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Twenty- rst century
thermohaline trends and
abrupt shifts in the lonian Sea

Elena Terzi¢™ and lvica Vilibi¢'?

'Ru er Boskovit Institute, Division for Marine and Environmental Research, Zagreb, Croatia, 2Institute
for Adriatic Crops and Karst Reclamation, Split, Croatia

Being centrally located within the basin and exhibiting internally driven quasi-
decadal variability, the lonian Sea serves as a pivotal conduit for water-mass
exchange between the Western and Eastern Mediterranean. Using 23 years
(2001-2024) of Argo oat pro les, we quantify recent thermohaline changes
across six sub-basins of the lonian. Throughout the study period, pronounced
warming and salini cation were observed, occurring at rates much higher than
during the 20th century. Between 2022 and 2024, the southern and south-
eastern lonian intermediate waters (300—1200 m) warmed by 0.7-1.8°C and
their salinity increased by 0.24—0.40, with maxima near 700—1000 m, re ecting
an abrupt shift in water-mass properties. Concurrent ERA5 reanalysis reveals a
pronounced negative winter heat- ux anomaly in 2021/2022, intensi ed wind
stress, and elevated evaporation minus precipitation, all of which favored much
pronounced convective mixing that transferred warm and saline waters to
deeper layers. In parallel, anomalous intermediate-layer properties observed in
the southern Adriatic during the same period suggest a broader, interconnected
response of the Adriatic—lonian system. Together, these processes may indicate
a transition toward a warmer, more saline deep-lonian state. If sustained, such a
regime could weaken dense-water formation, alter the Mediterranean
overturning circulation, and propagate anomalies westward into the Atlantic
through the Gibraltar out ow.

KEYWORDS

lonian Sea, Argo oats, thermohaline variability, Adriatic-lonian Bimodal Oscillation -
BiOS, dense water formation, Mediterranean overturning circulation, climate change,
Eastern Mediterranean atmospheric variability

1 Introduction

The lonian Sea is a region crucial for the exchange of key water masses across the
Mediterranean Sea, connecting its western and eastern parts with the Adriatic and Aegean
Seas (Berline et al., 2021). Its general circulation pattern consists of Atlantic Water (AW)
traveling eastward toward the Levantine basin, increasing in both temperature and salinity
along the way, where high evaporation favors the formation of Levantine Surface Water
(LSW). Under winter cooling, this water eventually sinks, forming Levantine Intermediate

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2025.1718186/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1718186/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1718186/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1718186&domain=pdf&date_stamp=2026-01-02
mailto:eterzic@irb.hr
https://doi.org/10.3389/fmars.2025.1718186
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1718186
https://www.frontiersin.org/journals/marine-science

Terzic and Vilibic

Water (LIW) in the Levantine Sea or Cretan Intermediate Water
(CIW) in the southern Aegean Sea. At its deepest layers, the Eastern
Mediterranean Deep Water (EMDW) originates either from the
Adriatic or the Aegean Sea. The latter exerted its strongest in uence
after the Eastern Mediterranean Transient (EMT; Klein et al., 1999)
in the 1990s, when much warmer and saltier deep waters spread
across the basin, progressively homogenizing the layer between
3000 and 4000 m. This process led to an increase in heat storage that
was twice as high as global estimates (Artale et al., 2018).

The lonian surface circulation consists of a large gyre that
alternates between cyclonic and anticyclonic regimes on a quasi-
decadal scale due to the Bimodal Oscillating System (BiOS; Gacic
et al., 2010). The anticyclonic circulation brings fresher, cooler
Atlantic waters into the northern lonian Sea and usually suppresses
dense water formation in the Adriatic. Dense waters are generated
both in the shallow northern Adriatic due to cold and dry bora
winds (Raicich et al., 2013), and within the Southern Adriatic Pit
through open-ocean convection (Gacic et al.,, 2002). These
processes contribute to greater ventilation of the deepest layers of
the lonian and Eastern Mediterranean. Conversely, the cyclonic
phase brings warmer, saltier LIW and thus enhances Adriatic dense
water formation. Anticyclonic gyres of the Eastern Mediterranean
also promote LIW sinking and affect its intermediate depth ow
(Mennaet al., 2021). One example is the Pelops gyre, located in the
northeastern lonian Sea, which is involved in the circulation and
exchange of Levantine-origin surface and intermediate waters by
advecting ow along western Greece toward the lonian and Adriatic
seas (Menna et al., 2021; Androulidakis et al., 2024).

The BiOS mechanism acts as a central driver of decadal
variability in the Eastern Mediterranean, shaping circulation,
deep-water formation, and biogeochemistry (Civitarese et al.,
2023). Its in uence extends across the entire basin, linking
regional circulation changes to larger-scale processes ranging
from water-mass propagation to ecosystem impacts. The Adriatic
Deep Water (AdDW), formed in winter due to cooling and salinity
buildup, feeds the deep thermohaline cell of the Eastern
Mediterranean and unbalances the vorticity that, in turn, changes
the circulation in the northern lonian Sea from cyclonic to
anticyclonic and vice versa. As a feedback, BiOS modulates the
in ow of water masses towards the dense water sites and therefore
directly in uences the deep circulation and thermohaline properties
of the lonian-Adriatic thermohaline system (Gacic et al., 2010).
Because Eastern Mediterranean intermediate and deep waters
ultimately affect circulation across the Sicily Channel that brings
LIW into the Western Mediterranean (Gacic et al., 2013), BiOS-
driven variability in the east can reverberate throughout the whole
Mediterranean. Changes in BiOS-driven circulation and associated
salinity—temperature patterns also contribute to steric sea-level
variability and broader water-mass redistribution, impacting long-
term climate and oceanographic trends (Borile et al., 2025). By
altering the advection of different water masses, BiOS in uences not
only plankton phenology (Lavigne et al., 2018), but also its
community structure, as well as higher trophic levels, including
zooplankton (Batistic et al., 2014), sh populations (Patti et al.,
2025), especially in the Adriatic region (Civitarese et al., 2010,
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Civitarese et al., 2023). From 2001 to 2011, AdDW strongly
in uenced central and western lonian waters (Budillon et al.,
2010), but this impact weakened between 2011 and 2018 as
ventilation decreased (Li and Tanhua, 2020). Observations from
recent decades reveal an increasing trend of warming and
salini cation in the Eastern Mediterranean (Skliris et al., 2024;
Zodiatis et al., 2023). Speci cally, in 2024, the lonian Sea reached
the warmest conditions of the past four decades, with mean summer
surface temperatures exceeding 28 ‘C and trends of up to 0.59 'C per
decade between 1982 and 2024 (Androulidakis et al., 2024).
Changes in upper thermohaline circulation in the Eastern
Mediterranean may also create favorable conditions for dense
water formation in the Aegean Sea through salinity
preconditioning (Velaoras et al., 2014; Potiris et al., 2024a, Potiris
et al., 2024b). Similar changes have been observed in the southern
Adriatic (Terzic et al., 2025a). Both processes could lead to drastic
shifts in EMDW, which—when formed in the Adriatic—has so far
supplied cooler, more oxygenated waters to the lonian Sea (Budillon
et al., 2010).

In this study, we analyze 23 years (2001-2024) of Argo oat
observations to quantify thermohaline variability across six sub-
basins of the lonian Sea. We place particular emphasis on the
abrupt warming and salini cation observed between 2022 and 2024,
investigate the role of surface forcing anomalies in driving these
changes, and discuss their implications for deep-water formation
and the Mediterranean overturning circulation. To provide a
coherent framework for these objectives, we structured the
analysis in three complementary stages: (i) the entire 2001-2024
record is examined qualitatively to capture the long-term evolution
and to illustrate early signals of change despite the sparser pre-2012
sampling. (i) Quantitative trend estimates are then derived for
2012-2022, a period characterized by quasi-linear increases in
temperature and salinity and by the most homogeneous spatial
coverage of Argo pro les. (iii) Finally, we isolate the 2022—-2024
interval—when an abrupt thermohaline shift becomes evident—to
compare post-and pre-event conditions (2024 vs 2022) and to relate
these differences to contemporaneous anomalies in heat, water, and
momentum exchanges. This tiered approach ensures that the early
data are retained for context while statistical inferences rely on the
most robust portion of the record, thus directly addressing the
study’s main question: how recent atmospheric forcing anomalies
have reshaped the thermohaline structure of the lonian Sea within
the broader multi-decadal evolution.

2 Materials and methods

2.1 Argo data

Argo pro ling oats data were downloaded for the lonian Sea
from the Euro-ARGO ERIC database, as shown in Figure 1.
Parameters of temperature (T ['C]) and practical salinity (S [-])
were used, from which values of the potential density anomaly
referenced to the surface (PDA [kgm *]) were obtained using the
TEOS-10 standards (https://www.teos-10.0rg). Data were

frontiersin.org


https://www.teos-10.org
https://doi.org/10.3389/fmars.2025.1718186
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Terzic and Vilibic

10.3389/fmars.2025.1718186

Adriatic

39.8°N

Sicilian

86:25N Channel

2024-12-31

2022-05-23

2019-10-14

2017-03-05

2014-07-27

2011-12-17

2009-05-09

Levantine

2006-09-29

2004-02-19

2001-07-12

400 4

w
o
=]

N profiles

[N

(=3

o
"

100

FIGURE 1

The Eastern Mediterranean Sea geography, with a color-coded time span of the Argo pro les used in the research and marked regions over which
the analyses have been carried out: the lonian Sea, the Aegean Sea and the Levantine basin (image background from @Google Maps). The lonian Sea
is sub-divided into 6 regions, which are delineated with the white dashed lines: the north-western (NW), northern (N), north-eastern (NE), south-
western (SW), southern (S) and south-eastern (SE) basins. Bottom: the annual number of Argo pro les per basin.

2020 2025

downloaded through the ArgoPy data fetcher (https://pypi.org/
project/argopy/), last accessed on 17 February 2025. The temporal
range of acquired pro les is between 2001 and 2024, following 98
active oats carrying out 13.153 vertical pro les in total. Only solid
quality control (QC) pro les were chosen, i.e., QC =1 ("good") and
QC = 2 ("probably good") in delayed, but also real-time mode in
order to include pro les from still active oats. 91.6% pro les had a
QC =1 (good) for T and 78.3 % for S. Each Argo pro ling oat is
identi ed by a unique World Meteorological Organization (WMO)
number, which is used in global databases to track oat trajectories,
metadata, and pro le archives. Several additional conditions were
established with the aim of removing inadequate pro les for
analysis. For example, the minimum depth of each pro le had to
be 500 m and the rst depth quota had to be a positive number. In
addition, the salinity values had to be greater than 30, as some low
values were observed after a visual inspection of the data set and
labeled as bad data. Only acquisitions in ascending mode were taken
into consideration, and an additional visual inspection of each

oat’s time series enabled to discard the ones with only a handful
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of pro les over time with big temporal gaps between two
subsequent acquisitions.

To resolve spatial variability within the lonian Sea while
maintaining statistical robustness, the basin was divided into six
sub-basins: north-western (NW), northern (N), north-eastern (NE),
south-western (SW), southern (S), and south-eastern (SE) sectors,
Figure 1. The subdivision was designed according to two
complementary criteria:

1. Data-coverage criterion: the Argo pro le density is quasi-
homogeneous across these six areas, ensuring that each
sector contains a comparable number of pro les throughout
the 2001-2024 record (62, 62, 51, 70, 57 and 51 oats were
pro linginthe NW, N, NE, SW, S and SE sectors, respectively).
Increasing the number of sectors would have resulted in
spatially fragmented or sparsely populated domains, reducing
the statistical reliability of the trend estimates.

. Dynamical criterion: the boundaries were drawn following
the main circulation features of the lonian Sea, which vary
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under the BIiOS regime (e.g., Pinardi et al., 2019; Menna
et al., 2019, Menna et al., 2021; Estournel et al., 2021). In
particular, the Mid-lonian Jet (MIJ; 36-36.5'N) was used as
a guiding reference separating the northern and southern
regimes. The northern lonian was further divided into
three dynamically distinct sectors:

» the NE sector, dominated by a northwestward ow toward
the Strait of Otranto and partially de ected westward;

» the N sector, located near the BiOS vorticity maximum and
sensitive to its regime changes; and

e the NW sector, where southwestward circulation prevails
and where the deep Adriatic out ow interacts with lonian
intermediate layers.

The southern lonian was likewise divided into three sectors (S,
SE, SW) to account for the dominant in ow of Atlantic Water and
Levantine Intermediate Water and to capture the contrasting
properties between the Pelops Gyre region (SE) and the western
and central lonian basins. This physically informed yet statistically
balanced subdivision allows us to examine thermohaline variability
across regions representing distinct dynamical environments within
the lonian Sea.

2.2 Atmospheric data

The total heat ux and its components (latent, sensible,
shortwave and longwave uxes), total precipitation and
evaporation, wind speed components, and the drag coef cient for
momentum transfer (which was needed to obtain wind stress) were
taken from the ERAS hourly reanalysis (Hersbach et al., 2023), last
accessed on 26 June 2025. Data were averaged over the Levantine
basin, lonian and Aegean seas (latitude ranges 33-36", 33-36", 35-41
and longitude ranges 22-33°, 12-21°, 21-28°, respectively), in
order to quantify their variability between different Eastern
Mediterranean basins. Daily and seasonal anomalies were
estimated with respect to the daily climatology of 1980-2010.

2.3 Trend estimation and statistical analysis

To quantify long-term thermohaline changes, trends were
computed separately for each lonian sub-basin and standard
depth level using the monthly-median time series derived from
Argo pro les. First, all individual pro les within a given sector and
depth were aggregated into monthly median values. Before trend
estimation, the seasonal cycle was removed from each time series by
subtracting a harmonic t containing both the 12- and 6-month
components, following Argo-based climate analyses (Chen and
Wang, 2016; Gouretski, 2018). This procedure effectively isolates
the interannual variability and longer-term signals. Linear trends
were then calculated using ordinary least-squares regression of the
depersonalized monthly anomalies against time, yielding the slope
(rate of change), intercept, and statistical signi cance. Unless
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otherwise stated, we consider trends statistically signi cant when
p<0.01. To examine recent abrupt changes, the 20222024 interval
was excluded from linear regressions and analyzed separately by
computing annual-median differences between 2024 and 2022 for
each sector and depth. This approach ensures that quasi-linear
behavior during 2012-2022 is evaluated independently of the recent
step-like shift, while retaining all earlier data for qualitative context.

Time series were computed by aggregating all available data per
each 100 m, accounting for an additional layer below of 20 m
thickness. Float numbers per each layer (from 100 to 2000 m, with
less oats at greater depths) varied between: from 60 to 32 for SE,
from 54 to 26 for S, from 50 to 20 for SW, from 53 to 25 for NE,
from 50 to 29 for N and from 49 to 18 for NW lonian
regions, respectively.

2.4 Sampling representativeness and
coverage

To assess the potential in uence of uneven sampling on the
derived trends, we examined the spatial and temporal distribution
of Argo pro les within each sub-basin (Figure 1). The northern
portions of the southern sectors (SW, S, SE) are characterized by
continuous coverage throughout the record, whereas the
southernmost portions were more intensively sampled before
2011. This heterogeneity primarily re ects the historical evolution
of the Argo network rather than systematic changes in water-mass
properties. To minimize possible bias, all analyses were performed
on monthly-median series, so that months with a greater number of
high-frequency pro les (e.g., oats operating in the Pelops Gyre
region) do not overweight the trend estimates. Consequently, the
impact of different oat cycling intervals or the presence of
dedicated high-frequency missions is negligible once the data are
aggregated to the monthly scale.

3 Results
3.1 Basin-wide oat observations

To illustrate the temporal and vertical evolution of
thermohaline properties within the lonian Sea, we rst analyzed
two representative Argo oats that sampled the basin over multi-
year trajectories. These oats were selected because they each
traversed the lonian Sea across its main zonal extent, one moving
from west to east and the other from east to west, thus capturing
contrasting circulation pathways and water-mass regimes. This
approach serves two purposes: (i) to document the detailed
thermohaline variability recorded along individual oat paths,
providing examples of the observed temperature—salinity changes,
and (ii) to familiarize the reader with the underlying data structure
and variability that form the basis for the subsequent statistical
analyses of trends and 2024-2022 differences. The spatial
trajectories color-coded in time and the corresponding Hovmoller
diagrams are shown in Figures 2 and 3).
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FIGURE 2
Top: trajectory of oat WMO 6903262, color-coded by time. Below: Hovméller diagrams for T, S and PDA for the same oat. Pro les with maximum
depths shallower than 500 m were excluded from the analysis.

The rst example shows a oat (WMO 693262) traveling
counterclockwise from the eastern shores, rst towards the
Otranto Strait and then back south to the central southern lonian
(Figure 2). The Hovméller diagram shows a noticeable difference
around summer 2021 when oating in gyres in the S and SW
lonian: surface S drops below 38.3, as the oat intercepts AW
intrusion in the central lonian Sea. Intermediate depths, between
200 and 500 m, have increased values of T around 16'C and S

Frontiers in Marine Science

05

reaching over 39.1 until the end of the oat sampling in November
2022. The central part, reached during summer 2021, delineates a
clear front with warmer and saltier waters at intermediate depths
owing from CIW/LIW towards the central lonian, creating a
substantial vertical strati cation towards the surface waters
originating from the Atlantic.
The second example (WMO 6903788), deployed in the south-
western lonian (Figure 3), gradually travelled northward toward the
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FIGURE 3
Top: trajectory of oat WMO 6903788, color-coded by time. Below: Hovméller diagrams for T, S and PDA for the same oat. Pro les with maximum
depths shallower than 500 m were excluded from the analysis.

north-eastern Sicilian coast before being advected southeastward
toward the south-central lonian. the oat was entrained by the Mid-
lonian Jet (MIJ), which transported it eastward along the quasi-
zonal pathway separating the northern and southern lonian gyres.
Along this trajectory, the oat recorded the intrusion of warmer and
saltier LIW waters between the southern parts of the N and NE
lonian sub-basins. Subsequently, it circulated within both cyclonic
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and anticyclonic gyres, moving toward the NE and nally the SE
lonian. The layers of warmer and saltier waters progressively
thickened with time, the 38.9 halocline reaching depths up to
700 m and the 16°C thermocline expanding to 600 m. Lower
surface salinities (S < 38.6) persisted until the end of the circular
trajectory before the oat began moving eastward again in
January 2024.
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3.2 Sub-basin trends and variability

The time series of oats at 500 m for T (Figure 4), S (Figure 5)
and PDA (Figure 6), color coded by oat, for each of the 6 lonian
regions, reveal trends of increasing T and S for the past two decades,
since the beginning of measurements. Temperatures have increased
between 0.5-1°C (N and NW lonian) and 0.5-2.5°C in the SE lonian
since 2004, most notably since 2016, reaching values of up to 16°C
in some parts of the sub-basin (Figure 6). Salinities also reveal
increasing trends for all regions, most notably in the SE lonian (with
an increase of 0.2-0.5 in the last two decades), followed by the S
lonian (0.15-0.35 increase), while the NW, N, NE and SW lonian
increased by 0.1-0.2 (Figure 5). PDA seems to have stable values in
the Northern (N, NW and NE) lonian, oscillating around
29.15 kgm 3, but showing a decreasing trend in the S and SE
lonian, illustrating the impact that the strong warming rate has had
on density in recent years (Figure 6).

Furthermore, in the Supplementary material, Supplementary
Figures S1 to Figures S12, display similar WMO color-coded time
series for T, S, and PDA at 100 m, 1000 m, 1500 m and 2000 m. At
100 m, despite pronounced seasonal variability, temperatures in the
SE lonian reveal an accelerating warming trend, occasionally
increasing from 15-16°C to 21-22°C during years in which the
seasonal thermocline reached larger depths. Although the Argo
record before 2012 is sparse, no comparable deep thermocline
intrusions are evident in the existing pro les prior to 2016. In
addition, this region recorded quite a strong temperature increase in
2023 and 2024. S lonian temperature reveals an increase from 14—
15 to 18°C and the other 4 regions showing an increase from 14-15
to 16-17°C (Supplementary Figure S1). Salinity has also had an
increasing trend in all regions, occasionally resulting in values as

10.3389/fmars.2025.1718186

high as 39.5 in the SE lonian in 2020 and 2024, up to 39.2 in the S
lonian and maximum values of 39.1 in other regions. In contrast, no
salinity above 39.0 was recorded in any basin before 2011
(Supplementary Figure S2). At greater depths, increases in T and
S in the SE lonian become more drastic, especially at 1000 m
(Supplementary Figure S4-Supplementary Figure S6) and 1500 m
(Supplementary Figures S7-Figures S9), resulting in an increase of
more than 2°C in T at 1000 m (Supplementary Figure S4) and 1.5°C
at 1500 m (Supplementary Figure S7) only since 2023, as evidenced
by at least 4 different oats. The same holds for S, where the values
jumped from 38.8 to 39.2 at 1000 m (Supplementary Figure S5) and
from 38.75 to 38.85 at 1500 m (Supplementary Figure S8). PDA is
dominated by the increase in T, which results in a drop from
29.18 kgm * to 29.07 kgm 2 at 1000 m (Supplementary Figure S6)
and from 29.19 to 29.17 kgm 2 at 1500 m (Supplementary Figure
S7). In fact, these jumps indicate an unprecedented deepening of the
warm and salty surface waters into deep layers, presumably due to
documented changes in the sources of water mass (see the
discussion in Section 4). At 2000 m, in the SE lonian T in the
past year increased from 13.5 to 13.6°C (Supplementary Figure
S10), S from 38.74 to 38.78 (Supplementary Figure S11) and PDA
from 29.2 to 29.18 kgm 3 (Supplementary Figure S12).

The time series results can be aggregated and further
corroborated in the form of linear trends in the decade between
2012-2022, before the appearance of abrupt jumps in both T and S.
Since the data before 2012 are quite sparse, they were not used for
the computation of trends. Warming rates in the SE lonian reach up
to 0.42-0.51°C/decade between 200 and 500 m (Figure 7a), with a
maximum value at 400 m. The SE lonian region is followed by the
NE (rates between 0.40 and 0.50°C/decade 200-500 m) and N (0.37
and 0.41°C /decade for 200 and 300 m) lonian regions. Salinity

FIGURE 4

Time series for T at 500 m depth, each subplot for one of the 6 lonian sub-basins. Each color represents a different oat.
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