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The Atlantic Water (AW) and Levantine Intermediate Water (LIW) are important water
masses that play a crucial role in the internal variability of the Mediterranean thermohaline
circulation. In particular, their variability and interaction, along with other water masses that
characterize the Mediterranean basin, such as the Western Mediterranean Deep Water (WMDW),
contribute to modify the Mediterranean Outflow through the Gibraltar Strait and hence may

influence the stability of the global thermohaline circulation.

This work aims to characterize the AW and LIW in the Mediterranean Sea, taking advantage
of the large observational dataset provided by Argo floats from 2001 to 2019. Using different
diagnostics, the AW and LIW were identified, highlighting the inter-basin variability and the
strong zonal gradient that denote the two water masses in this marginal sea. Their temporal
variability was also investigated in the last two-decades, providing a more robust view of the AW
and LIW characteristics, which in previous studies, due to lack of data, have been investigated

taking advantage of very short periods.

A clear salinification and warming trend characterize the AW and LIW in the last two decades
(~0.0074£0.140 and 0.006 +0.038 yr'; 0.0264+0.715 and 0.0224+0.232 °C yr'!, respectively). The
salinity and temperature trends found at subbasin scale are in good agreement with previous

results. The strongest trends are found in the Adriatic basin in both the AW and LIW properties.
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1 Introduction

The Atlantic Water (AW) and Levantine Intermediate Water (LIW) play a central role in the
internal variability of the Mediterranean thermohaline circulation, contributing to the dense water
formation in this enclosed basin (Tsimplis et al., 2006). The variability and interaction of these
two water masses modulate the Mediterranean outflow through the Gibraltar Strait, which plays
an important role on the North Atlantic oceanic variability, and in turn to the stability of the global
thermohaline circulation (e.g., Rahmstorf, 2006; Hernandez-Molina et al., 2014). Therefore, from
a climatic point of view, it is relevant to characterize their main properties and monitor their
variability, which are the main purpose of this paper.

Flowing in the Mediterranean Sea through the Gibraltar strait, the AW is less dense than the
surrounding water masses and therefore it populates most of the Mediterranean surface layer. Its
path is mainly driven by the Coriolis effect and by the complex topography that characterizes this
region (Millot and Taupier-Letage 2005).

The LIW is the most voluminous water mass produced in the Mediterranean Sea (e.g., Skliris
2014; Lascaratos et al., 1993), and the saltiest water formed with a relatively high temperature at
intermediate depths. It is formed in the Levantine subbasin, after which it is named, where one of
the main formation sites is the Rhodes Gyre (e.g., Tsimplis et al., 2006; Kubin et al., 2019). The
LIW strongly influences the thermohaline circulation, flowing at intermediate depths and then
passing over the sills, exiting the Gibraltar Strait and modifying the Atlantic circulation

(Rahmstorf, 1998; Bethoux et al., 1999).
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Several studies have been devoted to the analysis of the AW and LIW main features and
variability, taking advantage of different indicators to identify and track these two water masses
in the Mediterranean Sea. Among them, the AW and the LIW are usually referred to the minimum
and maximum salinity in the surface and intermediate layers of the water column, respectively
(e.g., Millot and Taupier-Letage 2005; Bergamasco and Malanotte-Rizzoli, 2010; Mauri et al.,
2019; Juza et al., 2019; Kokkini et al., 2019; Vérgas-Yafiez et al., 2020). However, different
approaches can also be found in the literature. In particular Millot (2014) associated the LIW to
the maximum of the potential temperature vertical gradient found in an intermediate water layer,

while Bosse et al. (2015) identified the LIW in the northwestern Mediterranean Sea with the
maximum salinity value found between two potential density values (gy = [29.03 — 29.10] % ,

encompassing both temperature and salinity maxima characterizing the LIW layer. The main
findings related to the hydrological properties of these two water masses are summarized below.
The AW enters in the Mediterranean Sea through the Gibraltar Strait, occupying the upper 200

m of depth with potential density, temperature and salinity annual mean values: gg =
[26.5 — 27]%,T = [14 — 16]°C,S = [36.0 — 36.5] respectively (e.g., Bergamasco and

Malanotte-Rizzoli, 2010; Hayes et al., 2019). The AW flowing at the surface, continuously
interacts with the atmosphere and is subject to evaporation and mixing with the underlying water
masses. Flowing eastward, it becomes denser and the minimum salinity core sinks. Therefore, it
can be capped by the surface mixed layer and less influenced by air-sea interactions. Its properties
and variability are also modified by the local eddies and by the river discharges in the coastal
regions. These mechanisms shape the AW, leading to an increase of salinity from about 36.25 in
the Gibraltar Strait to values around 39.2 in the Levantine Sea (e.g., Bergamasco and Malanotte-
Rizzoli, 2010; Hayes et al., 2019). These values highlight strong AW temperature and salinity
gradients between the Western Mediterranean (WMED) and the Eastern Mediterranean (EMED).

The properties of the LIW core in the WMED are commonly referred to the following ranges
of potential density, temperature, salinity and depth, respectively: oy = [29 — 29.10] %, T =
[13 —14.2]°C,S = [38.4 — 38.8],D = [200 — 600]m (e.g. Millot, 2013; Hayes et al., 2019;

3
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Vargas-Yafiez et al., 2020); while in the EMED these properties span over different values: gy =
[28.85 — 29.15] %, T =[14.6 — 16.4]°C,S = [38.85 — 39.15],D = [150 — 400]m (e.g.

Lascaratos et al., 1993; Hayes et al., 2019). Therefore, moving westward, T and S decrease and
the LIW sinks.

These studies provide a general view of the AW and LIW properties in the Mediterranean Sea,
highlighting a strong inter-basin variability of these water masses along their paths, which in turn
influences their temporal changes.

An example is given by a recent paper by Kassis and Korres (2020), which provides a detailed
view of the EMED hydrographic properties for the period 2004-2017 taking advantage of Argo
data. Exploring the water column from the surface down to 1500 m in seven different regions of
the EMED, they revealed a high inter-annual variability of the stored heat and salt over this region.

In this study, following a similar approach, we investigate the AW and LIW properties,
isolating their main characteristics and variability from the surrounding water masses, taking
advantage of several diagnostics discussed in section 2.2. Our work aims to provide a more robust
view of the AW and LIW characteristics, which in previous studies, due to lack of data, have been
investigated taking advantage of short periods.

In the frame of climate change studies, it is important to estimate possible impacts of AW and
LIW changes on the Mediterranean climate, since this region is one of the most vulnerable climate
change hotspots (Giorgi 2006). In fact, changes in temperature and salinity can strongly affect the
marine system over the Mediterranean and related human activities.

Previous studies highlighted a clear salinification of the Mediterranean Sea over the past few
decades (e.g., Painter and Tsimplis 2003; Vargas -Yénez et al., 2010; Schroeder et al., 2017;
Skliris et al., 2018) and a clear deep water warming trend after 1980s, which in literature is often
related to the Nile River damming and to the global warming (Vargas-Yafiez et al.,2010). Positive
temperature and salinity trends, oscillating between [0.0016--0.0091] °C/yr and [0.0008--0.001]
yr!, respectively, are found in the deep layer (below ~700 meters) between 1950 to 2005 (e.g.,
Bethoux et al., 1990; Rohling and Bryden, 1992; Millot et al., 2006; Vargas-Yafiez et al., 2010;

Borghini et al., 2014).



106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

This observed salinification and warming are also found at intermediate depths in several
studies (e.g., Zu et al., 2014; Schroeder et al., 2017; Skliris et al., 2018), with ranges that depend
on the region of investigation. A clear positive salinity trend between 150-600 m is found in the
Mediterranean Sea by Skliris et al. (2018), analyzing the MEDATLAS data from 1950 to 2002
(~0.007£0.004 yr).

In contrast, heterogeneous temperature trends are found in the upper layer in different regions
(Painter and Tsimplis, 2003). This sensitivity of the trends to the area of interest, can be due to
several reasons, such as the changes in the large-scale atmospheric forcing of the Mediterranean
region, the river runoff which differ from one region to another, and to the data coverage over a
specific area (e.g., Painter and Tsimplis, 2003; Vargas -Y4éiiez et al., 2009; 2010). In this respect,
Vargas -Yéiez et al. (2009) highlighted that the scarcity of data makes trend estimations very
sensitive to the data postprocessing, comparing results from different studies dealing with the
same time period. Therefore, in order to reduce the uncertainty of the trend estimations, longer
and less sparse timeseries are needed.

In this respect, this work aims to provide an updated view of the temporal evolution and trends
of the AW and LIW, taking advantage of the large observational dataset provided by the MedArgo
Program (Poulain et al., 2007). It covers the water column from the surface down to ~2000 m
over the entire Mediterranean basin from 2001 to 2019. The Mediterranean Sea has been widely
studied through the deployment of hundreds of Argo profiling floats (Argo 2020) in the last two
decades as part of various national, European and international programs (Wong et al., 2021) and
with the participation of different institutions. For these reasons, this dataset constitutes an optimal
observational framework to investigate the AW and LIW properties.

The dataset and the methods used in this study are described in section 2, the results are
presented in section 3, where the inter-basin and inter-annual variabilities of the AW and LIW in

the Mediterranean Sea are shown. The main conclusions are drawn in section 4.

2 Data and method

2.1 Data
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In this work the AW and LIW properties in the Mediterranean Sea are investigated taking
advantage of the Argo float dataset, which consists of more than thirty thousand 7-S profiles for
the period 2001-2019. Since 2001, the number of observations is generally increasing, reaching
a peak of 4188 profiles in 2015, mainly thanks to the combined efforts of national and
international Argo initiatives. The deployments of most Argo floats in the Mediterranean were
coordinated by the MedArgo regional center (Poulain et al., 2007). In the Mediterranean, the
cycling period is usually reduced to 5 days, and the maximum profiling depth is mostly 700 or
2000 m (Poulain et al., 2007). The floats are equipped with Sea-Bird Conductivity-Temperature-
Depth (CTD) sensors (model SBE41CP; www.seabird.com/sbe-41-argo-ctd/product-
details?1d=54627907875) with accuracies of +0.002° C, +0.002 and +2 dbar for temperature,
salinity and pressure, respectively. The data measured by the profilers are transmitted to satellites
(e.g., via the Iridium or Argos telemetry systems), then to ground receiving stations, processed
and real-time quality-controlled by the Argo Data Assembly Centres (https://www.euro-
argo.eu/Activities/Data-Management/Euro-Argo-Data-Centres), sent to the Global Data
Assembly Center and made available for free to wusers (https:/fleetmonitoring.euro-
argo.eu/dashboard?Status=Active). The delayed-mode quality control applied on pressure,
temperature and salinity follows the guidelines described in the Argo Quality Control Manual for
CTD (e.g., Wong et al., 2021; Cabanes et al., 2016), in conjunction with other procedures
developed at regional level (Notarstefano and Poulain, 2008; Notarstefano and Poulain, 2013) to
check the salinity data and any potential drift of the conductivity sensor.

The analyses are performed in eight Mediterranean sub-basins following the climatological
areas defined by the EU/MEDARMEDATLAS II project
(http://nettuno.ogs.trieste.it/medar/climatologies/medz.html), emphasizing the processes that take
place in each sub-basin and modify the water mass properties. Fig. 1 shows the geographical
distribution of the Argo profiles from 2001 to 2019 in the eight sub-basins considered (Algerian,
Catalan, Ligurian, Tyrrhenian, Adriatic, Ionian, Cretan and Levantine). The Alboran, Aegean and
the Sicily Channel sub-basins are not analyzed in this work due to the scarcity of observations in

these areas.



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

Most sub-basins are well spatially covered, except for the Adriatic Sea, where the majority of
observations are concentrated in the South Adriatic Pit (SAP) and therefore it is important to keep
in mind that the results found for this region, are representative of the southern Adriatic Sea. The
SAP is an important deep water convection site in the Mediterranean Sea (e.g., Kokkini et al.,
2019; Mauri et al., 2021; Mihanovi¢ et al. (2021); Azzaro et al., 2012; Bensi et al., 2013) and
therefore it is also considered as a crucial area from a climatic perspective. The temporal
distribution of the float data is different in the various sub-basins: the longest time series are
available in the Ionian, Cretan and Levantine regions, with data from 2001 to 2019, followed by
the Algerian, Ligurian and Tyrrhenian sub-basins where data are available after 2003, and then
by the Adriatic Sea with data only after 2009. In this context, it is important to mention that the
low density in space and time of the Argo profiles induces uncertainties in the results, especially

during the first years of the analyzed period.

2.2 Methods

As discussed in the introduction, many indicators/characteristics have been adopted in
literature to track the AW and LIW in the Mediterranean Sea. Most of them consider, as best
indicator, the minimum/maximum salinity at surface/intermediate layer for the AW/LIW and
motivated us to follow a similar approach (e.g., Millot and Taupier-Letage, 2005; Bergamasco
and Malanotte-Rizzoli, 2010; Hayes et al., 2019; Lamer et al., 2019).

A preliminary step in this analysis was the post-processing: we first applied a time sub-
sampling on each profiler to obtain a more homogeneous dataset (Notarstefano and Poulain,
2009). This is applied to each float as follows: if the cycling period is 1 day or less, the profiles
are sub-sampled every 5 days; if the period is 2 or 3 days, they are sub-sampled every 6 days; and
if the period is 5 or 10 days, no subsampling is applied. Afterward, each profile was linearly
interpolated from the surface (0 m) to the bottom every 10 m to obtain comparable profiles; and
finally, a running filter with a 20 m window, was applied to the data along the depth axis, to

smooth any residual spike.
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Finally, the minimum/maximum salinity value in each profile is associated to the AW/LIW
core in the respective depth layer. Then, the correspondent depth and temperature values are
considered.

Once the AW and LIW core are identified in each profile, the AW and LIW inter-basin
variabilities were analyzed taking advantage of the boxplot approach applied to each parameter
and region (Fig. 2). In Fig.2, the whiskers (black dashed line out of the box) extend to the most
extreme data points not considering the outliers at the 5% significance level (pvalue < 0.05). In
order to test the significance, the Student’s ¢ distribution was applied to each hydrological
parameter in every sub-basin (Kreyszig and Erwin 1970). The null hypothesis (that states that the
population is normally distributed) is rejected with a 5% level of statistical significance. This
method is also applied to the timeseries trends. In section 3.1 we often refer to the range and
skewness of the distributions, that are the difference between the upper and lower limits and the
measure of the symmetry of the distributions, respectively (including only the 5% significance
values).

Considering only the AW/LIW salinity, temperature, and depth values at 95% level of
significance (Fig.2), as done for the spatial analysis, the timeseries from 2001 to 2019 have been
computed in each subbasin to analyze the low frequency variability (LFV) and trends at
interannual to decadal timescale over the available observed periods. In this respect, the high
frequency variability was filtered out, first by subtracting the mean seasonal cycle to the raw
timeseries, and then applying a median yearly average filter. This last step is needed since the
data are not homogeneous in time in every subbasin from 2001 to 2019, and therefore without it,
the seasonal variability can contaminate the estimation of the trends. The latter have been

computed using the linear least-squares method to fit a linear regression model to the data.

3 Results and discussion
In this section, the AW and LIW properties are investigated in the eight Mediterranean climatic
regions before mentioned, focusing both on their spatial and temporal variability. The analysis of

the trends and spectral features are also shown.
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3.1 Inter-basin variability

(i) AW

The hydrological properties of the AW core in eight sub-basins (Fig. 1) are shown in Figs. 2a,
b, ¢, providing a compact view of the AW inter-basin variability for each parameter using the
boxplot approach.

Moving eastward, the AW salinity increases from ~36 to 39.5 (minimum and maximum
whiskers limits; Fig. 2a), since the surface salinity minimum is progressively smoothed by
horizontal mixing with surrounding saltier waters. In fact, as discussed by Font et al. (1998) the
AW minimum salinity is dependent on the different degrees of mixing due to its residence times.

In the Algerian sub-basin, the salinity range reaches the highest extension compared to the
other regions, probably due to the large baroclinic instability that produces high mesoscale
variability in the surface layer and horizontal mixing by strong eddies (Demirov and Pinardi
2007).

The AW salinity range is smaller in the Catalan, Ligurian and Tyrrhenian Seas, where similar
distributions are found both in terms of range and skewness (which is close to zero): the main
mode and the median have salinity of ~38. In the Adriatic Sea the distribution is probably skewed
toward higher values because a clear positive salinity trend is found (Fig. 3; Lipizer et al., 2014).
In the Adriatic, Ionian and Cretan Seas, the range is higher than the surrounding sub-basins: in
the Adriatic and Ionian Sea this could be associated to the Bimodal Oscillation System (BiOS),
and then to the reversal of the North Ionian Gyre (Rubino et al., 2020), while in the Cretan Sea
we speculate that it is caused by the sinking of the AW during winter. This is in agreement with
Schroeder (2019), where it is shown that in the Cretan Sea, the strong wind-induced evaporation
and heat loss during winter lead the AW transformation into salty and warm Cretan Intermediate
Water. The depths reached in the Cretan basin (Fig. 2c) seem to confirm this hypothesis.

The AW temperature is highly variable, ranging between ~5 and ~30 °C, with a wider range
in the Catalan and Adriatic regions (Fig. 2b), possibly due to the higher seasonal sea surface

temperature variability over these sub-basins (Shaltout and Omstedt 2014). The lowest
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temperatures detected can be related to the freshwater fluxes in these regions. In this respect, an
episode that can be relevant for the AW distribution in the Adriatic Sea is the large river runoff
observed in 2014 by Kokkini et al. (2019), which caused a saline stratification for more than a
year. This episode is also captured by our analyses (Fig. 3). As observed for the AW salinity
mode, even the temperature mode shift toward higher values moving eastward in agreement with
the literature (Bergamasco and Malanotte-Rizzoli 2010). In the Algerian basin the AW
temperature mode is higher than it is in the Catalan subbasin: this can be due to the influence of
freshwater fluxes in the Catalan region and led by the high eddy activity over the Algerian region
(Escudier et al., 2016) led by the strong baroclinic instability already discussed for the salinity
field (e.g., Demirov and Pinardi 2007; Cotroneo et al., 2016; Aulicino et al., 2018; Aulicino et al.,
2019). The temperature and salinity ranges captured in the Algerian region are in good agreement
with those found by Cotroneo et al. (2020) and shown in their Table 2.

The depths of the AW core oscillate between 0 and 90 m with the main mode sinking eastward
(Fig. 2c). The distributions are all skewed toward lower depths, with the maximum probability
density function (PDF) near surface and a median shifting from O to 45 m moving eastward,

indicating a clear sinking of the AW along its pathway.

(i) LIW

In this section, the main hydrological properties of the LIW are analyzed in each sub-basin.

Flowing away from the region of formation, the LIW interacts with the surrounding water
masses and becomes less salty; the salinity sharply drops from ~39.2 to ~38.5, moving from the
Levantine to the Ligurian subbasin, and then it becomes more stable in the Algerian and Catalan
regions, oscillating around ~38.5 (Fig.2e). The distributions are highly symmetric around the
median and the variability decreases flowing westward maybe because the LIW becomes deeper,
sinking from ~100 to ~650 m (Fig. 2g). The highest salinity is reached in the Cretan basin, where
the formation of salty and warm Cretan Intermediate Water, caused by strong wind-induced
evaporation and heat loss during winter, influences the LIW properties and detection (Schroeder,

2019).
10
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The LIW temperature decreases westward from ~18 to ~12.8 °C. The range is higher in the
EMED as also found for salinity, suggesting that over this region, the intrusion of warmer and
saltier surface waters due to convective processes characterizes the LIW formation (Fig. 2f;
Schroeder, 2019).

The sinking of the LIW flowing westward is shown in Fig. 2g, dropping from about 100 to
650 m (maximum whiskers values). The distributions tend to be symmetric in most of the
Mediterranean Sea, except for the Adriatic Sea, where a strong LIW bimodality in the depth
domain is found, with two peaks located at ~190 and ~500 m respectively (here not shown), in
agreement with Kokkini et al. (2019) and Mihanovi¢ et al. (2021). In this respect, Mihanovi¢ et
al. (2021), analyzing observed data from CTD measurements, Argo floats, several glider
missions, satellite observations and operational ocean numerical model products, provides a
possible explanation to this double-maxima vertical pattern, suggesting that these two peaks may
be explained by two concurrent events: the winter convection at the beginning of 2017, which
leads higher salinities in the water column, and a very strong inflow of high salinity waters from
the Northern Ionian in late winter and spring of 2017, which this time is restricted almost to the

surface.

3.2 Interannual variability

In this section, the temporal variability of the AW and LIW in each sub-basin is studied
analyzing the 1-year moving average timeseries and the relative trends.

The results of this analysis are affected by the irregular spatial and temporal sampling of the
Argo floats. Time gaps in the data are found in the Catalan, Tyrrhenian and Cretan Seas (Fig. 3).
The missing data are due to the lack of Argo float samplings. Data in the Adriatic Sea are available
only after 2009, while the Ionian, Cretan and Levantine sub-basins have much longer timeseries,

with data covering the period from 2001 to 2019.

3.2.1 Trends

(i) AW trends
11
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The AW salinity temporal evolution is shown in Fig. 3, where significant trends (at 5% level of
significance) are found in each region (Table 1). Positive trends are clearly found in the EMED
and in the Tyrrhenian Sea, highlighting a clear salinification of the AW in the last two decades
over most of the Mediterranean Sea (~0.007+0.140 yr'; Table 1). Comparable positive salinity
trends between 0-150 m (~0.009+0.009 yr!) are also found in Skliris et al. (2018) where multi-
decadal salinity changes in the Mediterranean Sea are investigated taking advantage of the
MEDATLAS database (MEDAR Group 2002) consisting of temperature and salinity profiles in
the Mediterranean from 1945 to 2002
(https://www .bodc.ac.uk/resources/inventories/edmed/report/4651/). = A clear  meridional
separation is found in the AW trends during the observed period. In the Tyrrhenian Sea and in the
entire EMED the AW becomes saltier, with significant positive trends, whilst in the WMED, a
significant negative trend emerges in the Algerian and Catalan subbasins (Table 1). This
freshening of the AW inflow could be related to the observed rapid freshening of the North
Atlantic Ocean (Dickson et al. 2002), which causes are related to different phenomenon, included
the accelerating Greenland melting triggered by the global warming (Dukhovskoy et al., 2019).
These findings seem in contradiction with the results provided by Millot (2007), showing a
salinification of the Mediterranean outflow, obtained analyzing autonomous CTDs on the
Moroccan shelf in the strait of Gibraltar in the period 2003-2007, which may be caused by the
different epochs under study. In fact, comparing Fig. 3 in Millot (2007) and Fig. 3 in this work, a
similar positive trend is captured in the Algerian sub-basin, in the same period; while extending
the analysis to a longer timeseries, a clear negative trend leads the AW variability at interannual
to decadal timescale. Opposite trends are found in the EMED and in the Tyrrhenian subbasin,
where the very strong increase in net evaporation of ~8 to 12% over 1950-2010 (Skiliris et al.,
2018) and the damning of the Nile River (as projected by Nof, 1979) may have caused the AW
salinification. The trends are steep in the Adriatic and Cretan sub-basins, where the salinity
increases with an order of magnitude higher (0[1072]) and the largest increase is found in the
Adriatic Sea (0.044+0.188 yr~1). Here the impact of the negative E-P anomalies and large river

runoff observed by Kokkini et al. (2019) around 2014 is well captured by the salinity time series.
12
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The results in the EMED are in good agreement with Fig. 9 of Kassis and Korres (2020), where
the yearly average salinity per depth zone and per region between 2004-2017 are shown.
Similarities in the observed trend in the Ionian Sea (0.009 + 0.181 yr~1) are also found by Zu
et al., 2014 (mean trend~0.011 yr~1), where the Argo floats data between 2004 and 2014 are

analyzed.

According to the above-mentioned meridional salinity transition from negative to positive
salinity trends moving eastward, the temperatures also show a meridional shift from positive to
negative significant trends east of the Ionian Sea, with a mean positive AW temperature trend
over the eight analyzed sub-basins (0.026 £0.715 °C/yr; Table 1). Interbasin changes between
the subbasins are instead linked to changes in the large-scale meteorological forcing of the
Mediterranean region (Painter and Tsimplis, 2003). As found for the salinity field, the sharper
increase is related to the Adriatic Sea (~0.117£0.951 °C/year), highlighting the presence of
mechanisms that enhance the trends over this region. A sharpening in the trend over the last
decade is captured in the Catalan subbasin (Fig.7) and confirmed by Schuckmann et al. (2019),
who observed the same behavior in the Northwestern Mediterranean with a trend over the last
decade (~0.047 °C/yr), that doubles the respective trend in the previous 1982-2011 period (0.029
°Clyr).

The AW depths time series (Fig. 5) show a heterogeneous trend in the Mediterranean Sea,
with significant negative values (the depth decreases) in the Algerian and Ionian subbasins, and
positive in the Tyrrhenian and Levantine regions (Table 1), which reflects into a tendency of the
AW to become shallower, increasing the stratification at basin scale (0.238+10.537 m/yr). Wider
temporal changes are found in the Levantine region, where the trend is from one to two orders of

magnitude higher than the other regions.

(i) LIW
The LIW temporal variability is hereafter analyzed. Fig. 6 shows the salinity changes from

2001 to 2019 in the eight subbasins considered. A positive trend is found in the whole
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Mediterranean Sea at 5% level of significance, highlighting a salinification also at intermediate
depths of this enclosed basin over two decades (~0.006 +0.038 yr'; Table 1). A similar positive
trend between 150-600 m is found by Skliris et al. (2018), in the MEDATLAS data from 1950 to
2002 (~0.00740.004 yr'), with lower standard deviations. The higher standard deviations found
in this study, compared to those founds by Skliris et al. (2018) could be related to the wider range
of depths considered and to the different epochs considered. The LIW properties vary less than
the AW in most of the basin, except for the Ligurian, and Levantine regions, where deep water
and LIW water formations occur respectively. The strongest salinity increase is found in the
Adriatic Sea (0.021+0.074 yr'), exceeding the trends in other regions by one order of magnitude.
The Adriatic salinity trend from 2008 to 2018 is about five times larger than the Adriatic salinity
trend observed in the period 1952-2010 and quantified by Vilibi¢ et al. (2013). The possible
source of such a large trend, may come by the biasing of the signal by the BiOS oscillations, since
the series starts in 2008, when the anticyclonic BiOS was present. Here, the periodicity of the
BiOS has a magnitude which is comparable with the timeseries length in the Adriatic, which
might be also relevant for other sub-regions. Therefore, longest timeseries are needed to better
estimate the trend over this sub-basin.

The LIW salinity positive trends over the Mediterranean Sea are also found by Zu et al. (2014),
which confirms the salinification of the basin at intermediate depths, as also observed at surface
in most of the analyzed regions. This suggests that the enhancement of the net evaporation over
the Mediterranean in the last decades, that was observed by Skiliris et al. (2018), may lead the
formation of saltier LIW in the EMED, and as consequence a mean positive salinity trend over
the whole basin. While, in the WMED, positive trends (0.0084+0.002; 0.009+0.0007 yr!; from
gliders missions) are found from 2011 to 2017 by Juza et al. (2019), in agreement with the positive
trends found in the last few years in the western subbasins shown in Fig.6.

Positive temperature trends (5% level of significance) are found in the whole Mediterranean
Sea except in the Levantine sub-basin, where the negative trend could be related to oscillations
with decadal timescales that take place over this region. This is confirmed by the continuous

wavelet transforms applied to the timeseries (not shown). Peaks of salinity and temperature are
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observed in ~2009 in the Levantine basin and then reach the Cretan Sea in ~2010. The same
variability is discussed in Ozer et al. (2017) and explained in connection with the Ionian Bimodal
Oscillating System (BiOS). These maxima are in fact attributed to periods of anticyclonic
circulation in the north Ionian (2006-2009) and limited AW advection to the south-eastern
Levantine basin, referring to the study by Artale et al. (2006). The LIW temperature mean trend
and standard deviation averaged over the eight subbasins are ~0.002 £0.232 °C/yr (Table 1),
which can be interpreted as a weaker response of the intermediate layers to the warming trend
observed at surface.

The sub-basins with the steepest increase are located in the central longitudinal band of the
Mediterranean Sea, therefore far from the LIW main sources. The range of temperature and
salinity and the respective variability in the Tyrrhenian and Ionian sub-basins are in good
agreement with Poulain et al. (2009), where T and S timeseries from 2001 to 2009 are computed
from Argo floats data near 600 m. The ranges and trends for 7" and S found in the Ligurian Sea
are also confirmed by Margirier et al. (2020), where vertical profiles collected by gliders, Argo
floats, CTDs and XBTs in the northwestern Mediterranean Sea over the 2007-2017 period are
analyzed.

The LIW depth time series are shown in Fig. 8: significant negative trends (the depth
decreases) are found in the Tyrrhenian, Ionian, and Cretan Seas, while in the Catalan and
Levantine sub-basins the LIW sinks (pvalue < 0.05). Non-significant trends are found in the
other regions. Abrupt shifts are found in the Adriatic sub-basin from ~200 m to ~500-600 m at
different time steps (trend ~2.6091+115.404 m/yr), highlighting a bimodal behavior of the LIW
depth and an intense dense water production activity as also shown by Kokkini et al. (2019) and
Mihanovi¢ et al. (2021). Previous studies attribute dramatic shifts in the Adriatic hydrological
properties to the BiOS and the Eastern Mediterranean Transient (e.g., Vilibi€ et al., 2012). This
hypothesis can also be supported by correlations between the BiOS (definition by Vilibi¢ et al.,
2020) and the AW/LIW salinity yearly averaged timeseries in the Adriatic Sea, which maximum
values are about -0.49/-0.43 at lag 0 /-4 yr (at negative year lag, the BiOS leads; pvalue < 0.05).

Further investigations are left to future studies.
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The results related to the EMED match those shown in Kassis and Korres (2020), where the
timeseries of salinity and temperature averaged between different depths-layers (below 100 m) in
similar subbasins are shown (see Fig. 8 in Kassis and Korres 2020). The LIW depth mean trend

and standard deviation averaged over the eight subbasins is 1.099+46.458 m/yr (Table 1).

4 Conclusions

We presented an analysis of the main properties and variability of the AW and LIW in the
Mediterranean Sea, exploiting the Argo float data that provide an optimal observational dataset
to study their thermohaline properties. Indeed, this dataset covers the water column down to
~2000 m and provide data for almost two decades.

Taking advantage of different diagnostics discussed in section 2, the AW and LIW have been
detected in the Mediterranean Sea through a sub-basin approach, which allowed to define the
main hydrological features over this enclosed basin in different regions.

In addition to previous studies, this work provides a more detailed view of the AW and LIW
characteristics in the last two-decades over most of the Mediterranean Sea, except for the Alboran
sub-basin, the Sicily Channel, and the Aegean sub-basin where Argo data are too scarce.

To achieve this goal, the first step of this study was the detection of the AW and LIW cores in
each available profile. In agreement with previous studies (e.g., Lascaratos et al., 1993;
Bergamasco and Malanotte-Rizzoli, 2010; Millot, 2013; Hayes et al., 2019; Véargas-Yaifiez et al.,
2020), we confirmed the mean zonal gradients of the AW and LIW properties over the
Mediterranean Sea: the AW becomes saltier, warmer, and deeper moving eastward, while the
LIW becomes fresher, colder, and deeper moving westward. These results not only match the
present literature but also provide a more detailed view of these water masses over eight sub-
basins.

The timeseries derived from the AW and LIW parameters have also highlighted some
interesting features that are in good agreement with the previous literature. The most relevant

results are summarized below:
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Positive salinity and temperature trends characterize the AW and LIW in the last two
decades over most of the Mediterranean Sea (average value over the whole region:
0.007 and 0.006 yr'; 0.026 and 0.022 °C/yr respectively). The warming and
salinification of the Mediterranean Sea is in good agreement with previous results
(e.g., Skliris et al., 2018; Margirier et al., 2020; Kassis and Korres, 2020).

Negative AW salinity trends in the Algerian and Catalan sub-basins suggest a
freshening of the AW inflow, in agreement with the observed rapid freshening of the
North Atlantic Ocean (Dickson et al., 2002).

Positive AW salinity trends are found east of the Ligurian sub-basin, highlighting a
clear salinification of this water mass in the last two decades probably due to the
combined effect of the strong increase in net evaporation and the Nile dumming (e.g.,
Nof, 1979; Skiliris et al., 2018; section 3.2.1a).

Positive trends in the LIW salinity timeseries are found in the whole Mediterranean
Sea at 5% level of significance, highlighting a salinification also at intermediate
depths (section 3.2.1b).

Positive LIW temperature trends (pvalue < 0.05) are found everywhere except in the
Levantine sub-basin, where the negative trend might be related to oscillations with
decadal timescales, that play a role in this region. These results highlight a clear
warming at intermediate depth in most of the Mediterranean Sea.

The AW and LIW depth trends are highly space-dependent, showing different
behaviors in the eight sub-basins.

Abrupt shifts in the LIW depth are found in the Adriatic sub-basin from ~200 m to
~500-600 m at different time steps (trend 2.609+115.404 m/yr), highlighting a
bimodal behavior of the LIW depth and an intense dense water production activity as
also shown by Kokkini et al. (2019) and Mihanovic et al. (2021).

The timeseries length could affect the measure of the trends in the sub-basins that are

interested by forcings with periodicity with the same order of magnitude. In this
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466 respect, the trends observed in the Adriatic Sea are clearly impacted by the BiOS,

467 since the timeseries starts in 2008, when the anticyclonic BiOS was present. This
468 might be also relevant for other sub-regions.
469 These results therefore provide interesting new insights about the AW and LIW interbasin and

470  interannual variability, that can be further analyzed to investigate which mechanisms lead to the

471  observed temporal trends in each sub-basin.
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773

774

Table 1. Trends by year for the AW and LIW salinity, temperature, and depth timeseries in eight Mediterranean subbasins. In bold characters the trends significant at 5% level. The

rightmost column shows the mean and standard deviation trend values computed over the eight subbasins (here identified with MED). Trends are defined as mean # standard

deviation.
Algerian Catalan Ligurian Tyrrhenian Adriatic Ionian Cretan Levantine

Salinity [1/yr] ‘

AW -0.014+0.151 -0.004+0.088 -0.001+0.089 0.006+0.157 0.04410.188 0.009+0.181 0.0134+0.166 0.00310.100 0.007+0.140 ‘
LIW 0.00210.022 0.00240.017 0.005+0.034 0.00610.035 0.0214+0.074 0.00410.031 0.00510.048 0.00410.039 0.006+0.038 ‘
Temperature [°C/yr] ‘

AW 0.054+0.614 0.01940.846 0.004+0.914 0.042+0.528 0.117+0.951 0.023+0.395 -0.026+0.786 0.026+0.683 0.026+0.715 ‘
LIW 0.008+0.125 0.01040.088 0.022+0.138 0.030+0.167 0.09310.384 0.030+0.226 -0.003+0.226 0.0124+0.391 0.022+0.232 ‘
Depth [m/yr] ‘

AW -0.092+2.271 -0.01944.646 -0.01245.720 0.394+4.002 0.757425.800 -0.32447.352 0.116+17.480 1.087+17.024 0.238+10.537 ‘
LIW 0352414639  1.895+52.582 -0.155440.249 -7.034+46.395 2.609+115.404 -4.973+42.536 -1.630+26.943 0.849+32.912 1.099+46.458 |

31



Algerian basin
Catalan basin
Ligurian basin
Tyrrhenian basin
Tonian basin
Adriatic basin
Cretan basin
Levantine basin

45°N

NN A WN—

40°N

Latitude

35°N

30°N
0° 5°E 10°E 15°E

Longitude

775

776  Fig. 1 Argo floats profiles scatter plot in the Mediterranean Sea between 2001 and 2019 in eight

777  regions based on the climatological areas defined by the EU/MEDARMEDATLAS II project.
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Fig. 2 Boxplot diagrams for the AW salinity (a), temperature (b) and depth (c) in eight
Mediterranean subbasins. Inside each grey box, the black bold line indicates the median, while
the bottom and top edges of the box indicate the 25th and 75th percentiles respectively, and the
black dots show the mode of each distribution, which corresponds to the maximum PDF. The
number of profiles (black bars) for each subbasin are shown in panel (d). The corresponding

diagrams for the LIW are shown in the panels (e f,g,h).
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786  Fig.3 AW salinity timeseries in eight subbasins: the thin black lines show the monthly timeseries
787  (seasonal cycle filtered out), the tick blue lines are the 1-year moving average timeseries and the
788  dashed black lines are the trends. The red/blue filled squares identify the positive/negative trends
789  with pvalue<0.05, while the red/blue not-filled squares identify the positive/negative trends with
790  pvalue>0.05.
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793 Fig. 4 Same as Fig. 3 but for the AW temperature.
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796  Fig. 5 Same as Fig. 3 but for the AW depth. Positive/negative trends (red/blue squares) in this
797  case corresponds to an increase/decrease of the depth (i.e., deeper/shallower).
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803  Fig. 7 Same as Fig. 3 but for the LIW temperature.
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806  Fig. 8 Same as Fig. 3 but for the LIW depth. Positive/negative trends (red/blue squares) in this

807  case corresponds to an increase/decrease of the depth (i.e., deeper/shallower).
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