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Abstract: The warming trend of the Mediterranean region is already well known, but there is still a
lack of information on its seasonal /annual to multidecadal time scales and its distribution in all water
masses, including deep water. New temporal and spatial evidence of this thermal variability has
been presented in the Tyrrhenian Sea, thanks to twenty-year continuous monitoring by eXpendable
BathyThermographs (XBTs) along a fixed route from Genoa to Palermo. The Tyrrhenian Sea is one of
the deepest Mediterranean sub-basins (with a maximum depth of about 4000 m), but its interaction
with neighbouring basins is controlled by topographical factors, such as the Sardinian Channel to the
south and the Corsican Channel to the north. The way in which the warm signal, originating from
the Levantine sub-basin, and entering from the south, affects the entire Tyrrhenian Basin spreading
rapidly northwards is studied, considering its peculiarities, such as topography, surface circulation,
and strong stratification, as well as its climate variability. The warming trend observed for the
Tyrrhenian Sea is consistent with the trend for the Mediterranean Sea as a whole. However, the
Tyrrhenian Sea shows some peculiar features: around 2014, a shift to a new equilibrium (warmer)
state was detected, with mean values along the monitored route that were significantly higher than
the previous period (from 1999 to 2013), especially for the subsurface level, from 100 to 450 m depth.

Keywords: XBT measurements; ocean observing systems; Mediterranean Sea; Tyrrhenian Sea; ocean
water masses; climate change

1. Introduction

Several studies strongly confirm the importance of the Mediterranean Sea as a perfect
natural laboratory for studying oceanographic processes and monitoring the local/regional
impact of climate change [1-3]. As a marginal “sea in the middle of the land” (literally from
Latin), the general circulation pattern of the Mediterranean Sea is well studied due to its
specific oceanographic characteristics. Indeed, among the Mediterranean-type climates
existing on the western edges of five continents, usually defined by temperate, wet winters,
and hot or warm dry summers, the Mediterranean is the only one in which air-sea interac-
tion plays a relevant role in the production of intense water transformation and deep water
formation [4,5].

Moreover, the warming trend is a well-known feature of the Mediterranean region,
a climate hotspot warming 20% faster than the global average [1,2,6-8]. Each year, the
Mediterranean Sea reaches new records of seawater warming [9], with heat penetrating
deeper into the ocean column over time. In the broader understanding of Mediterranean
warming [10-14], this paper, based on synoptic and long-term observations, provides
evidence of the warming signal reaching the deep layers (800 m) of the Tyrrhenian Sea,
along with significant subsurface warming and intensified stratification.

The Tyrrhenian Sea (TYS hereafter) is a sort of nested laboratory itself: a semi-enclosed
sub-basin in a marginal sea where the literature has shown interesting scientific questions
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related to wind-driven surface circulation features, strong stratification, and mixing pro-
cesses involving the entire water column, including the abyssal layer [15-18]. For example,
the thermohaline staircase system, due to double diffusion in the salt finger regime, is a spe-
cific and relevant feature of this sub-basin [19]. These peculiarities, including topographical
ones, make the TYS a particularly important site for assessing warming trends [20]. As
reported by [21], the surface temperatures in the TYS have been rising at an average rate of
0.037 °C/y over the last 39 years, particularly during the warm seasons. As a result, the
warm summer months are starting much earlier and lasting longer, making cold spells less
common and less severe, while marine heatwaves have increased in frequency, severity,
and duration [21,22].

The idea of this paper is to show how the TYS, at the local/regional scale, is contribut-
ing to the warming trend of the whole Mediterranean Sea by acting as a heat sink.

This paper is organised as follows: a brief description of the experimental area and
dataset and of the methodology used in the analysis is illustrated in Section 2. In Section 3,
the profiles’ features along the transect are analysed and the seasonal and interannual
thermal variability is discussed together with the ocean heat content (OHC) and sea surface
temperature (SST) variability across the TYS. After the Discussion in Section 4, conclusions
and directions of future work are drawn in Section 5.

2. Materials and Methods
2.1. The Study Area

In the context of this paper, we focused on the TYS, which is characterised by a
complex bottom bathymetry, and is one of the deepest areas in the Mediterranean (about
4000 m). This bathymetry is a key factor influencing the TYS thermohaline circulation [23].
The circulation is constrained by three main entrances: the Corsican Channel to the north,
the Sardinian Channel to the south, and the Bonifacio Strait, which, although considered
less significant for the thermohaline circulation, plays a role in wind circulation [24]. To
the north, the exchange with the Ligurian Sea occurs through the narrow and shallow
(about 400 m depth) Corsican Channel. To the south, the TYS is connected to the western
Mediterranean Sea, particularly the Provengal Basin, via the large and deep Sardinian
Channel (more than 200 km long and with a maximum depth of 2000 m at the south-eastern
corner of Sardinia). Additionally, the TYS communicates with the eastern Mediterranean
Sea through the shallower Sicilian Strait (about 400 m average depth).

This sub-basin’s morphological configuration allows the water column of the TYS to
be ventilated by different water masses from both the eastern and western Mediterranean
(e.g., [18,25-29]). This makes the TYS a buffer oceanic region where local water masses mix
with those advected from remote areas, creating new water masses that then recirculate
in the western Mediterranean. This process influences the general circulation and the
formation of the deep water in the Gulf of Lion ([30] and Figure 1).

The general circulation of the TYS is also strongly influenced by wind stress, which
creates a permanent cyclonic circulation along the sub-basin’s coast [31]. This influence
also leads to a quasi-permanent cyclone-anticyclone system (Bonifacio dipole gyre) and
two seasonal anticyclones, the Central and Sicilian anticyclones, as reported in panel a) of
Figure 1 (see also [15,29,32]).
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Figure 1. The transect across the Tyrrhenian Sea, from Genoa to Palermo. The upper panel (a) presents
the domain interested by the transect, with the corresponding bathymetry, and a schematic drawing
of the main vortices present in the area. Blue dots represent the locations of the XBT measurements
(1999-2019) analysed in this paper. Panel (b) shows the main circulation patterns together with
the water mass distribution of the Tyrrhenian Sea (from surface to bottom: Atlantic Water (AW);
Levantine Intermediate Water (LIW), and Western Mediterranean Deep Water (WMDW), as described,
among others, by [16,18,24,25]. Bathymetry along the XBT track is also shown in the lower panel
(c) (with a resolution of 0.02° latitude) using values from the European Marine Observation and
Data Network (see http:/ /portal.emodnet-bathymetry.eu/mean-depth-full-coverage, accessed on
30 July 2024). Relevant topographic features, related to submarine mountains, and the four areas
identified by their central points (P1-P4) and selected for the anomaly temperature computations are
also shown.

2.2. The Experimental Datasets

In September 1999, within the European project MFS (Mediterranean Forecasting
System), a monitoring project of the Mediterranean Sea began, based on the launch of XBT
probes from commercial ships within a Ship of Opportunity (SOOP) programme. One of
these monitoring transects is still operational on the route from Genoa to Palermo (Figure 1a)
and has contributed to the collection of more than 4000 temperature profiles over the last
20 years [15,33,34]. This line is particularly relevant because it substantially coincides with
the projection of track 44 of the altimetric satellites (initially TOPEX/Poseidon, then the
Jason family), essential for monitoring the dynamics associated with the TYS sub-basin
circulation at several space and temporal scales from the mesoscale to the basin-scale
range [35]. From this large database, 2123 temperature vertical profiles over the TYS have
been selected according to the procedure described in Section 2.3 for the period from 1999
to 2019 and analysed in the present investigation (see Table 1). The verified datasets are also
available in the SeaDataNet portal (https://cdi.seadatanet.org/search, accessed on 30 July
2024) and in the World Ocean Database (https://www.ncei.noaa.gov/access/world-ocean-
database-select/dbsearch.html, accessed on 30 July 2024). The analysed XBT probes were
developed and manufactured by Lockheed Martin Sippican Inc. They can reach different
maximum depths according to the model: up to about 550 m, 900 m, and 1800 m for the
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T4/T6, T7/DB, and T5/T5-20 probes, respectively [36]. The speed of the ship during the
navigation affects the maximum depth that the probes can reach, making it decrease as
speed grows. Profiles from before 2004 were collected exclusively with the shallower XBT
versions that reached a maximum depth of 450 m (green shadow cells in Table 1), then a mix
of probes was used according to the bathymetry, attempting to observe some phenomena
in particular areas (Figure 1c). The same database, associated with altimeter observations,
has allowed us to characterise and describe the variability of recurrent surface circulation
features in the area and also supported the investigation of the Tyrrhenian Intermediate
Water (TIW) [15,33].

Table 1. Number of analysed XBT profiles in the Tyrrhenian Sea (42° N-38° N): 2123 profiles were
analysed for the period. Black dots correspond to experimental transects. The number of profiles
per month/year is reported in the last row/column. Green shadow cells represent profiles for which
only the shallowest models of XBTs are available.

Month
Year Jan Feb Mar Apr May  June Jul Aug Sep Oct Nov Dec XBTsly
1999 ° ° ° 'Y 93
2000 [Y) (Y ) ) [Y) ° 'Y ° ° ° ° 293
2001 0
2002 0
2003 0
2004 . oo ° oo ° ° 164
2005 . ° ° . . . ° . ° . 175
2006 ° . 71
2007 0
2008 0
2009
2010 . . 15
2011 ° . o0 ° 82
2012 ) . ° ° 85
2013 . ° ° ° ° 150
2014 ° . ° ° ° . . 143
2015 ° ° ° ° ° ° ° ° 235
2016 ° ° ° ° ° ° ° 208
2017 ° ° ° ° ° ° 178
2018 . . ° ° . . 177
2019 ) ° 54
XBTs/month 201 88 258 84 262 219 55 87 295 218 70 286 2123

There are some gaps in time coverage (mainly before 2010) and the vessel’s route
experienced minor course changes due to the sea conditions in the earlier period and a
planned variation by the shipping company after spring 2015. Since July 2010, the acquisi-
tion system has been calibrated by a test canister working at two reference temperatures.
This control procedure was repeated twice during each shipping campaign, immediately
before the first XBT launch and immediately after the last launch. Then, an algorithm
was applied to the dataset, considering the time drift in the temperature values read at
the beginning and at the end of the XBT deployments, combined with a further linear
correction as a function of the deviation from the reference temperature values. More
details about the correction applied to the profile data can be found in [34,37]. To further
discuss underlying uncertainties, potentially related to XBT bias correction methods, XBT
measurements along the Genoa—Palermo transect were verified, comparing their values in
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terms of temperature-depth profiles, with those provided by Argo floats quasi-collocated
in space (position differences similar to the local Rossby radius) and time (1-day time
window). The differences between the two datasets have been shown by [37], considering
quasi-collocated and quasi-simultaneous measurements: XBT temperature profiles col-
lected in the TYS were proven to be in line, from a metrological point of view, with data
recorded by Argo profilers. The comparison shows that agreement below 100 m depth is
very consistent. XBT values have, in fact, a mean positive bias of 0.05 °C with a standard
deviation equal to 0.10 °C, regardless of the specific type of XBT (i.e., fully compatible with
the accuracy declared by the manufacturers). Hence, in the present analysis, the criterion
of significance to be able to speak of a trend is to observe a variation over time that is
greater than 2 x 0.1 °C at the same depth and for depths beyond 100 m (i.e., assuming
conservatively total correlation between temperature measurements).

The fact that the Argo and CTD data are comparable to those of the XBT again supports
the use of equi-spatially distributed XBT profiles in the present analysis (Table 1), especially
considering that Argo floats and CTD profiles along the route are only publicly available
from 2004 and, in general, the number of available CTD profiles in the TYS is extremely low.
However, the available Argo data from 2004 to 2019 were extracted from the SeaDataNet
portal (https://cdi.seadatanet.org/search, accessed on 30 July 2024), corroborating XBT
information and integrating salinity information to trace water masses’ evolution in space
and time, ultimately strengthening our analysis and conclusion. To further discuss under-
lying uncertainties, and to provide more quantitative results on characteristics and drivers
of the observed changes, sea surface temperature (SST) variability and trends within the
Mediterranean Sea were analysed over the last 40 years (1982-2022) by using a satellite-
based dataset from the E.U. Copernicus Marine Service Information (CMEMS). SST fields
were processed and extended as described in [1].

Here, we will further examine all these datasets, looking in more detail at the vertical
temperature variability and OHC, with a focus on the TYS.

2.3. Setting of the Area

The XBT data analysed were all included in a band of about 100 km of width, centred
on the TYS section of the Genoa—Palermo transect. This transect crosses all the main
circulation features of the TYS (Figure 1a), as described by [15], and is an area with a
remarkable feature: a “V-shaped” topography confined by two platforms, the northern
one more extended and the southern one limited by the Sicily shelf (Figure 1c). This
complex bottom morphology influences ocean circulation by directing ocean flows and
representing a barrier to the spreading of deep ocean masses, except for its deep passages;
indeed, the Sardinian Channel permits the exchange of almost all water mass until 2000 m,
while the Corsican Channel permits the exchange only of the AW and LIW (see Figure 1
and [23,38,39]). Figure 1 shows the bathymetry of the ocean floor of the TYS. Panel c) of this
figure, where the experimental data are shown in blue, highlights the missing information
for the TYS. Specifically, for XBT data, and indeed for most other probes as well, there
are no measurements available to study the dynamics below 2000 m. Four different areas,
identified by their central points P1-P4, were selected in the present study as being more
representative of data coverage, bathymetry, and quasi-permanent circulation features
(Figure la—c)): in the Northern TYS, where the permanent Bonifacio cyclone typically
extends (centred around 41.5° N 11.0° E); in the Central TYS, characterised by the Bonifacio
anticyclone (centred around 40.5° N 11.6° E); in the Central southern TYS, where the depth
is greater than 2000 m and the Central anticyclone circulation takes place (centred around
39.5° N 12.4° E); and in the southern TYS (centred around 38.5° N 13.2° E), bordering the
western side of the Sicilian anticyclone. The four areas were centred around the latitudes
and longitudes selected above, taking into account the low value of the Rossby radius in
the Mediterranean, which varies from 5 to 12 km [40]. A similar approach has also been
followed by [41] and serves as a reference for comparison in the present analysis.
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Finally, for each of the four points, data were analysed and presented according to
four vertical layers, where available, considering the core depths of the different water
masses of the TYS [31]: 10-100 m, 100-450 m, 450-800 m, and 800-1500 m (the latter being
available for the deepest part of the TYS and for the XBT T5 probes). The number of XBTs
resulting in the present analysis is shown in Table 2, according to water level and point
distribution. Argo data, from 2004 to 2019, were extracted from the SeaDataNet portal and
integrated in the present analysis, following the same approach, and considering the same
four areas and their central points P1-P4. Note that data from 2010 to 2013 have not been
included, as they are missing in the data portal for the selected areas.

Table 2. Number of XBTs according to the four selected points and the four water depth (WD) levels.
NA stands for not applicable.

#XBTs
WD (m)
P1 P2 P3 P4
10-100 179 207 227 219
100450 169 197 223 204
450-800 80 118 131 98
800-1500 NA 21 50 NA

2.4. Baseline for Anomaly and OHC Calculations

The subsurface temperature variations are expressed as the vertical integral of the
potential temperature (°C m) following the methodology of the Copernicus Climate Change
Service Report [13,42] in consistency with [43,44]. Assuming this, the traditional OHC
definition in each layer of thickness Az = z—z; is given by the following integral:

Z

OHCax(x,y,t) = pey [ T(x,y,2, )iz )
20

where p is the mean density and c;, is the heat capacity of seawater (assumed, respectively,
to be equal to 1030 kg/m3 and 3980 J/kg °C, from [45]).

Temperature anomalies were defined as the deviation from the reference period
1999-2019, assumed here as the baseline. The results are represented as time series anoma-
lies per layer (+standard deviation in dashed lines). A linear trendline and corresponding
R-squared were applied, as a best-fit straight line, to the OHC anomaly datasets only for
the 100-450 m and 450-800 m layers during the 2010-2019 period.

3. Results

Data analysis was limited to the 10-1500 m depth range, focusing on the intermediate
and deep levels. Hereafter, the results for the four selected areas, defined in the previous
section, with a latitude between 38.5 °N and 41.5° N, will be reported.

3.1. Temperature Trends and Anomalies

The Hovmoller diagrams can provide useful information about the temperature vari-
ability across the water column. In Figure 2, we display the vertical sections associated
with the four selected areas (referred in Figure 1c as P1-P4), drawn by the Ocean Data
View software version 5.6.5 [46], along all the available transects and the 10-1500 m depth
range. According to the bathymetry (Figure 1), the layers below 800 m are represented
only for the central part of the sub-basin. Figure 2 shows the temporal sequence resulting
from December 1999 to March 2019 across the different zonal sections. To better visualise
phenomena and trends, data were grouped according to the main water mass distribution
known for the TYS [28], assuming AW for the 0-200 m layer, LIW for the intermediate layer
(200-800 m layer), and WMDW for the 800-1500 m layer.
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Figure 2. Hovmoller diagrams of temperature for the layer 10-1500 m along all the available XBT
measurements. The sections reproduce the transect from North (left) to South (right). The deepest
data are reported only for the latitudes 40.5° N and 39.5° N. For these latter, a different temperature
scale (from 13.3 °C to 14 °C) has been reproduced in order to facilitate visual comparison, as shown
by blue arrows. Please note that the deepest part has been zoomed using a different vertical scale.

The upper layer is generally characterised by high frequency variability and governed
by the air-sea interaction that drives the seasonal cycle of thermocline depth. The seasonal
effect changes over time, significantly impacting subsurface ventilation and erosion of the
thermocline, particularly during the transition to winter. In all the sections, colder periods
(i.e., vertical blue lines) correspond to the winter season (particularly March), when strong
vertical mixing occurs. This mechanism also varies spatially; it is more pronounced in the
northern part of the Tyrrhenian Sea due to its topographic and circulation characteristics (i.e.,
coherent cyclonic and shallow circulation in the North, versus predominantly anticyclonic
and circulation in the South). Around 2014, this scenario changed significantly, with marked
warming affecting the upper 400 m in the North and the upper 800 m in the basin’s southern
part. These temperature differences over time, at the same depth, exceeding 0.1-0.2 °C,
underscore the significance of the trend detected by XBT temperature measurements. After
2018, a new scenario emerged, characterised by a temperature decrease extending into
early 2019.

The deepest layer (i.e., 800-1500 m) was investigated only in P2 and P3 (i.e., centred
around the latitudes 40.5° N and 39.5° N, respectively) due to bathymetric constraints. A
different temperature scale, ranging from 13.3 °C to 14.0 °C, was also reproduced (bottom
part of Figure 2), to facilitate visual comparison of the deepest variations. Obviously, in the
deep layers the temperature anomalies are slightest in comparison with those observed in
the surface and subsurface layers; however, a positive warming trend is still evident from
1200 m to 1500 m, especially in the southern section (39.5° N).

To corroborate and better figure out surface layer variability, long-term temperature
profiles were combined with the SST satellite-based dataset from the CMEMS (Figure 3).
For simplicity, Figure 3 presents temperature changes focusing only on the northernmost
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(yellow) and southernmost (light blue) selected areas (i.e., P1 and P4), and divided by
seasons (considering quarterly slots for each season, i.e., December, January, and February
for winter). The SST trend is shown in the upper panels, while temperature anomalies
derived from XBT are represented in panels b, ¢, and d (respectively for the 10-100 m
layer, the 100450 m layer and the 450-800 m layer). Looking at the SST time series in
Figure 3a, the annual averages exhibit the typical influence of seasonality, as typically occurs
for marginal seas such as the Mediterranean. This results in a substantial temperature
difference of nearly 10 °C between winter and summer, hiding significant extreme events
and oceanic processes. Even if limited in time, these events have a strong impact on the
vertical mixing and transport along the water column. Therefore, a seasonal representation
has been adopted to better represent the temporal behaviour of the temperature anomaly in
the northern and southern parts of the sub-basin. The surface layer in Figure 3a,b exhibits
strong oscillations (and consequently large standard deviations) due to the direct interaction
with the atmosphere. Nonetheless, a positive trend is observed in spring, corresponding
to the period when the seasonal thermocline is completely eroded, and the surface water
layer in the Mediterranean becomes less stratified and more homogenised in depth, with
a mean temperature around 13-14 °C. This is also reflected in the low surface standard
deviations in winter and spring due to the complex air-sea interaction processes and heat
fluxes variability in the Mediterranean Sea [47], with a difference of almost zero between
the southern and northern TYS in spring.

Winter (DJF
(@) 18 g i w18 g
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T 27 greerrr

Autumn (SON)

Yo

JTTYTTTIT] FITSTYITT ArvenyTer SYETN IO FAVNOITS:

o—oNorth Tyrrenian 13 _ —
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Figure 3. SST trend for the North (yellow) and South (cyan) Tyrrhenian Sea (panel (a)) vs. temperature
anomalies seasonally averaged (panel (b—d)), with spread represented by the correspondent standard

deviations (shaded). (b) The 10-100 m layer, (c) 100-450 m layer, and (d) 450-800 m layer. Red lines
in the upper panels highlight the same averaging periods (i.e., 1999-2019).
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Looking at deeper layers (i.e., 100450 m and 450-800 m in Figure 3c,d), a strong
increase in the warm anomaly is evident from 2014 to 2018, particularly for the South TYS,
after which the positive trend slightly decreases in accordance with Figure 2. Unfortunately,
we lack further data beyond March 2019 to verify the robustness of this trend reduction or
inversion. However, the SST data suggest a different narrative, as surface observational
data indicate significant warming in 2022 and an upward trend.

In general, the temperature anomalies also reflect years with strong winter cooling that
produces deep convection, as negative trends are evident in 2005 and 2011-2012, observed
from the surface down to 800 m depth. Due to the limited data available, it is not possible
to infer positive or negative anomalies for deeper layers (i.e., 800-1500 m), as the values
oscillate around zero throughout the years.

To further investigate the subsurface layer, Figure 4 shows the temporal evolution
of temperature in the intermediate layer (100450 m depth) of the TYS, focusing on the
northernmost and southernmost points (i.e., P1 and P4). Linear trends and correspondent
report tables are shown for the period 2011-2017, respectively, in red and green colours.

152 A I N NPT Y TR YR Y T Y NI NN YN N ST NI N N A N .
4| ------- P1 4
—— P4
15.0 g i -
- - —P1 Linear Fit 2011-2017
11 - P4 Linear Fit 2011-2017 T
14.8 =
14.6 -
Slope 3.61089 x 10
— T Adj. R-Square 0.76489
O 1441
[
|_ B
14.2
14.0 H
13.8 2.50848 x 107
| 0.76935 |
13.6 T I L} I T | L} l T I L) I L} l L) I L} ' T I L} ' T I L) I L} I L} I T I L} ' T I L) ' T I L) I L}
W O O «— N MO I IO O NN 00 OO O — AN M T IO © M~ 0O O O
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date

Figure 4. Temporal evolution of mean temperatures for the 100-450 m layer, in the Tyrrhenian Sea
at P1 (dotted line) and P4 (continuous black line). Linear trends have been added for the period
2010-2017 for P1 and P4, respectively, in red and green colours, with correspondent report tables in
the same colours.

After an initial oscillation period (1999-2000), a positive temperature shift is shown
in 2004 to early 2005, followed by a negative trend up to 2006, for both P1 and P4. Since
2014, a sharp increase in temperature has been recorded from north to south. In the
southern region (solid line in Figure 4), temperatures rose from 14.1 °C to 14.8 °C between
February and December 2014. A similar temperature increase was observed in the northern
region, although the highest value (14.5 °C) was reached approximately two years later, in
September 2016. This upward trend was interrupted in 2018, when a negative trend was
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recorded for both regions. In detail, for P1, the mean temperature changed from 13.87 °C in
December 2011 to 14.14 °C in December 2014, reaching 14.40 °C in December 2017, showing
an overall increase of 0.53 °C and a slope of 2.51 x 10~*. For P4, the trend was even more
marked, with a 0.76 °C increase from 2011 to 2017: the mean temperature rose from 14.12 °C
in December 2011 to 14.50 °C in December 2014, and to 14.88 °C in December 2017 with
a slope of 3.61 x 107, The above computed trends are in agreement with the criterion of
significance as their variation over time is greater than 2 x 0.1 °C (i.e., two times their SD in
a precautionary estimate, assuming total correlation between temperature measurements).
Furthermore, these mean temperature values at P1 are in line with what is shown by [48],
where potential temperatures are reported up to the year 2005 at 400 m for the Central TYS.
Again, as also shown in Figures 2 and 3, during 2018, there was a drop in mean temperatures.
This trend is common to both areas, but more consistent in P4.

Additional information about the water mass evolution over the TYS can be provided
through the analysis of the Argo measurements, extracted from the SeaDataNet portal, as
detailed in the previous Section 2.2. Figure 5 shows the 0-S diagrams obtained from the
available Argo profiles, whose location is shown in the upper maps of the figure. Unfortu-
nately, the data from 2010 to 2013 are missing for the selected areas, and hence two periods
have been considered in order to better clarify possible temporal shifts: 2004-2009 (panel a),
and 2014-2019 (panel b). Note that surface points with temperatures above 16 °C have
been excluded to highlight the intermediate and deep waters. The diagrams are charac-
terised by distinctive hydrological signatures (in agreement with [31,33]), highlighting the
presence of LIW with local maxima of temperature and high salinity. Figure 5 confirms the
results obtained by XBT profiles, showing a temperature shift toward warmer values for
the intermediate waters since 2014, with a minor setback in 2018 (Figure 5b).

Year (station date) Year (station date)
16 ( ) 2009 16 (b) 2019
15.5 15.5
2008 2018
15 15
- 2007 2017
O 145 O 145
il e
© L]
E 2006 E 2016
~ 14 ~ 14
2005 2015
13.5 13.5
H 3
3 g
. H
13 . sl . 2004 13 s 12014
375 38 385 39 37.5 38 385 39
S [dimensionless] S [dimensionless]

Figure 5. 8-S diagrams from the Argo measurements for the periods 20042009 (a) and 2014-2019
(b). Note that surface temperatures higher than 16 °C have not been included, so as to highlight the
intermediate and deep waters.

3.2. OHC Trends and Anomalies

To better figure out TYS dynamics, OHC anomalies were computed in the northern
(P1) and southern (P4) sectors of the monitored route. As defined in Section 2.3, anomalies
have been defined as the deviation from the baseline period 1999-2019. Figure 6 reports
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1.0 x 10°
6

positive anomalies in red and negative anomalies in blue in three different periods, based
on the XBT monitoring activities reported in Table 1: the first period (1999-2001), the second
period (2004-2006), and the third period (2010-2019). The three datasets can be considered
as reasonably representative of the seasonal condition (i.e., OHC seasonally covered well
per each cluster period and depth levels along the route).
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Figure 6. Ocean heat content anomalies computed from XBT data in P1 (left side) and P4 (right side):
(a) 10-100 m layer; (b) 100-450 m layer; (c) 450-800 m layer. Black horizontal lines indicate anomalies
of 0J/m?. Positive anomalies are in red, while negative anomalies are shown in blue. Orange vertical
lines are reported for reference to representative years 2014 and 2018.
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In the surface levels (10-100 m depth in Figure 6a), OHC anomalies are characterised
by strong oscillations around the zero anomaly, in accordance with the SST trend (see
Figure 3a), for all three monitoring periods. Again, this is due to the direct interaction
with the atmosphere. As regards the subsurface level (100450 m depth range), a coherent
increasing OHC trend is depicted for both areas, especially for the most southward part
(i.e., P4), where red positive anomalies are higher, in accordance with the trends shown in
Figures 3 and 4. In terms of absolute OHC, mean values along the route are significatively
higher in the period 2014-2019 than those of the two previous periods (i.e., 1999-2001 and
2004-2006), for the 100-450 m depth ranges. In particular, after negative levels of OHC
anomalies were shown during 2005-2006 and in 2012 and 2013 (shown in blue in Figure 6),
the OHC increased, showing positive anomalies (i.e., red bars) and a steeper slope up to
2018 (Figure 6b for both P1 and P4 areas). This positive acceleration is also recorded for the
450-800 m depth ranges but with a 2-year delay (i.e., since 2016, as already pointed out
as regards mean temperatures in Figure 4). In general, consistent and continuous positive
OHC anomalies (i.e., warming) of the intermediate waters (Figure 6b) appear for the period
2014-2018, and propagate progressively deeper, to the 450-800 m level, in the period
20162019, as described by all the anomalies in P1 and by most in P4 (Figure 6¢). Again,
lower positive anomalies are recorded in 2018, especially considering P4. The maximum
OHC anomaly for the 100-450 m layer is +0.98 x 10° J]/m? y~!, recorded in December
2017 in P4. The OHC evolution in the 100-450 m layer (Figure 6b) indicates a steep
increase between 2014 and 2017 and a linear trend over the time period 2010-2019 equal to
+0.1 x 10° J/m? y‘l, coherently with what is observed in the Sicily Channel [49]. This
would lead to the conclusion that the subsurface TYS is warming up more and faster than
in the past, in agreement with [49] and [50]. As regards the 450-800 m layer, it is interesting
to note that OHC anomalies are constantly almost positive after 2016, with a maximum
value of +0.60 x 10° J/m? y‘1 in May 2017 for P4 and +0.57 x 10° J/m? y_1 in June 2018
for P1.

Finally, to determine whether this TYS trend is consistent with the rest of the Mediter-
ranean, OHC anomalies derived by XBT measurements have been plotted in Figure 7,
together with those derived by the CMEMS data [51]. Larger blue squares indicate the
years less covered by XBT data. The XBT trend generally agrees with the OHC anomalies
by the CMEMS data from 1999 to 2018 for the whole Mediterranean over the 0-700 m
water layer.

Also, a negative trend is evident in 2005 and 2011-2012 (as pointed out by [28] and
in accordance with Figures 4 and 6), while from 2014 the TYS started warming quickly
(again in agreement with our Figures 4 and 6 and with [9,41]). From this figure, it is
possible to infer three different clusters (referred as A, B, and C in the plot): Cluster A
(corresponding to the years 2004, 2005, and 2006), when Tyrrhenian anomalies are in
phase with those of the Mediterranean Sea; Cluster B (i.e., from 2010 to 2013), when
Tyrrhenian anomalies show a different trend with respect to the Mediterranean whole
basin, especially for 2011 and 2013 when strong dense water formation events in the
western Mediterranean take place [12,28,52]; and Cluster C (i.e., from 2014 to 2018), charac-
terised by general fast warming, shows a different trend with respect to the Mediterranean
whole basin, especially for 2015 and 2017 (opposite warming up) and 2018 (opposite
negative trend).
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Figure 7. Time series of annual mean area averaged ocean heat content in the Mediterranean Sea
(basin-wide) integrated over the 0-700 m depth layer during 1993-2018 (from [51]), plotted against
time series of annual mean area averaged ocean heat content in the Tyrrhenian Sea obtained from
XBT data discussed in the present paper (+ standard deviation shown as error bars in blue). Three
different clusters (referred to as A, B, and C in the plot) can be inferred, as detailed in the main text.
Larger blue square points indicate the years less covered by XBT data, while the green line indicate
the reference for zero anomaly.

3.3. Deep-Water Exchanges through the Sardinia Channel

Despite the lack of extensive data for the deep TYS, it is evident that this large heat
reservoir may have unpredictable future impacts on the physical and biological oceano-
graphic mechanisms throughout the western Mediterranean basin, considering specifically
the deep water TYS outflow through the Sardinia channel, up to 2000 m [18,53]. To monitor
and better understand the impact that the TYS heat reservoir can induce, the deep-water
mass exchanges between the TYS and the western sub-basin were taken into account.
Specifically, the inflow and outflow through the Sardinia Channel were examined using
reanalysis data, drawing on the work of [30], which already explored the impact of TYS
deep water on the Mediterranean’s western circulation. The idea is to consider the transport
along this channel as a fingerprint of the variability and trend of the TYS circulation and
its internal dynamics. Following the clusters identified in Figure 7, annual averages of
the current model component U were extracted from CMEMS (Figure 8) at three points
across the Sardinia Channel (M1, M2, and M3 in Figure 8d). This approach aims to reveal
potential variations in the TYS outflow regime across the different climatic phases identified
in Section 3.2. Figure 8 illustrates the vertical structure of the flow across the Channel, with
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positive values indicating an eastward annual averaged component of the current velocity.
The outflow regime is shown in M1 and M3, located at the channel’s edge corners, con-
sistent with descriptions in [30] (Figure 5) and [53] (Figure 1c), as well as other references.
The inflow regime dominates the central part of the channel (i.e., M2), as confirmed by
several in situ observations and modelling experiments [26,53]. In general, a fair amount of
interannual variability can be observed in all profiles. In addition, an analysis of all clusters
reveals that profiles from the period of greater warming (cluster C reported in Figure 8c)
exhibit the most variability, especially in M2, where a regime shift is observed during the
warmest years.
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Figure 8. Profiles of the current component U (panel (a—c)) for three points of the Sardinia Channel
(panel (d)) extracted from CMEMS [51] for different years. Positive values indicate an eastward
annual averaged component of the current velocity (cm/s). Different colours indicate different years.
Panels follow the division into clusters made in Figure 7: (a) is correspondent to the years from 2004
to 2006; (b) from 2010 to 2013; and (c) from 2014 to 2019.

4. Discussion

The integrated approach used for analysing data along different sections revealed in-
teresting structures and variabilities. Figure 2 shows, during winter, periodic intermediate-
deep convective events affecting layers from 0 to 200 m, mainly in the northern part of the
basin, in agreement with what [54] observed in the northwestern Mediterranean Sea.

As regards intermediate layers (100450 m), the XBT data align with the findings
of [48], which reports a progressive heat and salt accumulation at intermediate levels in the
Ligurian and Tyrrhenian Sea, with the highest salt and heat contents recorded in 2003-2004
(see also their Figure 4b). This increase depicted the signal of the propagation of a climatic
transient, commonly known as the Eastern Mediterranean Transient (EMT, [55,56]), which is
also evident in the TYS, as shown by our Figures 4 and 5 for temperature. The intense deep
water formation process occurred in the Gulf of Lion in 2004-2005, bringing a significant
amount of salt and heat towards the deep layer, as evidenced by the reduction in salt and
heat content in the LIW during the succeeding months (Figure 5b of [48] and light green
points in our Figure 5a). Similarly, XBT data in Figures 4 and 6 show a negative inflection
in temperature and OHC anomalies during winter 2005, originating in the southern TYS
and then propagating in the northern TYS.

Later on, the analysed datasets consistently revealed the same pattern across both the
temporal and spatial dimensions (including geographical and depth directions). Coherently
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with the recent literature [10,12,13], abrupt warming was recorded in all TYS zones around
2014 (Figures 2-7). As a result of the global atmospheric warming, subsurface water
masses become progressively warmer, stratifying stably enough to create a kind of cap
that hinders deep convection and in turn mixing with the rest of the water column. This
is consistent with the entry of a warmer LIW southward that contributes to increasing
the heat content in the intermediate layers (Figure 5), exacerbating the warming signal
up to 800 m depth. This warming signal then spreads northwards due to the gyre’s
circulation and advection, increasing turbulence due to the influence of quasi-permanent
cyclonic/anticyclonic circulation activity (e.g., the Bonifacio double gyre circulation), as
well as topographic features that promote continuous mixing.

The temperatures and OHC shown in Figures 3—6 also reflect the increase in warming
around 2014. In Figure 3b—d): from 100 to 800 m depth, there is a shift from a thermody-
namic equilibrium to another with a higher equilibrium state. The year 2014 appears to
be the period when the massive warming of the TYS took on large coherent spatial and
temporal features, as also confirmed by Argo measurements (Figure 5b). During this period,
the entire system warmed, progressively accumulating more thermal energy. Moreover,
during this period, the SST trends show a continuous and quite homogeneous warming
both in the northern and in the southern parts of the Tyrrhenian Basin (Figure 3a). The
anomalous warming of the LIW in the TYS was also documented by [41,57], with a peak
of this anomaly around 2014 [28]. In particular, the latter study suggests that the lack of
intense deep convective winters between 2014 and 2018 resulted in a strong stratification.
This allowed the LIW, with its high temperature and salinity contents, to “invade” the TYS,
spreading up to the Ligurian Basin while preserving its core.

The present results go further, showing a new scenario also in the TYS thermohaline
circulation. The whole TYS basin undergoes a sort of positive feedback: the ongoing
warming increases the stability of its stratification, and it acts as a significant heat reservoir
affecting the western Mediterranean thermohaline circulation that in turn exacerbates the
TYS hydrological equilibrium, typical of warming oceans. This is in line with refined
analyses of available worldwide observations, showing an increase in global stratification
that is twice that estimated from 1970 to 2018 [58].

More likely, it is due to a non-linear combination between two synergistic processes:
firstly, a well-known climate trend leading to local surface warming resulting from atmo-
sphere interaction (noted for the whole Mediterranean Sea), and secondly, local subsurface
warming resulting from the advection of warm water masses originating from the Levan-
tine Basin. As a fact, the positive feedback particularly affects the intermediate southern
layer, which initially experienced the arrival of a warmer and saltier LIW (Figures 4 and 6b)
in accordance with [33]. A “blob” of warm water around 100-450 m passed the Sicily
Channel, and mixed and transferred its heat to the entire water column, impacting TYS
water mass transformation and deep water. Subsequently, the warming signal propagated
northward, producing an extraordinary hydrological change in the central part of the TYS
basin that affected deeper layers down to 1000-1500 m (Figure 2).

Furthermore, looking at Figure 8, it is possible to infer that in addition to the well-
known surface and intermediate heat transfer occurring through the Corsican Channel and
influencing the precondition for the dense water formation in the northwestern Mediter-
ranean, an additional heat injection can come through the Sardinian Channel (maximum
depth of about 2000 m). This further heat can ultimately impact the processes responsi-
ble for producing cold, dense, and oxygenated water in the deepest layers which then
return to the TYS, generating a positive feedback loop that exacerbates the warming trend.
Differences between the general Mediterranean and the TYS trends shown in Figure 6
could be explained by the influence of the North Ionian Gyre on the redistribution of
intermediate waters ([59-63]). Regarding the intermediate layer, the time series presented
in this study align with comparable time series collected in the Sicily Channel (see, for
example, Figure 6 of [64] or [65]). These series highlight a general increasing trend and the
presence of “cyclic patterns” in temperature and salinity, which could be associated with
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the alternation between different circulation modes (cyclonic and anticyclonic) of the North
Ionian Gyre, in addition to the above-mentioned intermediate water formation processes.

Given its central location within the Mediterranean and its interactions with neigh-
bouring sub-basins, the results of these analyses suggest that the TYS acts as a magnifying
glass for the whole OHC variability of the Mediterranean Sea. It reveals local details of a
significantly increased warming trend over the past few decades [1,9,55] whose impacts
are expected to become more apparent in the coming decades. The data used also allowed
us to distinguish between heat sources: direct intake from the surface, which is largely
influenced by seasonal variability, and an interior signal (at about 100 m depth) resulting
from the advection of water masses originating elsewhere in the Mediterranean, such as the
LIW, carrying a climatic signal. Figures 3a and 6a show indeed that no acceleration with a
distinct pattern from deeper levels can be observed from SST and surface OHC anomalies.

5. Conclusions and Perspectives

The present paper, through the use of a relevant number of XBT observations (almost
2000) along the SOOP Genoa—Palermo route, has proven how the TYS sub-basin is an
ideal site for the detection of variability, trends, and long-term changes in climate variables
(e.g., the temperature anomaly and OHC), as well as for the assessment of the related
impacts at regional and local scales. The overall XBT accuracy stated by the manufacturer is
0.2 °C [66,67] and, as described by [36,37], many phenomena can contribute to the uncer-
tainties in measurements made by XBTs, and they can act either on the depth or on the
temperature, or on both. Ref. [37] verified that the calculated depth for the XBT overes-
timates the actual depth in the first tens of metres of the fall. Considering that for any
depth value up to 250 m, the associated uncertainty is 5 m and do not infer in the general
baseline computation for anomaly and OHC as this was derived from a uniform dataset of
only XBTs, no corrections have been applied to the XBT depth values in this paper. Recent
results [37] on the intercomparison of XBT data, Argo, and ship-based CTD profiles in
the Mediterranean Sea, confirmed the metrological robustness of XBT data, proving the
reliability of the 20-year XBT dataset here reported and the related analyses. Even if the
obtained results could certainly be improved in terms of temperature mean difference and
standard deviation, considering its spatial and temporal coverage, the used XBT long-term
dataset has been very effective in studying thermal anomalies, capturing a general warming
trend across the TYS sub-basin, as well as the deepening of the heat signal in underlying
layers. A large spatial (north—south) variability of the TYS thermal characteristics along
the SOOP Genoa—Palermo route (Figure 1) has been recorded at all monitored depths
(10-1500 m) (Figure 2).

Our results have underlined how the role of circulation is essential to this variability:
based on the literature [18,24,28], it seems linked to non-linear interactions among several
driving forces such as the advection of water masses from western and eastern Mediter-
ranean Sea and wind stress. These generate large gyre/eddy variability in time and space
that results in quasi-permanent structures in the northern part of the TYS [15] and much
less permanent and coherent gyres/eddies in its southern part [31]. The variability of the
gyre/eddy has an impact on the upwelling/downwelling intensity and therefore on the
distribution of the surface/subsurface warming signal into the deep and abyssal layers.

Furthermore, our analysis has shown that periodically, temperature trends detected
in the TYS might differ from those of the Mediterranean as a whole. This is probably
due to the Tyrrhenian’s response to the decadal oscillation of the North Ionian Gyre,
which, acting as a “manifold” between the eastern and western basins, influences the
redistribution of Levantine Intermediate Water (LIW) towards the western Mediterranean
at the intermediate level, highlighting important remote forcing, while the surface is related
to interannual variability, and is mainly wind-driven. In this prospective, the Sardinia
Channel is a crucial passage to monitor in order to follow not only the water mass inflow
in the TYS, but also to assess the possible impact of TYS deep water in the deep convection
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processes of the western Mediterranean and their efficiency in supporting vital processes
such as thermohaline circulation and abyssal ventilation [68].

An additional key element is then played by the TYS bathymetry: its typical V-shape
morphology reaching depths of up to 4000 m greatly influences both circulations and
physical processes [18], making the TYS an active heat reservoir, and by consequence a
hotspot in the hotspot. The peculiar morphology of the TYS prompts us to adopt a zonal
subdivision of the dataset into four different areas that well represent the local/regional
climate variability with respect to the general behaviour recorded for the Mediterranean
Sea [1].

More generally, the present work should act as a stimulus to identify further observa-
tional and modelling methodologies tailored to better study the complexity of the impact
of climate change in the TYS, the TYS itself being a sort of nested hotspot representative of
the climate change context of the Western Mediterranean. Considering the shift recorded
also for the deepest levels, observation campaigns and fixed stations should be developed
to collect more deep-sea data to monitor the physical heat uptake mechanism along the
whole water column.
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