world ocean [11,31–33].

Long-term trends are in turn related to the large-scale atmospheric patterns that influ-
ence the weather and climate of the Mediterranean region. The most outstanding climatic
index, widely recognized as representative of the atmospheric variability in the northern
hemisphere, is the North Atlantic Oscillation (NAO) index, whose positive and negative
phases influence the temperature and precipitation patterns of the Mediterranean [34].
However, in addition to the NAO index, there are other indices that are better correlated
to heat distribution and trends of the Mediterranean [35]. A recent review on the cli-
matic indices, used as a proxy to monitor the long-term variability of climatic parameters
that influence the Mediterranean thermohaline circulation, identifies the Mediterranean
Oscillation Index (MOI) as the most suitable option [34].

Nevertheless, Iona et al. [36] show a pronounced multidecadal correlation (significantly
larger than that observed with NAO) between the Atlantic Multidecadal Oscillation (AMO)
index and the decadal averages of the ocean heat content and ocean salt content.

Interannual and decadal variabilities are related to changes of the thermohaline
properties and circulation regimes such as Eastern Mediterranean Transient (EMT), West-
ern Mediterranean Transition (WMT), and Adriatic-Ionian Bimodal Oscillating System
(BiOS) [37–41]. The WMT can be defined as a climate shift, which changed the basic struc-
ture and properties of the intermediate and deep layers of the western Mediterranean, with
an abrupt increase in temperature, salinities, and densities [39,42]; it affects the character-
istics of the water exiting the Gibraltar Strait. The EMT is a climatic event that occurred
during the 1990s, related to a yet not completely understood chain of atmospheric, oceanic,
and hydrological interactions that shift the region of the Eastern Mediterranean deep-water
formation from the southern Adriatic to the Cretan Sea [43]. This event influences not only
the deep layer but also the entire water column and the circulation structures of the Eastern
Mediterranean [19,44]. The BiOS is a feedback mechanism, driven by the difference in salin-
ity between the salty and warmer waters originating in the eastern Mediterranean and the
less saline AW entering from the Sicily Channel [39,41,45,46], that is accredited to having
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led to the quasi-decadal reversal of the Northern Ionian Gyre (NIG) from anticyclonic to
cyclonic and vice-versa. Evidence of the importance of this mechanism was obtained by di-
mensional analysis and laboratory experiments [39–41,45,46]. Another possible mechanism
proposed for explaining the NIG reversal is wind forcing [47–51]. Grodsky et al. [29] re-
cently proposed a comparison between the temporal variability of the NIG reversals signal
and atmospheric forcing (wind stress curl), finding a low anticorrelation and concluding
that the NIG circulation modes are probably not atmospherically driven.
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where the intermediate and deep-water formation sites are highlighted. (B) Geography of the 
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DW, dense water; IW, Intermediate Water; NIG, Northern Ionian Gyre; AC, Algerian Current; NC, 
Northern Current; NTG, Northern Tyrrhenian Gyre; SG, Sidra Gyre; MIJ, Mid-Ionian-Jet; SAG, 
Southern Adriatic Gyre; WAC, Western Adriatic Current; PG, Pelops Gyre; MMJ, Mid-
Mediterranean Jet; LEC, Libyo-Egyptian Current; IG, Ierapetra Gyre; RG, Rhodes Gyre; MMG, 
Mersa-Matruh Gyre; CG, Cyprus Gyre; SSE, South Shikmona Eddy; and NSE, North Shikmona 
Eddy. 
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SL-QUID_008-032-051). The ADT was obtained by the sum of the sea level anomaly 
and a 20-year synthetic mean estimated by Rio et al. [53] over the 1993–2012 period. 

• The daily fields of SST derived from CMEMS 
(SST_MED_SST_L4_REP_OBSERVATIONS_010_021). This product contains daily 
mean nighttime SST satellite-based and optimally interpolated (L4) estimates, with a 
spatial resolution of 0.05° × 0.05° [54,55].  

Figure 1. (A) Schematic representation of the thermohaline circulation in the Mediterranean Sea where
the intermediate and deep-water formation sites are highlighted. (B) Geography of the Mediterranean
Sea superimposed on the colored mean ADT map for 1993–2019; a schematic representation of the
main currents and circulation structures are depicted with black arrows and red (anticyclonic) and
blue (cyclonic) circles; geographical extension of the three main sub-basins (WMED, CMED, and
EMED). Acronyms: AW, Atlantic Water; LIW, Levantine Intermediate Water; DW, dense water; IW,
Intermediate Water; NIG, Northern Ionian Gyre; AC, Algerian Current; NC, Northern Current; NTG,
Northern Tyrrhenian Gyre; SG, Sidra Gyre; MIJ, Mid-Ionian-Jet; SAG, Southern Adriatic Gyre; WAC,
Western Adriatic Current; PG, Pelops Gyre; MMJ, Mid-Mediterranean Jet; LEC, Libyo-Egyptian
Current; IG, Ierapetra Gyre; RG, Rhodes Gyre; MMG, Mersa-Matruh Gyre; CG, Cyprus Gyre; SSE,
South Shikmona Eddy; and NSE, North Shikmona Eddy.

The EMT and BiOS occur in different parts of the Mediterranean but nevertheless they
extend their impact over the entire basin [52]. The signal associated with these changes,
as mentioned above, is mainly advected with LIW flow. It was shown that EMT and
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WMT are phenomena which occur at time scales longer than decadal, while BiOS is a
cyclical quasi-decadal variability of the Ionian and Eastern Mediterranean circulation (NIG
reversals) and of its thermohaline properties.

The aim of this work is to study the spatial and temporal (climatic, decadal, and
interannual) variability of four oceanographic and air–sea interaction parameters in dif-
ferent Mediterranean sub-areas as well as in the entire basin, in order to estimate what is
the relative contribution of different sub-basins to the overall basin-wide variations. For
these purposes, in-situ data (Argo float and CTD profiles), satellite (altimetry, SST, and E-P:
Evaporation-Precipitation, i.e., freshwater flux), and model (SSS) products are used over
the period 1993–2019. Spatio-temporal variability is described, performing the empirical
orthogonal function (EOF) analysis on the gridded, monthly, de-seasoned parameters of the
whole Mediterranean Sea and of the main sub-basins, which are considered separately. SSS
distribution derived from model reanalysis is compared with those derived from in-situ
data in the upper layer of the Eastern Mediterranean. The EMT and WMT will be discussed
only when they interact or are affected by decadal variability because the available time-
series are not long enough to give detailed descriptions of these two phenomena. Special
attention will be given to transfer of the signal from the source areas. Possible relationships
between the different parameters are delineated and described.

2. Materials and Methods

The datasets used for this study are retrieved from satellite products, in-situ data, and
model reanalysis in the period 1993–2019. They are briefly described hereafter:

• The daily (1/8◦ Mercator projection grid) Absolute Dynamic Topography (ADT)
derived from altimeter and distributed by CMEMS (product user manual CMEMS-SL-
QUID_008-032-051). The ADT was obtained by the sum of the sea level anomaly and
a 20-year synthetic mean estimated by Rio et al. [53] over the 1993–2012 period.

• The daily fields of SST derived from CMEMS (SST_MED_SST_L4_REP_OBSERVATIONS
_010_021). This product contains daily mean nighttime SST satellite-based and opti-
mally interpolated (L4) estimates, with a spatial resolution of 0.05◦ × 0.05◦ [54,55].

• Monthly surface salinity fields (~1 m depth) derived from the surface MEDSEA prod-
ucts (https://doi.org/10.25423/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1,
downloaded on 20 April 2021) distributed by CMEMS. This product is assessed using
a variational data assimilation scheme for temperature and salinity’s vertical profiles;
SST and satellite sea level anomaly along track data [56].

• Evaporation and precipitation data downloaded from the hourly ERA5 reanalysis,
the fifth generation ECMWF reanalysis for the global climate and weather, that com-
bine model data with observations (doi:10.24381/cds.adbb2d47; [57]). The spatial
resolution is 0.25◦ × 0.25◦.

• The Argo float vertical salinity profiles [58] collected in the Mediterranean Sea since
2001 vertically averaged in the surface (0–150 m) and intermediate (200–450 m)
layers [59,60].

• Salinity data derived from the Word Ocean Database (WOD; [61]) vertically averaged
in the surface (0–150 m) and intermediate (200–450 m) layers.

The gridded datasets obtained from different sources (ADT, SST, E-P) were all averaged
over monthly intervals. The SSS data were already downloaded with a monthly temporal
resolution, therefore they were not further averaged.

The spatial-temporal variations of these parameters were obtained by performing
an empirical orthogonal function s (EOFs) analysis [62] to the gridded monthly datasets.
EOF analysis is one of the most widely used and accepted methods to understand the
variability in climate data (e.g., Hannachi et al. [63]; Gupta et al. [64]). This method
essentially captures the nonlinearity and high-dimensional characteristics for a given
dataset, preserving significant patterns and their variability, thereby aiding the users to
derive meaningful information for data interpretation and analysis (e.g., Hannachi et al. [63];
Gupta et al. [64]). The EOFs method finds the spatial patterns of variability and their time
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variations, and gives a measure of the “importance” of each pattern [65]. Before estimating
EOFs, all parameters taken at time tj (j = 1, . . . m) were de-seasoned using a 13-months
moving average. EOFs were computed using the classical method [62,65], creating for
each dataset (ADT, SST, SSS, E-P) the data matrix F(m,n) where m is the number of spatial
grid points and n is the number of months considered. The method removes the temporal
mean (see Figure S1 in the Supplementary Materials) from each column, then forms the
covariance matrix of F by calculating R = Ft F, solving the eigenvalue problem:

RC = CΛ, (1)

where Λ is a diagonal matrix containing the eigenvalues λi of R (I = 1, . . . n). The ci column
vectors of C are the eigenvectors of R corresponding to the eigenvalues λi. The sizes of Λ
and C are n × n. Each eigenvalue λi has a corresponding eigenvector ci; these eigenvectors
are the EOFs we are looking for. The first mode of EOFs is the eigenvector associated
with the largest eigenvalue; the second mode of EOFs is the second biggest eigenvalue,
etc. Each eigenvalue λi gives a measure of the fraction of total variance in R explained
by the mode. The eigenvector matrix C has the property that CtC = CCt = I, where I is
the identity matrix. This means that the EOFs are uncorrelated over space, or, in other
words, the eigenvectors are orthogonal to each other. The pattern obtained when an EOF is
plotted as a map represents a standing oscillation. The time evolution of an EOF (principal
component time series—PC) shows how this pattern oscillates in time.

In this work, the results of the first two EOFs modes for each parameter (ADT, SST,
SSS, and E-P) are analyzed in the whole Mediterranean (MED) and in the three main
sub-basins (Figure 1B) separately (geographical limits of the MED sub-basins were adapted
from [66]): Western Mediterranean (WMED; 34.5◦N–46◦N; −6◦E–13◦E); Central Mediter-
ranean (CMED; 30◦N–46◦N; 13.5◦E–24◦E; it includes Adriatic and Ionian seas [67] and
the southern Tyrrhenian Sea, as it is affected by the decadal variability induced by the
Ionian Sea [20]); and Eastern Mediterranean (EMED; 30◦N–37◦N; 24◦E–36.2◦E; the northern
Aegean was excluded from the calculation of EOFs in the EMED as it is characterized by
very specific local dynamics strongly influenced by exchanges with the Dardanelles).

Linear trends were estimated for the de-seasonalized variables of all the datasets
considered. Trends’ accuracy was evaluated using the Mann–Kendall test, a nonparametric
method [68,69] commonly employed to detect monotonic trends in a series of environ-
mental, climate, or hydrological data. The purpose of the Mann–Kendall test [68–70] is
to statistically assess if there is a monotonic upward or downward trend of the variable
of interest over time. A monotonic upward (downward) trend means that the variable
consistently increases (decreases) through time. The null hypothesis for the Mann–Kendall
test is that there is no trend in the series; the alternative hypothesis is that the trend exists.
The trends estimated in this work passed the test (the null hypothesis was rejected; 95%
confidence level).

A total of two kinds of cross-correlations are computed using the PC of the first
and second EOF modes (PCs). The first correlates, for each parameter, the PCs of the
MED with the corresponding PCs derived in the three sub-basins. This analysis provides
information on how an individual sub-basin behaves in relation to the MED, e.g., whether
it affects the MED signal more than another; whether it moves in phase or out-of-phase
with the MED. The second cross-correlation was performed between the PCs of different,
independent parameters. This analysis combines the fluctuation of different parameters
over time, exploring their possible interconnections. The PCs of SSS were not cross-
correlated with those of ADT and SST, as the latter variables are assimilated by the model
that produces the salinity fields (see Section 2). All the correlations presented in this work
are statistically significant (p-values < 0.05 is the probability that the null hypothesis is true,
i.e., no correlation is lower than 5%; confidence level 95%), but only those larger than or
equal to 0.5 are considered high enough to establish a close link between two sub-basins or
between two distinct variables.
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A qualitative comparison between the temporal evolution of salinity and those of ADT
and SST was performed using in-situ salinity data from the WOD dataset and Argo floats
(see Figure S2 for the temporal and spatial distribution of salinity profiles). The sub-basin
selected for the comparison is the EMED, as it is the best sampled during the whole period
analyzed (1993–2019), both in terms of quantity of data and geographical distribution, and
it explained the largest variance of the SSS on the first EOF mode (Table 1).

Table 1. Explained variance of the EOF1 and EOF2 modes in the MED and in its sub-basins (WMED,
CMED, and EMED), time scale involved, and correlation coefficients (p-value < 0–05; 95% confidence
level) between the PCs of the MED and those of its sub-basins related to all the parameters considered.
Correlation ≥ 0.5 are emphasized in bold in the table and described in the text. Time scales are
indicated by Int (interannual), Dec (decadal), and Clim (climatic). The decadal variability linked to
the NIG as well as that related to the local structures or to sub-basin dipolar spatial distribution are
highlighted in brackets.

EOF1 MED WMED CMED EMED

ADT

Exp. Var 63.1% 66.4% 56.7% 72.5%
Time scale Int/Clim Int/Clim Int/Clim Int/Clim

Corr. vs. PC1 MED 0.94 0.98 0.97
Trend (cm·year−1) 0.33 0.31 0.30 0.37

SST

Exp. Var 68.5% 81% 78.4% 86.7%
Time scale Int/Clim Int/Clim Int/Clim Int/Clim

Corr. vs. PC1 MED 0.85 0.97 0.91
Trend (◦C·year−1) 0.04 0.04 0.04 0.04

SSS

Exp. Var 28.3% 44.1% 41.2% 66.3%
Time scale Int/Clim Int/Clim Dec (NIG) Dec (NIG)

Corr. vs. PC1 MED 0.87 0.60 0.53
Trend (year−1) 0.010 0.011 0.013 0.009

E-P

Exp. Var 48.9 72.8 56.3 69.9
Time scale Int/Clim Int/Clim Int/Clim Int/Clim

Corr. vs. PC1 MED 0.90 0.94 0.56
Trend (m·year−1) 0.010 0.013 0.012 0.006

EOF2 MED WMED CMED EMED

ADT
Exp. Var 9.4 7.6 20.8 7.8

Time scale Dec (NIG) Dec (local) Dec (NIG) Dec (local)
Corr. vs. PC2 MED 0.2 0.94 0.3

SST
Exp. Var 12.9 6.5 6.6 2.8

Time scale Dec (dipolar) Dec (dipolar) Dec (NIG, dipolar) Dec (NIG, dipolar)
Corr. vs. PC2 MED 0.17 0.61 0.20

SSS
Exp. Var 22.2 16.7 23.4 17.1

Time scale Dec (NIG) Dec (dipolar) Int (dipolar) Int (dipolar)
Corr. vs. PC2 MED −0.40 0.60 0.57

E-P
Exp. Var 22 7.9 17.4 13.8

Time scale Dec (dipolar) Dec Dec Dec
Corr. vs. PC2 MED 0.10 0.84 0.39

Most of the float profiles used in this study were validated using delayed mode
quality control (DMQC) technique [71]. The strategy adopted for DMQC is widely de-
scribed in Wong et al. [59]; Böhme and Send [72]; Owens and Wong [73]; Notarstefano and
Poulain [74]; and Cabanes et al. [75]. The accuracy of salinity measurements requested by
Argo after the DMQC is 0.01. When DMQC data are unavailable, real-time data are used.
Argo float and WOD salinity profiles were vertically averaged in the surface (0–150 m) and
intermediate (200–450 m) layers, then they were grouped into three different sub-regions
(Figure S2): South Levantine (32–34◦N–24–36◦E), Crete (34–37◦N–24–29◦N), and Cyprus
(34–37◦N–29–36◦E). These sub-regions were selected using criteria based both on their
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specific hydrological characteristics and on data availability (at least one monthly sampling
in each of them). Monthly salinity means were obtained in each sub-region and in each
layer; hence, a monthly value representing the whole EMED was performed by averaging
the values of the three sub-areas for each month.

3. Results and Discussion

This section describes the main results obtained from the EOFs of the four selected
parameters: ADT, SST, SSS, and E-P. The spatial pattern of the first and second EOFs
modes (hereafter EOF1 and EOF2, respectively) and their amplitude as a function of time
(hereafter PC1 and PC2, respectively) are analyzed in detail and discussed in relation
to the most recent literature (Sections 3.1 and 3.2), as well as the possible correlations
between independent variables (Section 3.3) and the comparison with in-situ salinity data
(Section 3.4). Time series of PC1 and PC2 are shown for each mode and for each parameter
in both the MED and its sub-basins (Figures 2–9); the spatial patterns (EOF1, EOF2) are
always shown for the MED, while they are displayed only in the most interesting cases for
the sub-basins, i.e., when the time series and the explained variances describe quite different
behaviors with respect to the MED. Table 1 lists the explained variance related to each EOF
mode, the time scale explained, the linear trend of the de-seasonalized variables, and the
correlations between the PCs of the MED and those of its sub-basins. Time scales described
are related to the interannual, decadal, and climatic (larger than decadal) variabilities.
Linear trends of the de-seasonalized variables listed in Table 1 are in line with the results
of [11,28,40,76,77].
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Figure 2. EOF1 (A) and PC1s (B) of the ADT. The PC1s (B) are estimated for the whole Mediterranean
(MED, black line) and for the three main sub-basins separately (West Mediterranean—WMED, blue
line; Central Mediterranean—CMED, green line; Eastern Mediterranean—EMED, red line). The
long-term linear trend (orange line) is estimated on the PC1 of MED.
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3.1. First EOF Mode (EOF1)

The EOF1 of the ADT and SST explains 63% and 68% of the data total variance,
respectively (Table 1), and captures the interannual and climatic variability of these pa-
rameters. The EOF1 and PC1 show a general increase in the sea level and of the SST over
the MED (Figures 2 and 9; trends in Table 1 and in Figures 2B and 9B); smaller increases
are observed in the northern and central Ionian and in the Cretan Passage. The Ierapetra
Gyre (IG) behaves differently from other Mediterranean regions, showing a decrease in
sea level (Figure 2A) and a limited increase in temperature in its interior compared to the
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MED (Figure 9A); this result is in agreement with Mohamed and Skliris [78], who found
a significant negative sea level trend in IG and maximum sea level rise in Mersa-Matruh
and Cyprus gyres. Considering the three MED sub-basins separately, the EOF1 shows
larger explained variances in the EMED (Table 1), both in terms of ADT (72.5%) and of SST
(89%). The MED and its sub-basins behave in a consistent way (Figures 2B and 9B), with
correlations larger than 0.94 and 0.85 for ADT and SST, respectively (Table 1).
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The most prominent and isolated peaks observed in the PC1 of SST (Figure 9B) are
associated with occurrences of Mediterranean marine heatwaves (MHWs), qualitatively
defined as prolonged periods (five consecutive days or more) of anomalously warm water
conditions when compared to the climatological mean (see Hobday et al. [79,80]) and
Darmaraki et al. [81] for the definition and classification of MHWs). Based on the analysis
of Pisano et al. [17], from 2000 the MED featured the highest SSTs, some of which classified
as strong MHWs. The EOF analysis of SST shows whether and to what extent the different
MED sub-basins respond to the MHWs events. The signatures of the strong MHWs that
occurred in 2003, 2006, and 2017 [17,80,82] are clearly visible in the WMED and CMED,
while they are not detected in the EMED (Figure 9B). On the other hand, the event of
2010 [64] involves only the EMED, while that of 2012 [81] involves both CMED and EMED.
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In 1994, 2015, and 2018, intense summer MHWs affected almost the entire MED [81,83,84],
as documented by the increasing temperature in all sub-basins (Figure 9B).
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Figure 9. EOF1 (A) and PC1s (B) of the SST. The PC1s (B) are estimated for the whole Mediterranean
(MED, black line) and for the three main sub-basins separately (West Mediterranean—WMED, blue
line; Central Mediterranean—CMED, green line; Eastern Mediterranean—EMED, red line). The
long-term linear trend (orange line) is estimated on the PC1 of MED. Red shaded areas highlight the
period characterized by the occurrence of Mediterranean marine heatwaves, as defined by the recent
literature [17,80–84].

The EOF1 of the SSS in the MED explains 28% of total variance (Table 1; Figure 3A)
whereas, considering the sub-basins separately, explained variances exceed 40%, with a
maximum in the EMED (66.3%). The PC1s show a general increase in salinity and empha-
size the different temporal evolutions among the sub-basins (Figure 3E). The PC1s of SSS in
the MED and in the WMED are highly correlated (correlations of ~0.90; Table 1), describing
the interannual variability in these regions. In the CMED and the EMED, the most ener-
getic signal is related to the quasi-decadal variability of the NIG circulation (Figure 3C–E).
The PC1 in the EMED is out-of-phase with respect to the CMED (correlation coefficient
of ~−0.6), in agreement with the results of Gačić et al. [45] and Menna et al. [18]. The
largest positive values observed in the northern Ionian and Cretan Passage (Figure 3A,C,D)
correspond to surface salinity decreases/increases during the anticyclonic phases of the
NIG (1993–1997, 2006–2010, and 2017–2018; negative/positive values of the PC1 in the
CMED/EMED; Figure 3E,D) and to salinity increase/decrease during the cyclonic phases
(1998–2005 and 2011–2016; positive/negative values of the PC1 in the CMED/EMED;
Figure 3E,D), respectively.

The EOF1 and the PC1 of the E-P show a general increase in the freshwater flux in the
MED (i.e., evaporation exceeded precipitation; Figure 4A,B), with an explained variance
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of about 49%. Larger positive values are observed in the Liguro-Provencal Basin, in the
Sardinia and Corsica Channels, in the Tyrrhenian Sea, and in the northern Ionian Sea;
freshwater flux shows negative values in the region of Rhodes Gyre (Figure 4A). The largest
explained variance is observed in the WMED (72.8%), although the EMED shows a slightly
lower value (~70%). The PC1 of the E-P in the MED shows a temporal evolution similar to
the WMED and CMED (correlations larger than 0.90; Table 1), whereas the EMED is less
correlated to the MED (correlation of 0.56).

3.2. Second EOF Mode (EOF2)

The EOF2 and PC2 of ADT in the MED explain 10% of the total variance. Largest
variability is observed in the northern Ionian, associated with decadal inversions of the
surface circulation (Figure 5A). The NIG shows negative values which, multiplied with
the PC2, describes a positive anomaly of sea level in the periods 1993–1997, 2006–2010,
and 2016–2018, associated with anticyclonic circulation of the NIG [19,45], and a negative
one in the periods 1998–2005 and 2011–2015, associated with cyclonic circulation of the
NIG (Figure 5A). The spatial pattern and temporal evolution of the sea level in the MED
shows a high correlation (0.94) with the CMED and negligible correlations with the other
sub-basins, which are more affected by the local structures’ variability than by the effect of
the NIG reversals (Table 1). In the WMED, the more energetic sea level variability is found
in the Algerian Basin, while in the EMED it is found in the main sub-basin scale features
(IG, Mersa-Matruh Gyre, Cyprus Gyre).

The EOF2 field derived from the SST (Figure 6A) explains 13% of the total variance,
showing an out-of-phase behavior between the WMED and the EMED (negative values
west of 18◦E and positive values on the east), a sort of dipolar configuration centered on
the CMED. This dipolar configuration, previously described in Mohamed et al. [15] and
Ibrahim et al. [85], also occurs when analyzing the sub-basins separately: the western part
of the WMED is out-of-phase with respect to Tyrrhenian Sea (Figure 6B); the western Ionian
Sea (west of 18◦E) is out-of-phase with respect to the Adriatic Sea and the eastern Ionian
Sea (east of 18◦E; Figure 6C); the Cretan Sea and the northern Levantine are out-of-phase
with respect to the southern Levantine Basin (Figure 6D). The evolution of PC2 in the
MED shows a decadal variability unrelated to the NIG reversals (Figure 6E): when the SST
increases in the WMED it decreases in the EMED and vice versa. The NIG reversals instead
affect the variability of CMED and EMED, which are mainly out-of-phase with each other
(Figure 6F): in the CMED (Figure 6C,F) during the NIG anticyclonic/cyclonic mode the SST
increases/decreases in the Ionian Sea and decreases/increases in the Adriatic Sea and along
the eastern Ionian flank; in the EMED (Figure 6D,F), generally the SST increases/decreases
during the NIG anticyclonic/cyclonic mode due to the reduced/enhanced inflow of AW in
the Levantine.

The EOF2 and PC2 of SSS in the MED explain 22% of the data total variance and largest
variabilities are detected in the northern Ionian and Adriatic seas (Figure 7A); the other
regions show negligible values (close to zero), except in the southern Ionian Sea where
negative variability describes an out-of-phase behavior compared to the northern Ionian.
The PC2 of the MED reproduces the decadal variability associated with inversions of the
NIG surface circulation (Figure 7F) and shows a temporal pattern strongly correlated to the
PC1 observed in the CMED (the correlation coefficient is 0.82). This result suggests that the
quasi-decadal variability of the salinity field induced by the NIG reversals is the dominant
signal in the CMED and EMED, occurring in the EOF1, and it is weaker in the whole MED,
occurring in the EOF2. Considering the sub-basins separately, the WMED (Figure 7B) and
EMED (Figure 7D) show a dipolar configuration, with Alboran and Algerian seas and
the Cretan Passage out-of-phase compared to the Liguro-Provençal, and the Tyrrhenian
and Levantine, respectively. The EOF2 of the SSS in the CMED (Figure 7C) confirms the
opposite behavior of the southern Ionian with respect to the northern Ionian and Adriatic
seas, already observed in the EOF2 of the entire MED (Figure 7A).
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The EOF2 field derived from E-P (Figure 8; 22% explained variance) shows negative
values west of 18◦E and positive values on the east, suggesting an opposite behavior
between the WMED and the EMED, similarly to the EOF2 of the SST. The evolution of
PC2 in the MED shows mainly positive values in the period 1994–2003 and prevalently
negative values in the period 2004–2011 (Figure 8B). Positive values of PC2 in the MED
indicate the E-P increase in the EMED and its decrease in the WMED; on the contrary,
negative values of PC2 are related to the E-P decrease in the EMED and its increase in
the WMED. The PC2 of the CMED is highly correlated to the MED (correlation coefficient
of 0.84; Table 1), showing an opposite behavior between the Adriatic and the Ionian seas
(Figure 8A). In the EMED, the largest E-P variabilities are observed in the region of the
RG (Figure 8C). Although the EOF2 of SST and E-P have a similar spatial pattern, the
correlations between the PC2 of these variables are not significant (see Table 2). The dipolar
behavior observed in the EOF2 of E-P is presumably related to the large-sale atmospheric
variability. Criado-Aldeanueva et al. [34] describe a dipolar pattern on decadal scales,
which was a correlation between both the NAO and MOI indices and the E-P timeseries
in the period 1950–2010. According to these results, E-P shows a positive correlation with
the atmospheric forcing (climatic indices) in north-central Mediterranean and a negative
correlation in the Levantine.

Table 2. Correlation coefficients (95% confidence level) between the PC1s and PC2s of the independent
variables considered in the Mediterranean Sea and in its sub-basins. Correlation ≥ 0.5 are emphasized
in bold in the table and described in the text.

PC1 MED WMED CMED EMED

ADT/SST 0.83 0.75 0.73 0.82
ADT/E-P 0.62 0.59 0.50 0.32
SST/E-P 0.53 0.40 0.40 0.25
SSS/E-P 0.54 0.51 0.50 0.22

PC2 MED WMED CMED EMED

ADT/SST 0.29 0.16 0.60 0.12
ADT/E-P 0.35 −0.36 0.27 0.62
SST/E-P −0.11 −0.13 −0.03 −0.25
SSS/E-P 0.50 0.40 0.14 0.51

Interpretation of EOF2 modes requires great caution due to the possible artifact re-
sulting from the orthogonality constraint of the EOF technique [86,87]. Nevertheless, these
results, showing a dipolar behavior in the second mode of three of the four variables
analyzed, suggest that it is peculiar to the variability of the physical field and not an artifact
of the statistical method used.

3.3. Correlation between Independent Variables

The correlation coefficients between the PCs of different, independent variables are
listed in Table 2. Highest correlations of the PC1s are observed between the sea level (ADT)
and the SST both in the MED and in its sub-basins. This result, already obtained by numer-
ous works in the Mediterranean Sea [33,78,88] and at global scales [89], is related to the
thermosteric component of sea level variability. The role of the thermosteric component as
the major contributor to the linear sea-level trend over the EMED was recently highlighted
by Mohamed and Skliris [78].

The correlation between ADT and E-P can be explained in terms of the influence of
freshwater fluxes on the mass component of the sea level [13]. This impact is significant in
the MED and in the WMED (correlation coefficient of ~0.6), while it is negligible for the
EMED. The correlation between SST and E-P shows the effect of freshwater flux on the
temperature of the near-surface ocean. This impact, already assessed in the literature at
seasonal scales [90], affects the MED at interannual scales (correlation coefficient of ~0.6),
while it is less important or negligible in the other sub-basins. The correlation between
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SSS and E-P represents the influence of the water cycles on the salinity field [11,91]. Larger
values, of ~0.5, are estimated in the MED, WMED, and CMED; in the EMED, correlations
are negligible. In summary, in the first mode explaining the largest percentage of the total
variance, the sea level is mainly thermally driven while the SST is on its turn prevalently
determined by air–sea water fluxes (E-P). As far as MED sub-basins are concerned, the sea
level is mostly thermally driven in the EMED.

The correlation coefficients between the PC2s of different variables give noticeable
results only in three cases (Table 2). In the CMED, the temporal evolution of the ADT,
strongly influenced by the effect of the NIG reversals, is in phase with the SST up 2012
(Figure 10A; correlation coefficients of 0.60, Table 2), suggesting the influence of the surface
circulation on the temperature distribution in this sub-basin on decadal time scale. In
the EMED, the PC2 of ADT, that explains the decadal variability of the main anticyclones
(Figure 5E), shows a good correlation (correlation coefficient of ~0.6) with that of E-P,
that is related to the decadal variability of Rodes Gyre (Figure 8C). This result suggests a
modulation between cyclonic and anticyclonic structures in the EMED with a concurrent
reduction of E-P in the Rodes Gyre and of the sea level in the anticyclones from 1995.
Looking at the results of the cross-correlations between ADT and E-P obtained from PC1
and PC2 (Table 2), it is clear that the effect of freshwater fluxes is positively correlated with
the temporal evolution of the sea level in the MED, WMED, and CMED on interannual
scale, and in the EMED on decadal time scales. A similar behavior is observed for the
cross-correlations between SSS and E-P obtained from PC1 and PC2; freshwater fluxes
affect the salinity distribution in the first mode of the MED, WMED, and CMED, and in the
second mode of the MED and EMED.
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produce widespread changes in its physical and biogeochemical properties [95]. In this 
context, it is important to note that the role of the atmosphere and of the large climate 
circulation patterns, although very important, mainly influence the Mediterranean multi-

Figure 10. PC2s of the decadal variability of ADT and SST in the CMED (A); PC1s of the interannual
variability of SSS in the CMED and EMED (B); monthly means of the salinity time series in the surface
(C) and intermediate (D) layers of the EMED. The monthly salinity values in the three sub-sectors
(South Levantine, Crete, and Cyprus) are shown by the black, blue, and red symbols; their average is
represented by the solid lines. Anticyclonic periods of the NIG are emphasized in light red.

3.4. Comparison between Model and In-Situ Salinity Data in the Eastern Mediterranean

Salinity fields, obtained from a predictive model and used to perform the EOF analysis,
are not independent from the ADT and SST datasets, which are assimilated during the
computational process. This would mean that it is not possible to make a quantitative
comparison between PCs of SSS and those of ADT and SST. We therefore conducted a
qualitative comparison using in-situ salinity data collected by Argo floats in the EMED and
those obtained from the model. The EMED was identified as a case study not only because
it is the best sampled by Argo floats compared to the other sub-basins, but also because
it is the perfect region to appreciate the salinity variations of the Levantine surface water
and LIW formed in its interior [92]. These variations affect the variability of the whole
MED [4,24,52].

Monthly time series of the WOD and Argo float salinity data in the surface (0–150 m)
and intermediate (200–450 m) layers of the EMED (Figure 10C,D, respectively) are compared
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to the PC1s of SSS in the CMED and EMED (Figure 10B). As described in Section 3.1, the
PC1 of SSS in the CMED and EMED are dominated by the variability associated to the
NIG circulation reversals, and they are out-of-phase to each other (Figure 10B; correlation
coefficient of ~−0.6). In-situ data display a fairly good agreement with the model-derived
interannual variability, showing salinity increasements/decreasements in the EMED during
NIG anticyclonic/cyclonic modes. This variability is also captured by [31], where an intra-
basin variability analysis of the AW and LIW through Argo floats data is provided. The
surface and intermediate layers show a similar behavior in term of interannual variability
(Figure 10C,D). It is interesting to note that salinity values in the surface layer of the South
Levantine sector are lower than the other sectors (red circles in Figure 10C), whereas in
the intermediate layer they are in line and occasionally larger than the values collected in
the other sectors (red circles in Figure 10D). These salinity values confirm the inflow of
the AW in the surface layer of the Southern Levantine, in agreement with the results of
Techtmann et al. [93] and Menna et al. [24]. The largest surface layer salinities are observed
in the Cyprus sector during the anticyclonic periods (black crosses in Figure 10C) and in
the Cretan sector during the cyclonic periods (blue triangles in Figure 10D). The temporary
inversion of the NIG from cyclonic to anticyclonic in 2012–2013, caused by the extremely
severe winter 2012 [8,46], only affects the surface layer of the EMED (Figure 10C). The effect
of decadal variability observed in the intermediate layer can be advected toward the Sicily
Channel and then in the WMED [38], becoming a precondition for WMT-like events.

4. Summary and Conclusions

In this article, four oceanographic and air–sea interaction parameters (ADT, SST, SSS,
and E-P) were analyzed, both in the MED and in its sub-basins, in order to describe their
evolution, connect them to climatic variability, and find their eventual mutual relationships.
The role of atmospheric forcing on the MED oceanographic conditions and trends, well
demonstrated by several previous studies [16,50,51,78,94], is not directly addressed in
this work, which instead focuses on the effect of this forcing rather than on the driving
mechanisms. Although the wind conditions and the heat budgets are indirectly considered
when describing the evolution of freshwater fluxes (E-P). These variations, which are albeit
small in comparison with the total volume of the basin, could produce widespread changes
in its physical and biogeochemical properties [95]. In this context, it is important to note
that the role of the atmosphere and of the large climate circulation patterns, although very
important, mainly influence the Mediterranean multi-decadal variability, which is not fully
appreciated in this work due to the too short timeseries, and conversely has a more limited
effect on the interannual and quasi-decadal variability. Recent results from Mohamed and
Skliris [78] describe an atmospheric contribution to the interannual variability of the sea
level of 18%, whereas the steric contribution is 52% in the period 1993–2019.

On the climatic scale, both the MED and its sub-basins behave in a coherent way,
showing the seal level, temperature, salinity, and E-P rise over the last 27 years (trends
in Table 1 and Figures 2–4 and 9). Regions with opposite trend are identified in two
gyres of the EMED: the IG, where the ADT decreases and the SST increases less than the
surrounding regions (Figures 2 and 9); and the Rodes Gyre, where E-P shows a decreasing
trend (Figure 4).

The decadal signal associated with the NIG circulation reversals is clearly identified in
three of the four parameters considered (ADT, SST, and SSS; see Table 1), in different EOF
modes and sub-basins and with different intensities. In the salinity field it appears in the
most energetic mode (EOF1) of the CMED and EMED (Figure 3E; Table 1), and it is slightly
weaker over the MED, occurring in the second EOF mode (Figure 7E,F; Table 1). For the
ADT and SST, the decadal signal associated with the NIG is rather energetic, occurring in
the second mode of ADT and in the MED and CMED (Figure 5), and in the second mode of
SST in the CMED and EMED (Figures 6F and 10A). The effects of the EMT are not evident
from this analysis because they are probably merged with the decadal variability linked to
the NIG reversals.
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Decadal signals not associated with the NIG circulation reversals appear on the second
modes of the considered parameters, strongly related to the variability of local sub-basin
structures or to the dipolar behavior between different Mediterranean regions. The ADT
in the WMED and EMED sub-basins is more affected by the variability of local structures
(Figures 5 and 10A). The surface temperature and E-P show a dipolar behavior between
the WMED and the EMED (when SST and E-P increase in the WMED, they decrease in the
EMED and vice-versa; Figures 6 and 8).

The influence of wind-stress curl on the decadal variability of MED was not directly
addressed in this work, as this comparison was recently performed by [29] using the EOF
analysis. These authors found a negligible anti-correlation between the wind forcing and
the NIG reversals. The winds and the intensifying NAO atmospheric pressure patterns are
considered as co-causes, together with the NIG circulation mode, to the recent thermohaline
variability conditions in the EMED.

On an interannual scale, the temporal evolution of the ADT and SST are characterized
by high correlation (larger than 0.7; Table 2, i.e., strong influence of the thermosteric
component on the sea level) both in the MED and its sub-basins. E-P affects the interannual
variability of ADT, SST, and SSS in the MED, WMED, and CMED; it is mainly responsible
for the long-term trend of ADT and SSS in the EMED (Table 2). On an interannual scale, the
salinity of MED is largely influenced by the WMED (correlation coefficient of 0.87; Table 1),
i.e., by the inflow of AW in the basin (Figure 3E, Table 1).

Comparison with in-situ data in the EMED shows that the decadal variability related
to the NIG reversals is present in the surface layer associated with the intensity of the
AW spreading, which means that both SST and SSS are representative of the entire AW
layer; the decadal signal is also evident in the intermediate layer of the EMED, from
where it is advected with LIW flow to the other sub-basins and eventually becomes the
preconditioning for the WMT-like events.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/rs14061322/s1. Figure S1. Mean fields of ADT, SST, SSS and E-P over the period 1993–2019.
Figure S2. Temporal distribution of the CTD profiles per month in the EMED (a) derived from WOD
(blue) and Argo floats (red) and their positions (b). Green rectangles delimit the three sub-regions
(South Levantine, Crete and Cyprus see Section 2) in which profiles were grouped to produce the
timeseries in Figure 10C,D.
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40. Rubino, A.; Gačić, M.; Bensi, M.; Kovačević, V.; Malačič, V.; Menna, M.; Negretti, M.E.; Sommeria, J.; Zanchettin, D.; Barreto, R.V.; et al.
Experimental evidence of long-term oceanic circulation reversals without wind influence in the North Ionian Sea. Sci. Rep. 2020,
10, 1905. [CrossRef]
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