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As the Eastern Mediterranean integrates different sub-basins with important hydrological features, during recent
decades it has often become a target of study by the oceanographic community. The recent expansion of
observational tools and methods in the marginal seas has allowed more enhanced studies of the oceanographic
processes that dominate such areas. In this work, temperature and salinity profile data collected by Argo floats in
the Eastern Mediterranean are analysed for the period 2004-2017. The spatio-temporal variability of the basin’s
physical properties, together with the depicted changes in the different sub-basins, is investigated in an attempt
to construct the latest hydrographic picture of the region. The findings describe the dominant water masses and
reveal a general positive trend in the basin’s thermohaline properties. The inter-annual variability of the stored
heat and salt, and their distribution in the water column, reveals strong climatic signals that are dominated by
previously reported alternations of the general circulation and convection events in the area. The latter are
correlated with the surface temperature and salinity fields and are traced within the area’s different sub-basins.
In the early period (2004-2010), data from Levantine and Ionian depict inter-annual variability of the upper
layers salinity field that is correlated with previously reported alternations of the Levantine’s circulation, and
intermediate water production in the Ionian. During the latest period (2012-2017), when the data coverage is
denser and more representative for the wider area of the Eastern Mediterranean, the Adriatic sub-basin presents
intense dense water production activity while the Aegean Sea undergoes a relaxation period with significant
variability at intermediate layers due to water mass exchanges.

1. Introduction

The Mediterranean Sea is a semi-enclosed wide marginal basin at
mid-latitudes separated by the Sicily Straits into two parts: the Western
and the Eastern Mediterranean Sea. For the last 50 years, the area’s
hydrography has been under study from a large section of the oceano-
graphic community. Several earlier studies (until 1990) have produced
synthetic descriptions of the area’s main hydrographic features that
include the dominant water masses dynamics, the general circulation,
and the climatological analyses (Guibout, 1987; Malanotte-Rizzoli and
Hecht, 1988; Millot, 1987; Ovchinnikov, 1976). With regards to the
Eastern Mediterranean, scientific questions such as Dense Water For-
mation (DWF) processes, circulation, and other fundamental oceano-
graphic procedures, were further investigated, during the late 1980’s,
under the POEM (Physical Oceanography of the Eastern Mediterranean)
project (Malanotte-Rizzoli and Robinson, 1988; Robinson et al., 1992;
Roether and Schlitzer, 1991). Through these studies, it was shown that
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the circulation of the Eastern Mediterranean presents complex patterns
that evolve in several different spatio-temporal scales. Furthermore, the
area’s main sub-basins (Levantine Sea, Aegean Sea, Ionian Sea, and
Adriatic Sea), dynamically interact with each other, and play a very
important role on the general hydrology of the basin. The dominant
water masses that co-exist in the basin’s water column, from the surface
down to its deep layers are firstly the Levantine Surface Water (LSW)
which has increased salinity and is produced in the Levantine basin
especially during the summer period due to the surface warming and the
excess of the evaporation in the area (Lascaratos et al., 1993). Secondly,
the low-salinity Atlantic Water (AW) in the sub-surface zone which
enters from the west into the Eastern Mediterranean via the Sicily Straits
and moves further eastward forming the Atlantic Ionian Stream (AIS).
Thirdly, the Levantine Intermediate Water (LIW) which is also produced
in the Levantine during winter convection mainly over its central and
northwestern parts (Lascaratos et al., 1993). After its formation, the LIW
propagates from the east to the west into the Libyan, Aegean, Ionian, and
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Adriatic Seas with a characteristic high salinity signal at intermediate
depths reaching the Western Mediterranean basin through complex and
variable pathways (Wu and Haines, 1996). Finally, the remaining
dominant water mass is defined as the Eastern Mediterranean Deep
Water (EMDW), that fills the deep layers of the basin. The EMDW is
formed mainly in the Ionian basin due to the mixing of deep LIW and
denser water masses that originate from DWF events. Such events occur
in the Adriatic where, during the winter period, the combination of cold
northern winds and the presence of Levantine waters creates large
buoyancy losses that lead to Adriatic Deep Water (AdDW) formation
(Mantziafou and Lascaratos, 2008). The ADDW exits the Adriatic basin
through the Otranto Strait into the deep horizons of the Ionian Sea and
mixes with the pre-existing water masses to form EMDW. However, the
Aegean Sea has also been identified as another source of deep-water
formation, the Cretan Deep Water (CDW) that contributes to the pro-
duction of EMDW with slightly different thermohaline characteristics.
This process was closely investigated in the early 1990’s when an
important feature was revealed in the Eastern Mediterranean; the
observation of an intense outflow of dense Aegean water via the Cretan
Arc Straits. The Aegean Sea became the new source of deep water for the
Eastern Mediterranean, a role that had only been assigned to Adriatic
Sea until then. This dramatic transition is known as the Eastern Medi-
terranean Transient (EMT) (Klein et al., 1999; Lascaratos et al., 1999;
Malanotte-Rizzoli et al., 1999; Roether et al., 1996; Theocharis et al.,
1993). During the EMT, large amounts of the newly produced, warm
(>14 °Q), and saline (>39.1) CDW, spread out the Aegean through the
Cretan Arc Straits lifting the pre-existing and less dense EMDW of the
Ionian and Levantine basin by approximately 500 m (Roether et al.,
2007). EMT was originally attributed to both regional meteorological
anomalies (cold winters, reduced precipitation), and long-term salinity
changes in the wider area related to climatic variability and anthropo-
genic activities (Lascaratos et al., 1999; Roether et al., 2007; Skliris,
2014; Theocharis et al., 1999; Tsimplis and Josey, 2001). Later studies
have proposed several mechanisms and processes that associate EMT
with a re-occurring transition of the basin’s general circulation patterns,
and the antagonistic roles of Adriatic and Aegean sub-basins towards
deep water formation events and dense water outflow (Bergamasco and
Malanotte-Rizzoli, 2010; Borzelli et al., 2009; Gaci¢ et al., 2014, 2010;
Theocharis et al., 2014).

In enclosed seas like the Mediterranean, the hydrological cycle is
especially sensitive to climatic variability. Such variability triggers both
severe meteorological conditions and hydrological transitions that
create feedback mechanisms at different time scales. Hence, variability
of the heat transfer rate, alternation of the general circulation patterns,
cold winter periods, changes in the fluxes of evaporation over precipi-
tation (E — P), and in rivers runoffs (R), can lead to strong thermal, and
haline, density fluxes, and alternate the heat and salt content. During the
second half of the last century the heat and water budgets across the
Mediterranean sea surface have been estimated to be approximately
1.74 W m 2, corresponding to an increase of 0.4 °C for the sea-surface
temperature and an increase of 0.1 m (or 11%) in the freshwater
deficit (partly associated to both climatic change and human activities)
(Béthoux et al., 1998). The estimated temperature changes in different
layers and locations between 1940 and 1995 have been imprinted in the
increase of the heat content of the Mediterranean Sea by a mean value of
0.65 W m 2 (0.53 and 0.70 W m ™2 in the western and eastern basin,
respectively) (Béthoux et al., 1998). In more recent periods
(1976-2000), the mean annual temperature rise is amongst the highest
throughout the global oceans, whilst a decrease in the annual precipi-
tation rates, with different seasonal trends, have been also reported
(Drobinski et al., 2014). Estimations of the water budget in the Medi-
terranean Sea during the same period have indicated a water loss that
ranges from 500 to 700 mm yr~! due to the excess of E — P (Mariotti
et al., 2002). In other studies, the net flux of E — P is estimated as being
slightly above 0.70 m yr~! whilst, for the eastern part the mean E — P
values are higher (0.81-0.85 m yr™!) (Josey, 2003). Specifically for the
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Eastern Mediterranean, the reported increasing trends (0.05 °C yr~ 1) of
the Sea Surface Temperature (SST) derived from satellite observations
from 1985 to 2006 (Nykjaer, 2009) is a major factor of increased ex-
pected heat and salt fluxes from the surface to the deeper layers, mainly
via vertical mixing and convection events. Such is the LIW formation
process during the summer period when intense warming leads to
intensive evaporation and consequently increase of the surface salinity
(Lascaratos et al., 1993). This, in turn, creates pre-conditioning for DWF,
and vertical convection occurs during February and March when the
surface cooling becomes intense. The newly formed LIW mixes, with the
underlying AW and the pre-existing LIW, ventilate the depth zone
200-400 m, with saltier and warmer water masses (Ozsoy et al., 1989).
Recent observations on the Mediterranean Sea have suggested an
enhanced freshwater deficit due to the further decrease of the precipi-
tation and increase in the evaporation rates (Mariotti, 2010). Other
studies have highlighted the impacts of the river runoff and freshwater
input on the salt content in the Eastern Mediterranean. Such examples
are the drastic changes in the Nile runoff after the construction of the
Aswan dam (Skliris et al., 2007), and the alternations of the Black Sea
Water (BSW) inflow into the Aegean Sea from the Dardanelles straits
(Zervakis and Georgopoulos, 2002), which is considered as a possible
driving mechanism of the EMT. In the EMT case, during winters of 1991,
1992 and, 1993, the mean air temperature over the Aegean Sea was
recorded as being 2 °C lower than average whilst, for the period
1989-1993 the precipitation rate was lower (approximately 35 cm yr 1)
(Theocharis et al., 1999). The contribution of the atmospheric forcing
was a major factor in the EMT case as, during that period, it was the
anomalous northerly airflow of over the Aegean Sea that created strong
latent heat losses which in turn resulted in the observed strongly positive
density flux anomaly (Josey, 2003). In more recent studies, the Aegean
Sea has been again reported to be pre-conditioned for DWF (Kassis et al.,
2015; Schroeder et al., 2013; Velaoras et al., 2014) indicating that the
Eastern Mediterranean is again entering into an EMT-like event, albeit
less intense (Cardin et al., 2015; Velaoras et al., 2015). In Velaoras et al.
(2017) such events are explained in the north Aegean as being due to the
exceptionally cold winter of 2016-2017 that resulted in heat loss com-
parable to the EMT period (1992-1993). In general, recent analyses of
Eastern Mediterranean field data have shown positive temperature and
salinity trends both in upper and intermediate layers (Kress et al., 2014;
Schroeder et al., 2017). The fact that such trends are stronger than those
observed globally (Schroeder et al., 2017), underlines the role of the
Eastern Mediterranean’s hydrography as an ideal natural laboratory for
investigating climatic changes and pressures.

In this work, the recent evolution of the Eastern Mediterranean
thermohaline properties are investigated through the analysis of the
latest temperature and salinity (T-S) Argo profiles. Inter-annual changes
and trends of the water column physical properties are investigated
throughout the 14-years examined period (2004-2017). The variability
of the stored heat and salt, along with the signals of the dominant water
masses are presented with a focus on the area’s main sub-regions in an
attempt to describe their hydrography and interaction. We investigate
their spatio-temporal variability on a yearly and inter-annual basis as
derived from field measurements to reconstruct the latest hydrographic
picture of the wider basin, reveal its response to climatic signals, and
highlight the importance of the profile datasets that the Mediterranean
Argo network has provided.

The paper is organised as follows. The “Datasets and data processing
methods” section describes the Argo profiles dataset, the floats general
configuration and technical characteristics, and the methods used for
the data analysis. The “Results” section presents the outputs of the data
analysis and an inter-comparison in regional, annual, and at an overall
averaged scale. In the “Discussion” section the main results are further
discussed in conjunction with existing studies. Finally, in the “Conclu-
sions” section, the main outcomes are summarised.
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2. Datasets & data processing methods

The introduction of free-drifting profilers (Argo floats) initiated a
new era for the oceanographic monitoring of the global oceans. During
the last 15 years, the autonomous free-drifting profilers are systemati-
cally used also in marginal seas like in the Eastern Mediterranean basin.
The latter has been significantly enriched with Argo floats with
increased spatial coverage especially after 2010. Such evolution is the
outcome of the combined activities of Euro-Argo Research Infrastructure
and the National Argo initiatives. The dataset used in this study consists
of all available Argo T-S profiles for the period 2004-2017 within the
rectangular-shaped area from 12° E to 41° E and 30° N to 46° N, after
removing Argo profiles referring to the Black Sea (27.5°-41° E and
40.8°-46° N), and the Ligurian Sea (13°-16.1° E and 38°-42° N). In total
32798 profile data were flagged as ‘good’ by the Argo data quality
control team of the Coriolis Data Assembly Centre (www.coriolis.eu.or
g/Observing-the-Ocean/ARGO). All the Argo profilers are equipped
with the SBE 41/41CP pumped MicroCATs (www.seabird.com/sbe-41-
argo-ctd/product-details?id=54627907875), with accuracies of 0.002
°C for T, 0.002 psu for S and 2.4 dbars for pressure (P). Nevertheless, for
operating floats, the salinity accuracy is estimated to 0.01 psu (Riser
et al., 2016; Wong et al., 2003). The majority of the floats in the Med-
iterranean are configured to perform profiles down to 1000 m among
five-day drifting cycles at 350 m depth according to the MedArgo
specifications (Poulain et al., 2007). However, there are floats in the
area configured to drift at a 1000 m depth and descend to 2000 m in
10-day cycles according to International Argo specifications. The per-
centage of these floats over the total ranges approximately from 32%
during the first years of study, to 26% during the years 2012-2017.
Before the data analysis, and in order to exclude erroneous data, an
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assessment on the profile dataset was performed following the recom-
mendations of Argo delayed mode quality control teams (i.e., additional
statistical checks and visual inspection). In general, the majority of
uncertainties induced in Argo measurements are due to pressure sensor
drift (Barker et al., 2011), and a systematic effort has been given during
the last decade to detect and remove such errors. Uncertainties are also
traced in the salinity measurements due to drift of the conductivity
sensors, however for temperature data, no significant drift problems
have been reported (Levitus et al., 2012). For both pressure and salinity
drifts, the Global Data Archive Centers have provided corrected profiles
for a large number of floats. The remaining uncorrected profiles are
flagged as “bad data” and have not been used in this study. For specific
floats, only the first 150 profiles were used for further analysis since,
according to the recommendation from Argo International Delayed
Mode Quality control experts, a salinity drift has been depicted after 2
years of their operation. Data assessment of the remaining profiles was
performed via a two-step approach. The first step included the following
tests: a) the profile location was checked; b) the pressure monotony was
checked and the accordance of the maximum pressure with the profile’s
location bathymetry; c) values outside climatological boundaries were
excluded (12-31 °C and 35-40 psu for temperature and salinity
respectively), and d) shallow profiles (<100 dbar), or profiles with few
data, were excluded. The remaining profiles were vertically interpolated
by using the piecewise cubic interpolation method to respect the data
monotonicity and the local minima and maxima (Kassis et al., 2015).
Since this study focuses on the actual field data interpretation, further
spatio-temporal interpolation, statistical fitting, and grid production
was avoided. This, however, preserved the profile distribution hetero-
geneity in space and time as shown in Fig. 1 and Table 1. The interpo-
lation was applied from the depth level of 5 m down to 1500 m (the
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Fig. 1. A: Argo profiles mapped for the period 2004-2017. The sub-regions selected for the spatial analysis are presented: South-Adriatic (SAdr), North-Ionian (NI),
South Ionian (SI), North and South Aegean (NA & SA), Western Levantine (WL) and, Eastern Levantine (EL). B: Temperature records from Argo profiles for the period
2004-2017 (red line indicates the mean). C: Salinity records from Argo profiles for the period 2004-2017 (red line indicates the mean). D: Spatial coverage of Argo
profiles for the period 2004-2017. D: Temporal distribution of Argo profiles for the period 2004-2017. E: Distribution of profiles per day of year for the period
2004-2017. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Number of valid profiles per region, year and season.
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Year Eastern Levantine Western Levantine Aegean South Ionian North Ionian South Adriatic Eastern Mediterranean
Season Cold Warm Cold Warm Cold Warm Cold Warm Cold Warm Cold Warm Cold Warm
2004 275 246 51 4 N/A N/A 48 37 N/A N/A N/A N/A 383 287
2005 216 250 78 35 10 3 110 96 18 34 N/A N/A 480 484
2006 236 199 183 195 N/A N/A 91 60 16 4 N/A N/A 574 568
2007 166 147 126 132 N/A N/A 79 69 N/A N/A N/A N/A 399 380
2008 137 170 51 38 N/A N/A 77 92 6 N/A N/A N/A 291 312
2009 146 104 11 3 N/A N/A 92 68 18 11 N/A N/A 311 238
2010 151 124 42 28 12 26 60 62 10 N/A 40 36 350 300
2011 45 40 14 13 33 15 156 199 14 37 37 36 322 390
2012 118 157 63 86 23 1 188 255 67 109 47 67 587 721
2013 278 248 29 71 14 1 370 404 60 92 130 254 1035 1125
2014 431 376 147 194 67 21 420 390 235 208 319 308 1645 1526
2015 559 719 295 604 110 161 582 698 180 131 217 196 2035 2600
2016 880 1011 495 383 69 60 794 863 114 125 191 217 2725 2811
2017 625 406 395 220 115 203 526 688 158 167 142 157 2034 1927
total 4263 4197 1980 2006 453 491 3593 3981 896 918 1123 1271 13171 13669

values above 5 m depth were excluded since the salinity values may
introduce errors due to the floats’ pump inactivation near the sea sur-
face). After the interpolation, the second step of the assessment which
ensured a) the rate of change of both T and S with depth should not
exceed pre-defined thresholds (0.5 °C m™! for temperature and 0.1 psu
m~! for salinity, below 20 m depth), and b) data-points that did not
include all three T, S and P values were excluded from the analysis. The
final homogenised dataset was spatiotemporally classified per year and
per sub-region. The area was divided in 6 sub-regions taking into ac-
count spatio-temporal criteria such as the topography for semi-enclosed
basins (ex. Aegean, Adriatic), the distinct physical characteristics/water
masses exchanges between the different sub-regions (ex. North Ionian
with Adriatic, South Ionian with Western Mediterranean, Aegean and
Western Levantine, Western Levantine with Aegean, etc.), and finally,
the overall profile coverage and the representation of each area. The
spatial division (Fig. 1 A) was performed as follows: i) Aegean, covering
the area from 22.84° E to 27.7° E and 35.26° N to 41° N; ii) South Ionian,
covering the area from 15.34° E to 22.84° E and 33° N to 37.8° N; iii)
North Ionian, covering the area from 16° E to 21.2° E and 37.8° N to
40°N; iv) Western Levantine, covering the area from 22.84° E to 28° E
and 31.5° N to 35.1°N; v) Eastern Levantine, covering the area from 28°
E to 36° E and 31.45° N to 36.8°N; vi) Central-south Adriatic, covering
the area from 14.5° E to 20° E and 40° N to 44°N. A further classification
regarding the seasonal distribution of the profiles per sub-region was
also performed. Two seasonal periods are chosen to represent the
“warm” semester (May—October), when intense thermocline is found in
the upper layers, and the “cold” semester (November-April), when the
stratification of the same layers is weakest. The fact that, in general, the
profile data seem to be homogenously distributed seasonally (apart from
few exceptions) (Fig. 1, Table 1), reduces the possibility of inherent
biases during the yearly averaging process (Fig. 1A and B, C). Never-
theless, to minimise seasonal temperature signals, yearly temperature
averaging in the upper layers has been generally avoided. Thus, the
temperature statistical analysis is performed for depths below 100 m to
avoid strongly unbalanced estimates derived from the variable seasonal
profile distribution amongst the sub-basins, especially during the first
10-year period. Regarding the spatial distribution of the profiles, the
statistical analysis depicted increased inter-annual coverage of the
central Levantine and Ionian areas and the southern Adriatic. On the
contrary, the southern part of Ionian, the northern part of Levantine, and
the Aegean Sea are the most under-sampled areas (Fig. 1 D). The
inter-annual distribution of the profiles of the whole domain presents a
decrease after 2006 and rises again after 2010 reaching a peak of more
5500 profiles during 2016 (Fig. 1 E, Table 1). The seasonal and daily
profile distributions are generally homogenous, with a slightly increased
number of profiles during the late spring and early summer periods
(Fig. 1 F). The grouped profiles from each area and year were visually

inspected, and dubious data were also extracted from further analysis,
thus the final dataset consisted of 26840 valid profiles; approximately
5% of the values were removed due to the aforementioned data quality
control procedure. Parameters such as potential temperature, potential
density - 64, Mixed layer Depth (MLD), Brunt-Vaisala Frequency (BVF),
Ocean Heat and Salt Content (OHC, OSC) were also calculated for each
profile whilst, a statistical analysis was also performed for the estimation
of the minima — maxima, average values and Standard Deviation (STD)
per area, year and depth level. For the estimation of OHC and OSC for
each profile the following equations (Eq. (1) and (2)) were used:
zl

OHC=p.C, / Tz

Jz2

(€3]

zl
0SC = / S.dz )

2

where p, is the profile of the seawater density, Cp, is the profile of the
specific heat of seawater, z; is the upper (10 m) depth level, z, is the
lower (1000 m) depth level, and T, S, are the vertically interpolated
temperature and salinity profiles. The yearly OHC and OSC per profile
and region and their STDs are estimated by averaging the relevant in-
dividual OHC and OSC. Thus, the properties presented hereafter repre-
sent the yearly average OHC and OSC per profile, and not the total OHC
and OSC of an area. The latter would require the construction of 3D-grid-
ded estimated fields and their corresponding errors along with the
construction of monthly fields as previously done for the global ocean
estimates (Gaillard et al., 2015; Von Schuckmann et al., 2009). For the
Eastern Mediterranean case which is poorly observed, an analysis based
on in-situ observations alone it is still difficult to result in true total OHC
and OSC quantities (Gaillard et al., 2015). For the estimation of MLD,
the de Boyer Montégut et al. (2004) method was used with joint
threshold criteria of T and o4 of 0.2 °C and 0.03 kg m > respectively, and
10 m surface reference level so as to avoid the diurnal heating of the
surface layers as described in Kassis et al. (2016). The MLD seasonal
variability in the Mediterranean is characterised by a deepening which
typically starts in late November and continues until early April when an
abrupt stratification occurs due to seasonal warming (D’Ortenzio et al.,
2005), thus, selected periods were chosen accordingly to identify areas
of deep MLDs.

3. Results

Both temperature and salinity data in the Eastern Mediterranean
depict inter-annual variability at different depth layers. Due to the
scarcity of data in the Aegean and Adriatic basins up until 2010, profile
data from the Levantine and south Ionian areas that present inter-annual
coverage, are analysed separately, and the yearly averaged profiles are
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used for the presentation of the T-S temporal evolution throughout the
whole study period. In the surface and sub-surface zones, temperature
ranges from 13.2 to 30.25 °C. The maximum yearly averages in the
warm periods of years 2008 and 2012, whilst the winter of 2004 pre-
sents the minimum yearly average. Salinity ranges from 37.09 to 39.68
psu and reaches the maximum average within the first 10 m in 2008
(39.13 psu), and a minimum average in 2010 (38.48 psu). In the 20-60
m sub-surface zone, the low salinity signal associated with the presence
of AW, is intensely variable. The strongest signal is recorded in 2011 as
being well below 38.5 psu, and in the following years (2012-2014), the
signal is still present with values below 38.87 psu (Fig. 3). In the in-
termediate zone (200-600 m), the relatively cold-water masses that
dominate during 2004-2006 are gradually replaced with warmer
masses. After reaching a peak temperature during 2010 (15.58 °C on
average at 300 m), in the following years, the temperature in these
layers is reduced (Fig. 2), albeit stable, at approximately 0.1 °C degree
higher than the previous period. Such variability is also evident for the
intermediate zone in the salinity data that depicts a gradual increase
after 2006, reaching a peak in 2010 (39.11 psu yearly average at 260 m),
which decreases during the following years. Noteworthily, the LIW core
that dominates in these depth layers is present throughout the study

Depth (m)

2004 2005 2006 2007 2008 2009 2010
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period in the depth zone between 180 and 350 m. In general, the
anomalies in the T-S field that are depicted in the period 2008-2011,
reflect the intense warming and salinization of the intermediate layers
that had already started in 2006, and the sharp decrease of the sub-
surface salinity in 2011. However, especially for the intermediate
layers, the large standard deviation depicted during that period (Figs. 2
B, 3 B) highlights the fact that these anomalies do not reflect changes in
the whole area of Levantine and Ionian, but rather localised processes
that took place in certain sub-domains. Thus, the large T-S variation
presented between 2009 and 2010 at intermediate depths cannot be
considered as representative of large-scale changes to water properties.
For the deep layers (1000-1500 m), the profile data availability is
approximately 13% of the total profile dataset. In these data, the tem-
perature spans from 13.55 to 13.75 °C, with the maximum average being
observed during 2005. The same is presented in the deep layer salinity
data; however, the few available deep profiles during that year do not
provide enough certainty regarding these maxima. Nevertheless, it is of
interest to note that general positive trends in temperature and salinity
are recorded after 2013 in both intermediate and deep layers.

The data analysis on the different sub-regions reveals the contribu-
tion of each area towards the T-S long-term distribution in the Eastern
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Fig. 2. Hovmoller diagram of the potential temperature yearly averaged profiles within the 100-1000 m depth zone (A) and the associated STD (B) for the Levantine

and south Ionian basins during the period 2004-2017.
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Fig. 3. Hovmoller diagram of the salinity yearly averaged profiles within the 5-1000 m depth zone (A) and the associated STD (B) for the Levantine and south Ionian

basins during the period 2004-2017.

Mediterranean (Fig. 4). The Levantine Sea presents the highest surface
salinity values associated with the strong presence of LSW in the area.
The all-years average reaches a maximum of 39.17 psu in the eastern,
and 39.15 psu in the western part. Strong LSW signal is also recorded in
the Aegean Sea, with a maximum average of 39.12 psu. In the sub-
surface layers the presence of AW is evident in the Ionian Sea with the
strong signals in the southern (minimum average 38.66 psu at 40 m),
and northern part (minimum average 38.69 psu at 42 m). A weak, but
existing, signal of AW is also traced in the Levantine, with its core being
deeper than that of the Ionian (38.93 at 61 m in the western Levantine).
In the surface layers of the southern Adriatic area, low salinities domi-
nate, with average values of 38.42-38.63 psu in the first 10 m whilst in
the underlying layers, salinity increases gradually to reach an average
maximum of 38.9 at 191 m depth. Apart from the Adriatic, the LIW core
is clearly present in all the sub-regions at various depths (Fig. 4). In the
northern Ionian, the western Levantine, and the eastern Levantine, it
appears in the depth zone of 180-210 m, whilst in the southern Ionian, it
appears deeper in the 230-280 m depth zone. In the south Aegean area,
the LIW core is identified well above 200 m. In general, the southern
Aegean presents the warmest and most saline waters in the intermediate
and deep layers of the water column. Below 1000 m, for both the Aegean
and Adriatic Seas an abrupt decrease in both T and S is recorded in the

few available deep profiles in these areas (almost 10% of the total). The
scarcity of data in these depths explains the considerably large salinity
gradients depicted on the averaged profiles. In the Levantine and Ionian,
the deep records are considerably more, reaching approximately 16% of
the total. Below the 1200 m depth horizon the Levantine waters are
found saltier and warmer in contrast with the Ionian waters (Fig. 4).
However, for these depths, the uncertainties are considerably higher
again due to the aforementioned scarcity of the available data.

The findings regarding both OHC and OSC in the Eastern Mediter-
ranean indicate a positive trend that reflects the general increase of heat
and salt within the 10-1000 m layer during the whole period of study.
This increase is separated into two main periods: the first during
2004-2008, and the second during 2011-2016. An interim period
(2008-2011) is also acknowledged, during which an anomaly in the
variability of both thermohaline properties is observed (Figs. 5 and 6).
These three periods should be interpreted separately since they integrate
profile data from different sub-regions and consequently, thermohaline
attributes of certain areas dominate. This is particularly true for the
period before 2010, when data from Adriatic and Aegean are not
included. Accordingly, the third period can be considered more repre-
sentative for the whole Eastern Mediterranean area. However, it is of
importance to notice that the averaged OHC and OSC along with the
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estimated trends in these graphs are only indicative due to the unequal
spatiotemporal distribution of the profiles. Thus, a further analysis on
each sub-region including the individual profile data has also been
performed and will be presented hereafter. During the first period, both
OHC and OSC reach a peak, which is predominantly attributed to the
heat and salt content increase of the eastern Levantine deep-
intermediate layers. From 2005 to 2010, the eastern Levantine shows
an increase of the stored heat that reaches approximately 0.47 x 10'° J
m~2, whilst a similar increase is shown in the salinity field especially for
the intermediate layers (Figs. 5-8). For the Levantine and Ionian Seas,
until 2008, the deep-intermediate layer (500-750 m) appears to have
been the major contributor to the observed increase (Figs. 5-9). Espe-
cially during 2008, the heat content in this layer reaches its maximum
(1.55 x 10 J m~2) and has a positive anomaly of 1.26 x 10° J m2
based on the average of the 14-year period (Fig. 5). The second
maximum depicted in 2010 also reflects an increase of the heat content,
especially in the Levantine. This maximum is lower than that of 2008,
due to the fact that in 2010 profiles from Adriatic are introduced, rep-
resenting almost 12% of the yearly profile dataset (Table 1). Both in the
2008 and 2010 cases, the increased stored heat and salt is mainly
depicted in the intermediate layers reflecting increased LIW production
in Levantine basin (Figs. 7-9). After 2010, the OHC of the wider area
depicts a sharp decrease recorded in all the examined sub-regions.

However, after 2011 and up until 2017, the OHC presents a weak pos-
itive trend with small inter-annual variations both in the whole area and
in the examined sub-regions (Figs. 5 and 7). According to the analysis of
the different depth zones, it seems that this trend is particularly evident
in the deep (750-1000 m) and deep-intermediate (500-750 m) zones
during 2011-2016 (Fig. 5). However, the intermediate zone (250-500
m) seems to have the strongest contribution to the total heat of the water
column.

The OHC anomaly based on the 14-year average is positive during
the years 2008-2010 and 2014-2016, however, for the OSC a strong
variability is observed for the years up until 2011 in all depth zones
(Figs. 5 and 6). After 2013, the salt increase in all the examined layers
results in a positive trend (Fig. 6). Regarding the sub-regions, a gradual
increase of the surface and subsurface salinity is observed during
2009-2012 in the Ionian, western Levantine, and Adriatic (Fig. 9 A, B).
After 2014, a general increase of the salinity in the upper layers is
recorded in all sub-regions. In the 200-350 m depth layer, both tem-
perature and salinity are high, especially in the Levantine, reaching
peaks of 16.91 °C and 39.292 psu accordingly in 2010 in its eastern part.
In the Adriatic, the average salinity spans from 38.7 to 38.8 psu, except
for 2011 when an abrupt decrease is recorded, that is also traced in the
temperature field (Figs. 8 A, 9 C). In the same layers during the study
period, the South Ionian shows the least variability with weak positive
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this article.)

trends in both properties in the intermediate and deeper layers (Figs. 8
and 9).

In general, the average temperature and salinity data from the deep-
intermediate (450-650 m) and deep layers (800-1000 m) present a
positive trend in all sub-regions, apart from the south Aegean where a
sharp decrease is recorded during 2011-2015. This decrease exceeds
0.58 and 0.64 °C for potential temperature and 0.17 and 0.19 psu for
salinity in the two depth-zones respectively (Fig. 8B and C & 9 D, E).
However, especially in the deep layers, salinity increases in all sub-
regions after 2015.

For the investigation of the salt spatial distribution in the Eastern
Mediterranean, data from each profile, at 3 separate depths, are plotted
with a focus on the locations and years where salinity is recorded outside
certain thresholds indicative of the main water masses in the area
(Fig. 10). In Fig. 10 A, B, C, D, the biennial evolution of the horizontal
sub-surface (20 & 50 m) salinity gradients is presented. These gradients
indicate the areas dominated by strong LSW presence (>39.1 psu)
(Fig. 10 A, B), and strong AW presence (<38.8 psu) (Fig. 10 C, D). A
strong AW presence is mainly recorded in the south Ionian basin with an

extension towards both the north (south Adriatic), and to the south-east
towards the south-western Levantine area. During the first years of
study, the AW signal is recorded stronger in the Levantine where,
especially during 2004-2005 it reaches its south-eastern boundaries.
Throughout the following years, this signal is reduced and is recorded
again after 2015 (Fig. 10 C, D). In the same period, the low salinity
signals in the Aegean originate from the Black Sea Water (BSW) inflow
in the north Aegean from the Dardanelle Straits. Meanwhile, the stron-
ger and more extended, especially after 2012, LSW signal occupies the
Levantine basin, the south and north-eastern Aegean basins, the lonian
basin and, to some extent the southern Adriatic basin (especially in the
20 m depth horizon) (Fig. 10 A, B). It is of interest to notice the simi-
larities between Fig. 10 A, C, and 10 B, D, suggesting generally weak
vertical salinity gradients in the upper layers. In the intermediate depths
(250 m), the domination of LIW is apparent after 2012 in all sub-regions,
apart from the north Ionian and Adriatic basins (Fig. 10 F). During the
first years the LIW is mainly recorded in the Levantine occupying its
south and southeastern areas, with a particular strong core south of
Cyprus during 2008-2011 period (Fig. 10 E). At the 500 m and 750 m
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depth levels, relatively high salinities were still recorded in the Aegean
and central Ionian areas whilst, in the Levantine the majority of the
profiles recorded salinities less than 38.8 (however, in certain areas high
and low salinities were recorded indicating strong gradients throughout
the examined period). Deeper, at 1000 m and 1500 m levels, the ma-
jority of the salinity values were below 38.75 psu. Nevertheless, in
certain areas such as Aegean, central Ionian, and northern Levantine,
salinity values exceeded 38.8 psu.

To investigate the aforementioned long-term trends of heat and salt
fluxes in the Eastern Mediterranean, the T-S variability in the eastern
Levantine and south Ionian is further examined as these two sub-regions
have the densest profile coverage over time. The associated Theta-S di-
agrams at discrete depth layers over the years, highlight the previously
presented variability and the shift of the thermohaline properties during
different periods. In general, a biennial temporal classification was
chosen with the exception of 2008-2010 and 2011 periods, which were
plotted separately due to their previously stated distinct characteristics.
In the sub-surface zone (40-60 m) the shift of the T-S values describing
primarily the AW, and secondarily the LSW, variability is apparent after

2006 when, in both areas, the colder and fresher water masses are
replaced by water masses with higher T-S values (Fig. 11 A, B). Espe-
cially in the Levantine, this shift is clearer, with 3 discrete salinity cores
representing the time periods of 2004-2005 (cyan dots), 20062007
(blue dots), and 2008-2010 (light green dots). In 2011 (green dots),
salinity is more evidently reduced in the Ionian but rises again in the
following years, reaching its higher values during 2012-2013 (yellow
dots), and 2016-2017 (red dots). In the 200-300 m depth layer (Fig. 11
C, D), a warming and salinization is also apparent in the Levantine after
2006, reflecting the increased LIW production in the eastern part that
had already started in early 2007, and reached a peak in 2010. This
signal is captured in the Ionian only after 2008 and becomes stronger in
2011. During the following years, temperature and salinity rise in the
intermediate layers of the Ionian, with the highest salinities being
recorded after 2013, whilst in the eastern Levantine, the salinity peak is
recorded during the 2008-2010 period (Fig. 11 C, D, E, F). Signals of
denser water masses are recorded in both areas after 2016. This is more
evident in the deep intermediate layer (500-600 m) where water masses
of 2016-2017 exceed the 29.23 kg m ™ isopycnal (Fig. 11 E, F).
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Fig. 7. Ocean Heat Content (OHC) yearly average per profile in the 100-1000 m depth zone (A) and Ocean Salt Content (OSC) yearly average per profile in the

10-1000 m depth zone (B) for each examined sub-region.

However, this period is also characterised by the coexistence of less
dense water masses that were not recorded previously. Especially for the
Ionian, this density heterogeneity mainly derives from the large span of
the salinity field (38.6-39.1) (Fig. 11 E) indicative of the co-existence of
LIW/CIW and TW during these years in the area.

For the wider Eastern Mediterranean area, the potential density (cy)
field was also estimated based on all the available profiles. In the upper
layers, dense water (>29.0 kg m~3) is recorded mainly in the Adriatic
and the central-north Levantine. The locations where relatively dense
surface water is recorded (cy > 28.8 kg m_3), and not recorded (cg <
28.6 kg m™>), during the winter early spring period (January-April),
have been identified (Fig. 12 A, B). Especially during the first period,
dense surface water is noted in the Rhodes Gyre area, and the Aegean
Sea (Fig. 12 A). The latter does not present dense surface water from
2011 to 2016. During these years, and until 2017, it is mainly the
Adriatic and the Ionian basins where dense surface water is found along
with the northeastern Levantine area (Fig. 12 B). This spatiotemporal
variability of the surface density field reflects, apart from the afore-
mentioned salt distribution with regards to the AW and LSW presence,
the areas where DWF events are expected to occur. With regards to these
graphs, it is of interest to notice the low-density surface core at the
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Shikmona anticyclonic system south of Cyprus, an area where high sa-
linities are present (Figs. 10 A, & 12 A). This pattern also appears in the
250 m depth horizon (Fig. 10 E, F, & 12 C, D) reflecting the strong warm
LIW core recorded in the Levantine during the 2006-2010 period
(Fig. 11 D, F). The pattern of high salinities — low densities is also
observed, mainly after 2012, in the areas of the Ierapetra and Pelops
Gyres south-east and west of Crete accordingly. In general, at the 250 m
depth horizon, dense water masses (>29.1 kg m~2) are recorded in the
north-central Levantine, in the Cretan Cyclone south-west of Crete, in
the north Aegean and the south Adriatic areas (Fig. 12 C, D). In the
latter, high and low densities co-exist at all examined depth levels.
Moreover, dense water masses at 500, 750, 1000, and 1500 m are
spatially distributed in the Aegean, south Ionian, and Levantine basins.

The strong spatio-temporal density gradients depicted from the
analysis, reflect the basins thermohaline circulation and DWF processes
that are associated with intense mixing in the water column. To identify
the areas where such processes took place, a further analysis on the
dataset was applied which investigated MLD and BVF estimations for
each profile. Accordingly, the locations of the winter — early spring
period (January-April), that depict MLDs deeper than 150 m and shal-
lower than 100 m, were identified and temporally sorted (Fig. 13).
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During the first years of the study period, deep homogenisation is
observed in the Levantine a) in its northern, and b) central and south-
eastern parts. Although both reflect the occurrence of convection events,
the former represents convection of less dense water as shown from the
density field (Fig. 12 A, C, & 13 A). This results in the presence of the
warm low-density LIW core in the area during 2006-2010 (Fig. 11 D, F).
After 2011, the south Adriatic, central lonian, Aegean, central Levan-
tine, and eastern Levantine, are the main areas where the deepest ho-
mogenisation of the water column is depicted (Fig. 13 B). In the Adriatic
the majority of events were found during January-February whilst, in
the Ionian, Levantine and Aegean the most records are depicted during
late February-March. It is important to note that although all these areas
represent cases of low vertical density gradient, not all present deep
convection due to their relatively low-density field. Such cases are the
Pelops and Ierapetra Gyres where in contrast with the Adriatic and north
Aegean cases, the ventilation reached considerably deeper. In general,
the majority of the events are measured after 2012, however, caution
should be applied to these results as during the 2004-2011 period, the
available profiles were sparse, and sub-regions like Aegean and Adriatic
have minor or no representation at all. In many areas, where deep ho-
mogenisation was recorded, the estimated BVF was found to be negative
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within the first 100 m of the water column. Although a single BVF profile
reflects short time scale instabilities, the fact that such events were
captured in deep MLD areas can be an indicator of convection events.
The combination of both information is an indicator of the wider areas
where intense vertical instabilities were recorded during the examined
period. It is interesting to notice that many of such cases (ex. south
Adriatic, Libyan Sea, south of Cyprus, etc.) are also areas where strong
salinity and density temporal variability is observed in the deep inter-
mediate layers.

4. Discussion

The Argo profiles dataset examined in this study has been proved a
valuable source of information regarding the area’s physical properties
distribution. However, the high spatio-temporal variability of the
available profiles induces uncertainties, especially during the first years
of the examined period when the profiles were sparse. Recent studies (e.
g., Jorda et al., 2017) have dealt with this issue with interesting results,
however, the above authors accurately make a note of caution that is
required regarding the interpolation of the discrete data on a regular
grid to reduce the impact of the heterogeneous spatial distribution. In
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this analysis, apart from spatial, there is also temporal heterogeneity.
Thus, having acknowledged the uncertainties and misinterpretations
induced due to the spatio-temporal inhomogeneity of the dataset, this
study mainly focuses on examining the actual recorded field values,
avoiding extended statistical classifications and data interpolation and
extrapolation methods that can produce unknown errors dependent on
subjected analysis choices and arbitrary selected parameters.

From the data analysis, important information is extracted, and
synthesized, regarding the Eastern Mediterranean recent hydrographic
picture. In the upper layers, the low salinity signal associated with the
presence of AW presents intense spatio-temporal variability. Data from
individual profiles also revealed inter-annual variability of the north-
ward and eastward paths of AW through the Ionian Basin. The AW
eastward path appears to penetrate far eastwards during 2004-2005,
and after 2016, whilst presenting limited penetration in the 2006-2010
period (with an exception of the south-western Levantine area where its
core is found deeper). The absence of AW especially in the Levantine
basin after 2005, and until 2010 resulted in the salinity increase of the
upper layers favouring the aforementioned DWF events that were re-
ported in the area during the winter — early spring periods of
2007-2010. In 2011, AW is recorded stronger in the eastern sub-regions
(Levantine, south Aegean), whilst salinity rises in the northern Ionian
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and Adriatic parts (Fig. 9 A, B) preconditioned the latter for DWF events
that are traced after 2012. In the following years, the AW presence is
reduced in all sub-regions until 2016, except for the Ionian and Adriatic
during 2014. It is of interest to note the agreement of the presented AW
variability, with the previously reported alternation of the basin’s gen-
eral circulation pattern. More specifically, the weakening of the south-
east AW inflow coincides with the anticyclonic mode of the North Ionian
Gyre (NIG) during that period (Gacic et al., 2014). However, in 2011,
the observed strengthening of the AW signal coincides with the cyclonic
reverse of the NIG. This led to the surface salinity increase in the north
Ionian - Adriatic which reached a peak in 2012, as previously reported
(Kassis et al., 2017) when the NIG was reversed again due to extreme
winter conditions that year (Gacic et al., 2014). On the contrary, the
high salinity signals in the subsurface zone, which are mainly associated
with LSW, appear more extended. Especially after 2010, LSW occupies
the Levantine, Aegean, and the central part of the south Ionian basin. In
the eastern Levantine, the maximum sub-surface salinity increased from
2004 up until 2007. According to Kress et al. (2014), this increase
started in 2005 and lasted until 2010 affecting the upper and interme-
diate layers down to 300 m. In this study, the sub-surface salinity in-
crease for the whole Levantine is estimated to last until 2008 and starts
again after 2011. For the underlying layers, this increase is found from
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2004 up until 2010. In Ozer et al. (2017) the LIW peak in 2008 has been
also reported and is associated with the contemporary anticyclonic
phase of the NIG. In this analysis, a dramatic salinity increase is traced
from the 200 m level down to 750 m (Figs. 3, 9 and 11) in the eastern
Levantine reaching a peak in 2010, it is followed by considerably lower
values in the proceeding years. This variability has been also reported in
Krokos et al. (2014), where a salinity increase of almost 0.3 psu is
described during 2005-2010 in the upper 300 dbar layer of the east-
ernmost part of the Levantine, that is followed by a relaxation period
during 2011 and 2012. From the analysis of the Theta-S diagrams, it
seems that the high surface salinities of that period led to LIW formation
that reached the deep intermediate layers. Due to this process, relatively
warm and thus less dense (69 < 29 kg m~3) water masses are depicted
below the depth horizon of 500 m (Fig. 11 F). In the following years,
denser water masses dominate the area at depths that exceed the 29.2 kg
m ™~ isopycnal (Fig. 11 E, F). Strong signals of Levantine waters are also
recorded in the southern Adriatic after 2012. The inflow of LSW and LIW
in the Adriatic is also indicated in previous studies as being associated
with the cyclonic mode of the NIG (Gaci¢ et al., 2010). During that
mode, the northward transport within the south Ionian upper layers
along the Hellenic Trench is favoured, resulting in the inflow of LSW and
LIW into the Otranto Straits (Kassis et al., 2017). In general, the LIW
signal is apparent in all sub-regions during the whole period of study,
apart from the year 2011 in the Adriatic. Its core is deeper in the South
Ionian, and shallower in the north and south Aegean. The LIW signal
undergoes a second increase after 2014 in all sub-regions, apart from the
Aegean where its strong presence in 2010 and 2011 becomes gradually
weaker in the following years. The highest salinity signal observed in the
500-750 m layer was recorded in the south Aegean during 2010-2011
period (Fig. 9 D), likely associated with Cretan Intermediate Water
(CIW) that was previously produced from DWF events that took place in
the area (Kassis et al., 2015; Schroeder et al., 2013). The abrupt salinity
decrease that follows after 2012 has also been reported in previous
studies (Kassis et al., 2016), and reflects a dramatic change in the
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hydrographic picture of the south Aegean basin. During 2013-2014,
significantly fresher and slightly colder water masses occupied the layers
below 100 m. The absence of strong LIW and CIW signals was attributed
to an intensified outflow of these water masses from the Cretan Straits.
At the same time, Transitional Mediterranean Water (TMW) entered the
basin compensated for the outflow. The presence of TMW had been re-
ported in the basin since 2012, and such presence can act as a tracer for
DWEF events in the Aegean Sea (Velaoras et al., 2015).

In the overall area of study, the temperature variability, especially in
the intermediate layers (200-600 m), is relatively similar to the vari-
ability of the salinity field. In 2005, the first increase of both T-S prop-
erties at the intermediate layers is observed, but especially after 2007,
both properties abruptly increase in the deep-intermediate zone (Figs. 8
and 9). The warming and salinization of these layers is mainly recorded
in the Levantine in 2008 and 2010, and reflect: a) the aforementioned
strengthening of the LIW signal due to increased LIW production mainly
in the eastern part as has previously been reported (Kress et al., 2014;
Ozer et al., 2017) and, b) the increased production of CIW/LIW and the
outflow of these water masses from the Aegean Sea especially for the
2010 event (Schroeder et al., 2013; Velaoras et al., 2013). It is of interest
to note that during this period, the distribution of heat and salt through
the different depth zones is not homogeneous. The 100-250 m layer
presents a gradual warming and salinization from 2007 until 2010.
However, during 2008, it is the 500-750 m layer which accumulates
large amounts of heat and salt, showing that the ventilation did not
reach significantly deeper depths. In 2009, 2010, the same layer pre-
sents extended heat and salt deficit, however, in the overlying and un-
derlying layers, the OHC is increased (Figs. 5 and 6). This indicates the
occurrence of vertical mixing, especially between the 500-750 m and
750-1000 m zones, and secondary weaker DWF events during 2009.
Furthermore, the significant decrease of heat and salt in the 500-750 m
zone is also attributed to the low OHC-OSC of the north Ionian and south
Adriatic profiles in 2009 and 2010 accordingly. In 2010, the maximum
increase rate was recorded in the deep (750-1000 m) layer. In general,
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during the 2007-2010 period, the water column below 100 m is on
average, significantly saltier, and warmer. After reaching a peak during
2010 (15.5 °C on average at 300 m), in the proceeding years, the tem-
perature in these layers is reduced, although stabilised at approximately
0.1 °C degree higher than the previous period. In 2011, a general
decrease of the physical properties is depicted in the first 1000 m of the
water column that is observed in all sub-regions. The observed heat
deficit is the combined result of the heat transfer towards deeper layers,
as depicted from the warming of the 1000-1250 m zone, the reduced
DWEF events, and the cold winter period of 2011-2012 that followed.
Nevertheless, after 2012, a slow increase of the water column’s ther-
mohaline properties is again recorded as the DWF events are accentu-
ated mainly in the Adriatic area. This is also recorded in the deep waters
(1000-1500 m) of the whole area of study during the period 2013-2017
with a slow gradual warming and salinity increase that reached 0.05 °C
and 0.02 psu accordingly.
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The estimated average OHC per profile in the 100-1000 m layer in
the Eastern Mediterranean, presents a total increase of approximately
0.9 x 10° J m~2 within the 14-year study period. corresponding to a
positive trend of 0.64 x 10%J m2 yr'! (Fig. 5). This is translated to a total
heat increase of approximately 0.126 x 1022 J for the 20042017 period
which exceeds the estimated trends for the global ocean. A quantitative
comparison with the global estimates is not possible due to the different
periods analysed in various studies and the aforementioned spatio-
temporal constraints. Nevertheless, it is of interest to note that the
corresponding total OHC for the upper 700 m layer for the 1955-2010
period has been estimated 16.7 + 1.6 x 10?2 J representing a rate of 0.27
Wm2 per unit area of the World Ocean (Levitus et al., 2012). In similar
studies (Balmaseda et al., 2013) the 1975-2009 trend is approximately
0.39 W m 2, and 0.47 W m 2, for the upper 700 m, and 2000 m
respectively, whilst in Cheng et al. (2016), it is estimated to be
approximately 0.75 W m~? from 1992 to 2005. According to Von
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Schuckmann et al. (2014), the Argo-based dataset analysis revealed an
increase with mean rates of 0.5 & 0.1 W m™~2 from 2005 to 2012. In the
present findings, the estimated corresponding rate for the Eastern
Mediterranean basin is considerably higher for the same period. How-
ever, a less biased estimate can be derived only after 2012, when the
profile coverage is more representative of the area. During that period,
the energy transfer rate is estimated approximately 1.15 W m™~2 per unit
area for the upper 1000 m. Nevertheless, the uncertainty of these esti-
mations is high since the OHC average increase lies below the confi-
dence interval of the corresponding STD (which in this case is
approximately = 1.4 x 10° J m~2), and the time period, in this case, is
too short to provide a reliable trend. The estimation of the salt content
variability has shown similar trends with the heat content. The OSC
average presents a total increase of approximately 0.01 Kg m 2 of salt
per profile. After 2011, this trend is stronger, with an approximate
yearly increase of 0.0016 Kg m~?2 per profile. However, this increase is
uniformly depicted in the water-column only after 2014, since until
2013 it is attributed to the salinization of the intermediate layers as a
result of the intermediate water formation events of the previous period.
Especially in 2011, the previously produced water is deeper, and the
750-1000 m layer is occupied by the underlying colder and fresher
water masses. This deep (>1000 m) ventilation of the Eastern Medi-
terranean is reflected by the slow process of the warming and saliniza-
tion of the water masses that occupy the 1200-1500 m layer zone, and it
is especially apparent in the eastern Levantine after 2011, and in the
south Ionian after 2013. In general, the salinity spatial distribution
presents an intense west — east positive gradient at the first few hundred
meters of the water column. From the surface down to 400 m depth
horizon, high salinities dominate in the Levantine, south Aegean, and
south-eastern Ionian basins, however, this picture is alternated below
that depth. Between 500 and 750 m depth, certain areas have depicted
large salinity spans as a result of DWF events or horizontal advection
that followed DWF events. Such examples are the south Adriatic basin,
and the south Aegean — south Ionian water exchanges, accordingly.
Especially in the Adriatic, such intense variability is also presented in the
density field (Fig. 12), and is associated with enhanced vertical con-
vection events during 2012-2017. On the contrary this is a relaxation
period for the Aegean Sea with reduced DWF events that are mainly
recorded in its central-eastern and northern parts (Figs. 12 and 13) e.g.,
the DFW events traced during 2016-2017 which are in agreement with
Velaoras et al. (2017). In general, for certain areas where intense salinity
and density variation is recorded, the MLD is also extended and depicts a
deep homogenisation of the upper layers (Figs. 10, 12 and 13). However,
there are areas with increased temporal variability in the salinity and
density fields and strong T-S trends, such as LIW signals, that are not
formation regions. In such areas, the newly formed water is advected
from a neighbouring area (Marshall and Schott, 1999; Schroeder et al.,
2017). Such an example is the central Levantine basin, where increased
LIW signal is recorded however the formation process took place several
kilometres north at the Rhodes Gyre area where such a signal is absent.
The later seems preconditioned for DWF with increased surface salinity
during the whole study period and depicts dense intermediate water as
shown from the oy distribution.

In general, the warming and salinization depicted from the present
analysis is in agreement with previous studies concerning the Mediter-
ranean area. Such an example is Schroeder et al. (2017) in which the
investigation of the intermediate water thermohaline properties that
enters Eastern Mediterranean through the Sicily Channel has shown
strong increasing trends of temperature and salinity, especially after
2011. These trends are stronger than those reported at intermediate
depths in the global ocean. The driving mechanism of these observed
trends is an issue that requires further study. Although changes to both
OHC and OSC are strongly related with the E — P — R field that closely
follows the spatial pattern of the latent heat and freshwater fluxes, the
role of climatic variability on the OHC and OSC trends is still undeter-
mined. In general, our ability to describe the evolution of such
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variability is still limited due to the lack of knowledge on the dynamic
interaction between oceanic, atmospheric, and hydrological processes
(which include the variability of the water budget and its feedback on
the precipitation variability, air-sea interactions, rivers discharge, etc.)
(Drobinski et al., 2014).

5. Conclusions

The latest hydrographic picture of the Eastern Mediterranean and its
sub-regions depicts inter-annual variability that can be generally
divided into two periods, 2004-2008 and 2012-2017, that are both
characterised by positive trends of temperature and salinity. The first
phase, during which many areas are under-sampled, is found to be more
variable with abrupt year-to-year changes whilst, the second presents
gradual positive trends and more homogeneity across the different re-
gions. Especially after 2013, the yearly average temperature and salinity
positive trends at the intermediate, and deep layers, leads to a warming
and salinization that exceeds 0.06 °C and 0.02 psu respectively. During
the years 2008-2012 a transition period with intense variability sepa-
rates the two phases. In the beginning of this period (2007-2008), an
abrupt increase of both temperature and salinity in the Levantine and
Ionian basins is recorded which is followed by an abrupt decrease (2011)
in both salt and heat content across the wider area. The most important
remarks and results from this study and can be summarised as follows:

—

In the upper layers, positive salinity trends are recorded due to the

weakening of the AW signal after 2006 with the only exception of the

year 2011. This general status is intensified by the extended presence
of LSW in the eastern part of the EMED which spreads, especially

after 2010, towards the western and northern parts. After 2012,

surface salinity is considerably higher in all sub-basins, except for of

2014 in the Ionian - Adriatic areas.

2 The depicted variability of the surface salinity - density field de-
termines deep homogenisation and DWF events in each sub-region
whilst, being strongly correlated with the basin’s upper layers cir-
culation, and more specifically with the alternations of the NIG
mode.

3 DWF events are identified in the central and eastern Levantine
mainly during the first period (2007-2010), and after 2016, resulting
in increased LIW production. In the rest of the sub-basins, areas of
deep homogenisation are also traced during 2012-2017. In partic-
ular, the Adriatic has been a major source of deep-water production
for the last 5 years, whilst similar, but lower activity was recorded in
the Aegean and Ionian during the same period.

4 At the intermediate depths, the LIW signal dominates. Especially in
the Levantine, reaching its peak during 2008-2010. In the same
layers, the identification of intense temporal variability in the
salinity-density field highlights convection and advection areas.

5 The 1000-1200 m zones of the Aegean and Adriatic are not venti-
lated by DWF activity, and are mainly occupied by older water
masses produced in EMT and pre-EMT periods. Throughout the area
of study, the deep-water masses below the 1200 m horizon depict a
well-distinguished east to west gradient of both temperature and
salinity. The deep ventilation of the 1200-1500 m layer zone pre-
sents a slow warming and salinization process especially in the
eastern Levantine after 2011 and in the south Ionian after 2013.

6. The OHC in the 100-1000 m depth zone presents a general positive
trend with estimated average energy transfer rates, significantly
larger than what is reported for the global ocean.

7. Similarly, the OSC in the 10-1000 m zone presents a positive trend
that reflects a general increase of salt per profile. This trend is
accentuated especially after 2011. A strong west-east positive
salinity gradient is observed within the first few hundred meters of
the water column.

8. Both heat and salt content are uniformly distributed in the different

depth zones within the first 1000 m of the water column after 2014.
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During the previous period, differential heat and salt transfer is
observed amongst distinct depth zones reflecting intermediate water
formation. The heat and salt instabilities eventually resulted in
deeper mixing, and advection processes.

Within this study, an updated hydrographic picture of the Eastern
Mediterranean area is presented, although there are still open questions
regarding our understanding of the processes and dynamics of the
Eastern Mediterranean hydrological cycles, and their response to cli-
matic signals. The available profile data from Argo floats has been
proved a valuable source of information regarding the Eastern Medi-
terranean hydrography. The previously discussed constraints of the Argo
profile dataset and its ability to sample hydrological contrasts, un-
derlines the need for further combined analysis using additional combo
datasets such as ISHII, EN4, or even ocean-model data. However,
although the uncertainty induced due to the sparse and inhomogeneous
sampling is high, especially during the first years of the study period, the
increased data coverage after 2012 can lead to conclusive results
regarding the spatio-temporal variability and trends of the water-
column physical properties. This highlights the necessity of sufficient
float deployments in the Mediterranean Sea that will lead to the
increased coverage of such high variable transitional areas.
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