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Extended Abstract

Introduction
The Adriatic Sea is a semi-enclosed basin of the Mediterranean Sea whose water masses
are strongly influenced by physical and biogeochemical processes acting across temporal
and spatial scales, from basin scale dynamics to submesoscale and microscale. The smaller
spatial scale of the Adriatic basin compared to the oceans and its shorter time scale of
response to atmospheric forcing make it a natural laboratory for the study of climate
change. It plays an important role in the thermohaline circulation of the Mediterranean,
as the Adriatic Deep Water (AdDW) is the main source of the Eastern Mediterranean Deep
Water (EMDW), one of the two densest water masses there. In addition, the southern
Adriatic forms a dynamic interface where the incoming salty and warm water masses meet
the colder and fresher Adriatic water masses. The southern Adriatic is therefore a hotspot
for thermohaline circulation in the Mediterranean and for climate change.

Physical and biogeochemical processes occurring at the basin scale, submesoscale and
microscale can be analysed independently, but are also interconnected. The aim of this
thesis and its novelty is to observe how physical processes at different scales influence
and modulate the variability in the South Adriatic Pit (SAP) area using the longest time
series of in-situ temperature, salinity, dissolved oxygen and velocities. Firstly, at the basin
scale over the last century to observe long term changes, then through a study of gravity
currents and their characteristics, and finally through a study of double diffusion regime
changes in the SAP.

More precisely, the main questions driving this research are: How is the SAP respond-
ing to the combined effects of global warming and increasing salinisation of the Adriatic
Sea? Considering that the renewal of the deep SAP water masses depends primarily on
the North Adriatic Dense Water (NAdDW), have the driving forces and the periodicity
or timescale of the associated gravity currents changed? And finally, what are the mech-
anisms behind the recent changes in the double-diffusive regime in the SAP, and what
consequences do they have for the transformation of water masses and circulation in the
Mediterranean?

Methods
This study is based on a combination of measured, modelled, and reanalysed data. The
measured data include long-term hydrographic records from oceanographic cruises, moor-
ing observations at EMSO-E2M3A (center of the SAP), EMSO-BB (in Bari canyon) and
EMSO-FF (North of Bari canyon), oceanographic buoys and Argo floats in SAP. The
main dataset used in this study, from EMSO-E2M3A, is the longest available time series
of hydrographic variables in the Adriatic Sea, spanning from 2006 to present, coupled
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with cruise measurements collected from the late 20th century up to the present day. This
dataset was corrected considering a primary quality control based on (Cardin et al., 2014b)
and a secondary quality control considering the cruise repeated robust measurements to
correct for offsets and drifts of the different sensors. This dataset allows the assessment
of a basin-scale variability and long-term changes in temperature and salinity. The three
moorings deployed in the SAP enabled continuous high-frequency observations of the
water column and aimed to resolve the processes at a finer temporal scale. These were
complemented by modelling and reanalysed data, mainly from the Copernicus Marine
Service, to investigate the processes on the Adriatic scale and observe the performance of
the models.

The methodological approach is consistent with the multiscale structure explored in
this thesis. Changes at the basin scale were analysed by combining the long time series
of moorings and cruise measurements with the heat fluxes derived from the atmospheric
reanalysis ERA5 to detect long-term trends and anomalies in the water mass properties
(Terzić, Cardin, Le Meur et al., 2025). Submesoscale variability was investigated from
studying the intermittent gravity currents recorded by moorings in the SAP, coupling the
results with atmospheric and oceanic reanalyses. This allowed for the characterisation
of the frequency, time scale, drivers of gravity currents and their links to the formation
of dense water in the northern Adriatic (Le Meur et al., 2025). Finally, double diffu-
sive regimes were studied computing the Turner angle from the long-term time series of
mooring data, with particular attention to the exceptional salinity anomaly of 2017 and
its relationship with the tipping of the double diffusive regime (Amorim, Le Meur et al.,
2024).

Taken together, this integrated observational framework provides a multiscale perspec-
tive that links climate-driven variability in the basin with submesoscale and microscale
processes that characterise the dynamics of the SAP.

Results and Discussion
Over the last two decades, the SAP has undergone significant thermohaline changes, high-
lighting its role as a hotspot for climate change in the Mediterranean. Observations show
a persistent increase in temperature, salinity (spiciness) throughout the water column.
The strongest trends were observed in the intermediate to deep layers (350 to 900 dbar),
while the most moderate warming is observed in the upper layer. These differences in
the dynamics within the water column can be explained by the topography of the SAP
and the different water masses involved in its dynamics. Over the last ten years, a two
to four times higher increase in temperature and salinity has been observed in the deep
SAP compared to the rest of the Mediterranean (0.2 ◦C and 0.4 to 0.8). These results
indicate that changes assumed to occur on a centennial scale for the Mediterranean can
occur within one or two decades in the SAP, illustrating the "climate change hotspot"
definition for the SAP.

The deep layers also show the strongest negative trends in the potential density
anomaly (PDA), in line with the vision of a shift towards a two-layer structure in the
SAP, especially after the exceptional salt inflow in January 2017, which increased stabil-
ity at depth below 900 dbar and reduced it above 900 dbar. On a broader spatial scale,
the warming trends in the SAP are stronger than in the Ionian Sea, emphasising the
importance of locally driven processes.

The ventilation of the deep SAP is determined by the interplay of small-scale mixing
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and intermittent gravity currents originating from the northern Adriatic Sea. Between
2007 and 2023, only four major events reaching the seafloor were identified based on six
detection criteria (2012, 2017, 2018, 2022). These criteria include simultaneous fluctua-
tions in PDA and dissolved oxygen at the three moorings in the SAP (EMSO-E2M3A,
EMSO-BB and EMSO-FF), small density differences between EMSO-BB and EMSO-FF,
sufficient PDA of the cascading water, coherence with the PDA of the formed NAdDW and
T/S diagrams confirming mixing between the resident and inflowing water. The gravity
current events showed variability in both, drivers and inflow pathways: while temperature
dominated in 2012, salinity became the main driver in 2017 and 2022, and both acted
together in 2018. The main inflow pathways also varied from EMSO-FF in 2012, 2018
and 2022 to EMSO-BB in 2017. It was also found that the timescales of these events in-
dicate that the NAdDW pulses occur between late winter and spring, with typical travel
times of about two months from the generation region to EMSO-E2M3A and two weeks
from EMSO-BB and EMSO-FF to EMSO-E2M3A. Our results indicate that 2017 marks
a turning point in the supply of dense water to the deep SAP, with evidence suggesting a
transition toward more salinity-driven gravity current dynamics.

At the microscale, salt fingering proved to be the dominant double diffusion regime,
controlled by the intrusion of saline water from the Ionian Basin. Between 2014 and 2016,
the increasing stratification above 400 dbar and at 800 dbar reduces the favourable double
diffusive mixing between the upper layer and the deep SAP. It was also observed that after
the winter of 2014/2015, the upper layer shifted from a regime of salt fingering to a doubly
stably stratified regime, reducing the potential active salt fingering and consequently the
vertical double diffusive mixing. In addition, the salt inflow in January 2017 triggered
deep convection up to 750 dbar, which enhanced the salt fingering above 900 dbar. The
increase in the salt fingering regime after this extreme event is of great importance as it
can change the entire thermohaline circulation of the region. In particular, salt fingering
competes with gravity currents: The latter enhance stratification at depth and the former
increase vertical exchange, leading to involved mixing regimes in the deep SAP after 2017.

Conclusion
The analysis of the SAP from the basin scale to the microscale reveals interacting processes
that together determine its thermohaline evolution. Warming and salinisation at the
basin scale influence the stratification of the water column, which in turn modulates the
properties and pathways of cascading gravity currents and the dominance of salt fingering
over other double diffusive regimes. The exceptional salinity input into the Adriatic Sea
in 2017 marked a turning point: gravity currents became more salinity-driven and the
salt fingering was enhanced throughout the water column. At the same time, the gravity
currents transported heat and salt into the deep SAP, increasing stability and partially
decoupling the deep water from the overlying intermediate and upper layers.

This relative decoupling from the deep to the rest of the water column is the result
of physical processes at different scales influencing and modulating variability: basin-
scale salinity intrusions, submesoscale gravity currents and microscale double diffusion,
which together control vertical stability and transport. These results emphasise the role
of the Adriatic Sea both as a producer of dense Mediterranean water and as a hotspot
for accelerated climate change, where centennial changes of the Mediterranean may occur
within a few decades in the SAP.
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0.1 Aims of the study
Oceans constitute key areas for 1.4 billion humans (Bindoff et al., 2019). Therefore, all
aspects that may influence the changes currently observed due to global warming must
be studied carefully. The consequences of the global warming on the ocean are multiple:
sea level rise due to thermal expansion and melting of ice sheets and permafrost, affecting
hundreds of millions of people (Li et al., 2009; Hinkel et al., 2014; IPCC, 2022); increased
salinity and temperature of oceans; acidification of the ocean due to higher quantities of
CO2 absorbed from the atmosphere; and the disappearance of fauna and flora. All these
elements justify rigorous studies of oceans, either through modelling or in-situ observation
using multiple types of platforms, to further our understanding of the processes involved,
enable prediction, and estimate the response to anthropogenic forcing.

In this thesis, we focus on the Mediterranean Sea and more specifically on one of its
sub-basins, the Adriatic Sea, which can be considered a laboratory for climate change
impacts because its smaller size results in a shorter time scale of response to changing
atmospheric forcing. The Adriatic Sea is a key area for the thermohaline circulation of
the Mediterranean Sea and is an important area where the Adriatic Deep Water (AdDW)
originates. This water mass is the main source of the Eastern Mediterranean Deep Wa-
ter (EMDW), which, together with the Western Mediterranean Deep Water (WMDW),
formed in the Gulf of Lions, constitutes one of the two densest water masses in the Mediter-
ranean Sea. This dense water exits the Mediterranean through the Strait of Gibraltar
and leaves its imprint in the Atlantic Ocean, slightly influencing the Atlantic Meridional
Overturning Circulation (AMOC) (Rahmstorf, 1998).

The South Adriatic is a dynamic area, at the interface between water masses entering
and leaving the Adriatic Sea. There, physical processes act from the basin scale to the mi-
croscale. How is the South Adriatic Pit (SAP) responding across scales to climate change?
To address this general point, this thesis will aim to answer the following questions:

• How does the SAP react to the effects of global warming and the increasing salini-
sation of the Adriatic Sea?

• As the deep SAP water masses are mainly renewed by the North Adriatic Dense Wa-
ter (NAdDW), have there been changes in its drivers, in the periodicity or timescales
of the associated gravity currents?

• What are the mechanisms and consequences for the recent changes in the double
diffusive regime in the SAP?

In the following sections of this introduction, I will first describe the Adriatic Sea, its
dynamics, and its connection to the Mediterranean Sea (section 0.2). I will then introduce
the key physical processes occurring in the Adriatic Sea: convection (section 0.3.1), gravity
currents (section 0.3.2), salt fingering (section 0.3.3), boundary currents (section 0.3.4),
and eddies (section 0.3.5).

This thesis is divided into four parts. The first part deals with the post-processing of
mooring data using standard quality control, followed by a second quality control based on
measurements collected during cruises (part I). The remaining three parts are based on the
three publications that form the basis of this thesis. They address the research questions
step by step by downscaling the impact of climate change in the SAP. Part II examines
variability at the basin scale and analyses long-term changes in water masses in the SAP
(Terzić, Cardin, Le Meur et al., 2025). Part III focuses on submesoscale gravity currents
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occurring in the deep SAP and explores their connection with the physical dynamics of the
North Adriatic, as well as their characteristic time scales (Le Meur et al., 2025). Part IV
investigates microscale processes, particularly changes in the double diffusive regime in
the SAP in 2017 and the resulting possible tipping point (Amorim, Le Meur et al., 2024).
Finally, the thesis concludes with the main results obtained in the different parts and
addresses perspectives on the key questions formulated.

0.2 The Adriatic sea

0.2.1 Brief presentation of the Mediterranean Sea dynamics
The Mediterranean Sea (fig. 1), is a semi-enclosed basin with a mean depth of around
1500 m. It is composed by the Adriatic, Tyrrhenian, Ionian, Levantine, Aegean, Liguro-
Provencal, Balearic and Alboran, sub-basins, each one having their own characteristics
and dynamics. It covers an area of 2.5 million m2, which is small compared to the oceans
(representing 0.7% and 0.3% of the surface and volume of the world oceans respectively,
according to Bethoux et al. (1999)), but has been intensively studied because many of
the physical processes occurring in the world’s oceans are also present there (Robinson
and Golnaraghi, 1994). In addition, smaller basins of the world’s oceans (such as the
Mediterranean Sea, Red Sea, Persian Gulf, and Baltic Sea) produce water masses with
extreme properties and transport them into the larger oceans, where they influence the
dynamics. The Mediterranean Sea also offers the advantage that physical processes occur
on shorter timescales (the water mass renewal and the circulation occur over decades, while
in the oceans these processes take centuries, according to Bethoux et al. (1999)) and on
smaller spatial scales, which allows an easier monitoring of water masses. In this sense,
the Mediterranean Sea acts as a laboratory to study the influence of climate change, and
the evolution of the global ocean (Lejeusne et al., 2010) as well as the associated processes.
For instance, the high-salinity Mediterranean Outflow Water (MOW) (de Pascual-Collar
et al., 2019), which exits the Mediterranean Sea through the Strait of Gibraltar and flows
into the Atlantic Ocean, slightly affects the overturning circulation in the North Atlantic
(Rahmstorf, 1998; Artale et al., 2002; Ivanovic et al., 2014). Moreover, it has recently been
shown that the Mediterranean Sea is one of the main climate hotspots (Giorgi, 2006), and
numerous authors have noted the increasing temperature (Romanou et al., 2010; Skliris
et al., 2012; Rivetti et al., 2017; Pisano et al., 2020) and salinisation (Skliris et al. (2018)
for the whole Mediterranean, Ozer et al. (2017) in the south-east Mediterranean Sea, and
Vargas-Yáñez et al. (2017) near the Spanish coast).

The general cyclonic circulation of the Mediterranean Sea (see fig. 1) is driven by
water exchanges at the Strait of Gibraltar, by air-sea exchanges of heat, momentum and
freshwater, by river inputs, and by exchanges with the Black Sea. Chiggiato et al. (2023)
provides an overview of the Mediterranean Sea circulation: the fresher Atlantic Water
(AW) enters the Mediterranean Sea through the Strait of Gibraltar, is transformed into
Modified Atlantic Water (MAW) due to increased salinity and heat content in the Alb-
oran Sea, and subsequently follows the African coast. When it reaches the Sardinian
Channel, it splits in two, one branch enters the Tyrrhenian Sea, the other continues to
the Eastern Mediterranean through the Sicily Channel. In both, the Western and the
Eastern Mediterranean, the MAW is modified due to air-sea interactions and mixing with
surroundings water masses, but it can still be recognised at the surface by its salinity
minimum. After arriving in the far Eastern Mediterranean, the MAW is transformed into
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saltier water masses during winter (due to strong dry winds inducing evaporation), namely
the Levantine Surface/Intermediate Water (LSW and LIW) and the Cretan Intermediate
Water (CIW). After its formation, the intermediate water is embedded in the cyclonic
circulation and flows westwards: part of it enters the Adriatic Sea and influences its dy-
namics, particularly by being an important driver for the formation of the AdDW, which
makes the largest contribution to the EMDW and thus regulates the thermohaline circu-
lation in the Mediterranean Sea. Part of the LSW is also transformed into Ionian Surface
Water (ISW) and enters the Adriatic Sea. LIW and ISW enter the Adriatic especially
during the cyclonic phase of the North Ionian Gyre (NIG). The remaining LIW passes
through the channels of Sicily or Sardinia. This intermediate water progressively mixes
with surrounding water masses, becoming fresher, colder and less oxygenated (Schroeder
et al., 2020). After passing through the Sicily or Sardinian channel, it arrives in the west-
ern part of the Mediterranean Sea, becomes a driver of Deep Water Formation (DWF)
in the Gulf of Lions (source of WMDW), and outflows at depth through the Strait of
Gibraltar into the Atlantic Ocean.

Figure 1: Bathymetric map of the Mediterranean Sea with the main water masses and
main circulation patterns

0.2.2 Physical dynamics of the Adriatic Sea
The Adriatic Sea is a semi-enclosed basin bordered by Italy, Slovenia, Croatia, Montene-
gro, and Albania (fig. 2). It is relatively small, measuring only 800 km in length and
200 km in width, and is connected to the Ionian Sea by the Otranto Strait (780 m deep
and 72 km wide), see fig. 2. It can be divided into three sub-basins, each with distinct
characteristics:

• The North Adriatic, which is less than 50 m deep.

• The Middle Adriatic, with the Jakuba Pit, has a maximum depth of 270 m.

• The South Adriatic, with depths up to 1200 m in the South Adriatic Pit (SAP).
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Figure 2: Bathymetric map of the system Adriatic-Ionian Seas with the main water masses
and circulation patterns in a situation of cyclonic phase of the North Ionian Gyre and
zoom on the Adriatic Sea (top right). The red dot placed at the center of the SAP on the
top right figure corresponds to the location of the mooring EMSO-ERIC E2M3A.

After entering the Adriatic Sea at the eastern part of the Otranto Strait, surface
and intermediate waters become embedded in a basin-scale cyclonic circulation and are
redistributed into the three sub-basins. Each of these sub-basins has a dominant cyclonic
circulation. The Adriatic Sea displays seasonal patterns of heat fluxes, river runoff and
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nutrient loading, freshwater input and exchanges with the Mediterranean Sea, wind field,
and vertical structure of the water column. The Adriatic is a dilution basin (there is an
annual gain in the freshwater balance, Artegiani et al. (1997)) and, on average, it loses
heat. These fluxes are compensated by the inflow of warm and salty LIW/ISW.

The thermohaline circulation, the vertical structure of water masses, and the exchanges
of water masses with the Ionian are driven by density gradients. These density gradients
result from buoyancy gain through heating, precipitation, and river runoff, or loss through
cooling and evaporation. The Adriatic Sea exhibits both estuarine (fig. 3a) and inverse-
estuarine (fig. 3b) thermohaline circulation (Cushman-Roisin et al., 2001; Valle-Levinson,
2022). In the north, the Po River’s discharge of fresh water creates a higher sea level, which
induces a barotropic pressure gradient directed out of the basin. To satisfy geostrophy,
surface water is displaced against the eastern coast of Italy, creating a sea level rise. The
resulting Western Adriatic Current (WAC) flows southward. The WAC is balanced by the
inflow of saltier water masses (LIW and ISW), accounting for the estuarine-like circulation
of the Adriatic Sea (Hopkins et al., 1999). Conversely, the generation of dense water in
DWF sites (in the North Adriatic with the generation of the NAdDW and in the South
Adriatic) creates a baroclinic pressure gradient directed outward from the basin, as the
surrounding water is less dense. Here, the geostrophic response is a convergence of the
dense water mass, against the eastern Italian boundary, which then flows southward as a
bottom boundary current (Deep Water of the Otranto Channel - DWOC) (section 0.3.2).
The outgoing DWOC and the remainder of the Ionian constitute the inverse estuarine
thermohaline circulation. This double thermohaline circulation is possible because only a
small fraction of the fresh water mixes with the interior. Therefore, the surface buoyancy
gain does not prevent the formation of dense water during winter in the northern Adriatic.

Figure 3: Classification of semi enclosed basin based on the water balance, modified from
Valle-Levinson (2022). a represents the estuarine circulation and b the inverse estuarine
circulation
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The transport of water on the western side of the Adriatic through the estuarine and
inverse estuarine circulation creates a pressure gradient with the Ionian Sea, which induces
the flow of water masses originating from the Ionian Sea through the Otranto Channel
along the eastern side of the Adriatic (Eastern Adriatic Current - EAC). This current,
which is wider than the WAC, is composed of ISW near the surface and LIW centred at
around 300 m depth in the Strait of Otranto. These two water masses, which are saltier
and warmer compared to Adriatic water masses, compensate in winter for the buoyancy
loss due to heat loss. The path of the EAC differs between winter, when it reaches the
North Adriatic, and summer, when it is restricted to the South and Middle Adriatic.
Furthermore, during the warmest months, the waters on the western side appear to be
warmer than those on the eastern side, and the reverse occurs during the coldest months.
During winter especially, the strong, cold, and dry north-eastern Bora wind generates
strong shear at the surface, causing upwelling on the eastern side of the Adriatic, a
weakening of the EAC (and thus of LIW inflow), and a strengthening of the WAC.

The Adriatic Sea is influenced by two main winds: the Bora and the Scirocco. The
Bora is a cold, dry north-easterly wind that generates strong air-sea heat fluxes and
evaporation, especially in the North Adriatic, and causes upwelling along the eastern coast
of the Adriatic. The Scirocco is a humid, warm south-easterly wind that can reverse the
WAC and, which is a major factor in floods in Venice. The Bora is one of the main
drivers of the strong heat fluxes, on the continental shelf in the North Adriatic and in the
open-sea in the SAP (section 0.3.1). These areas are crucial, as DWF links the surface
layer, which is forced by the atmosphere, to the deep layers. The outflowing AdDW into
the Ionian consists of the dense water formed in these sites and is the main component
of the EMDW. This explains why studying the Adriatic Sea is of primary importance in
the context of climate change.

The contribution of the Adriatic to the EMDW is not independent from the rest of
the Mediterranean Sea. The Ionian Sea influences this contribution by transporting more
or less LIW/ISW into the Adriatic. In particular, the NIG, which undergoes a nearly
decadal bimodal oscillation (Bimodal Oscillation System - BiOS), plays a key role. A
concise explanation of this process is given by (Gačić et al., 2010; Civitarese et al., 2023):
the cyclonic (phase A) mode of the NIG brings salty LIW and ISW, while the anticyclonic
mode (phase B) brings fresher MAW into the Adriatic Sea. The inflow of LIW/ISW or
MAW therefore leads to the generation of denser or less dense AdDW, which subsequently
spreads into the Ionian basin, representing a feedback mechanism. More precisely:

Phase A. The cyclonic NIG supplies salty LIW and ISW to the Adriatic, enhancing the for-
mation of high-density AdDW. The outflow of this dense water mass into the deep
Ionian Sea causes a shallowing of isopycnals, meaning the water column tends to
compress and its height decreases. To satisfy the principle of conservation of po-
tential vorticity, defined as q = f+ζ

H
, where f is the Coriolis frequency, ζ is the

relative vorticity, and H is the height of the water column, the compression of the
water column is balanced by a decrease in ζ (f is nearly constant). This results in a
weakening of the cyclonic vorticity of the NIG. After roughly a decade, the system
shifts towards its anticyclonic phase.

Phase B. After a period of weakening of its cyclonic mode, the NIG shifts into its anticyclonic
phase, favouring fresher MAW to enter the South Adriatic. This results in the
formation of less dense AdDW, which, after flowing into the deep Ionian Sea, deepens
the isopycnals and stretches the water column. This stretching of the water column
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is balanced by an increase in ζ, that is, a decrease in anticyclonicity. Eventually, the
system is able to shift back to the cyclonic phase, completing the BiOS oscillation.

Apart from the BiOS mechanism, the Eastern Mediterranean experienced a shift in
the main water masses contribution in the late 1980s to mid-1990s, known as the Eastern
Mediterranean Transient (EMT), during which the Aegean Sea became the most impor-
tant contributor to the EMDW. The EMT can be schematized in the following phases (Li
and Tanhua (2020); fig. 4):

1. Before the EMT, the cold and low-salinity AdDW predominated in the generation
of the EMDW.

2. During the EMT, a shift occurred and the Cretan Deep Water (CDW) became
dominant over the AdDW.

3. Progressively, the amount of CDW produced decreased, leading to a higher predom-
inance of AdDW. This is the Western Mediterranean Transition (WMT).

4. After the EMT, in the late 2010s, the AdDW are the dominant source of EMDW
but are weakened compared to the situation pre-EMT.

Figure 4: Visual representation of the water masses involved in the generation of EMDW
before, during, and after the EMT. From Li and Tanhua (2020)

0.3 Processes
In the ocean, a water column is usually layered with water masses of increasing density
with depth, a phenomenon known as stratification. Away from the boundaries, the modi-
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fication of this stratification occurs through vertical and horizontal mixing processes and
advection. These processes are essential for the redistribution of heat, salt, carbon and
nutrients, and ultimately regulate the large-scale circulation and climate. Among them,
deep convection in the DWF areas, gravity currents, salt fingering, boundary currents
and eddies occur in the South Adriatic, all contributing to the renewal of water masses
in the SAP.

0.3.1 Convection
When the stratification is stable, the squared Brunt–Väisälä frequency (N2 = − g

ρ0

dρ
dz

) is
positive (N2 > 0), indicating a restoring force to vertical displacement. If N2 < 0, the
water column is statically unstable and convection can occur.

In the latter case, in the DWF areas, convection occurs; that is, vertical exchange
between surface water and deeper waters takes place, and surface water can sink to great
depths. DWF areas are often characterised by cyclonic circulation, reduced stratification
near the surface and a significant surface buoyancy loss during winter. All these factors
create favourable conditions for deep convection.

The open ocean convection process is divided into three phases:

1. Preconditioning at the basin scale

2. Convective mixing through localised vertical plumes

3. Lateral mixing and restratification through mesoscale and submesoscale processes

During preconditioning, the general cyclonic circulation domes the isopycnals and
brings weakly stratified water to the surface at the interior of the eddy. This reduces
the vertical stratification near the surface. The remaining stratification is then gradually
eroded by the loss of buoyancy at the surface due to cooling and evaporation driven by
air-sea interaction (Marshall and Schott, 1999).

When the surface water is denser than the underlying water masses, localised convec-
tive plumes develop (< 1km), which are characterised by vertical velocities of up to 10
cm s−1 (Schott and Leaman, 1991). Convection on large scales cannot take place due to
geostrophic equilibrium, which opposes vertical movement. The downwelling water in the
plume results in upwelling in between. The vertical motion in the plumes is driven by the
conversion of the available potential energy into kinetic energy, which is roughly given
by w2 ≈ 1

3∆b∆z, where ∆b is the buoyancy difference and ∆z the vertical depth of the
plume (Marshall and Schott, 1999).

When plumes sink, they entrain the surrounding water and expand laterally. If the
convection is deep and persists over time scales comparable to f−1 (the inverse Coriolis
frequency), the Earth’s rotation influences the dynamics. The plumes begin to behave
like Taylor columns, which resist lateral expansion at depth and develop into anticyclonic
conical eddies. These structures exhibit cyclonic vorticity near the surface and anticyclonic
vorticity at greater depth. On the plume scale, upwelling and downwelling almost balance
each other, resulting in negligible net vertical transport, while on the patch scale, a net
downward transport is observed (Marshall and Schott, 1999).

Horizontal density gradients develop in the mixed layer due to heterogeneous surface
forcing and asymmetries in plume strength. In addition, convection dynamics are fur-
ther complicated by horizontal shear, fronts and mesoscale eddies. The multiplication of
plumes in the DWF region contributes to the homogenisation of the mixed patch. When
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convection intensifies, a strong rim current forms around the convective region at the
surface. This current restricts the convecting water and limits lateral exchange with the
surrounding stratified water. If the rim current is strong enough, it can become baroclin-
ically unstable, creating meanders and eventually break up the patch and allow lateral
exchange. The patch then disintegrates into cone-shaped structures on the scale of the
first baroclinic Rossby deformation radius (Maxworthy and Narimousa, 1994). Under
strong rotational influence, the baroclinic instabilities caused by horizontal density gradi-
ents lead to the formation of geostrophic eddies that transport convected water laterally
and entrain the surrounding stratified fluid. These baroclinic eddies redistribute potential
vorticity and drive lateral spreading and restratification on time scales of weeks to months
(Marshall and Schott, 1999).

There are two important DWF sites in the Adriatic. The first is in the northern
Adriatic, a shallow continental shelf area (less than 50 m deep) exposed to the strong,
cold, and dry Bora winds (fig. 2). This region is characterised by a cyclonic sub-basin
circulation driven by density differences between the EAC and WAC. The shallow depth
favours strong preconditioning, supported by the Bora winds and the inflow of ISW from
the south. During intense Bora events, increased evaporation and surface cooling cause
the entire water column to cool and dense surface water to form. The freshwater inflow
from the Po River remains limited near the coast and does not significantly increase
buoyancy in the central basin. The dense water formed, known as NAdDW, is considered
one of the densest water masses in the Mediterranean (Cushman-Roisin et al., 2001).
After its formation, it flows southward as a gravity current along the western Adriatic
shelf, partially filling the Middle and South Adriatic Pits (MAP and SAP) or exiting
the Adriatic Sea through the Strait of Otranto (section 0.3.2). The second DWF site
is located in the open sea of the SAP, which also exhibits cyclonic circulation (fig. 2).
There, the salty LIW/ISW contribute to preconditioning by weakening the stratification,
and Bora events trigger convection. After such events, the resulting dense water can flow
from the Adriatic through the Strait of Otranto into the Ionian Sea. A major difference
between these DWF sites lies in the depth of vertical mixing: in the north, the shallow
depth allows mixing of the entire water column, while in the south, convection rarely
reaches the bottom of the SAP (Gačić et al., 2002; Cardin et al., 2011; Bensi et al., 2014).
The deep SAP is ventilated intermittently by gravity currents that transport NAdDW
(section 0.3.2, chapter 3).
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Figure 5: Schematic diagram of the phases of open ocean deep convection, from (Marshall
and Schott, 1999). A Preconditioning; B Deep convection, with a representation on the
right showing the formation of the mixed patch with plumes and eddies; C Restratifica-
tion, resulting in lateral exchange and spreading. The mixed fluid is shown shaded.

0.3.2 Gravity currents
In areas where deep convection does not reach the bottom of the water column, such as
the SAP (Gačić et al., 2002; Cardin and Gačić, 2003; Cardin et al., 2011; Bensi et al.,
2014), gravity currents play a key role in ventilating intermediate and deep waters. These
currents transport cold and/or salty water masses from coastal areas into the deep sea,
renewing the content of heat, salt, oxygen, and nutrients, or even forming new water
masses through turbulent mixing.

Gravity currents are driven by horizontal density gradients resulting from differences
in temperature, salinity or suspended matter (Benjamin, 1968). These gradients generate
buoyancy forces that set the fluid in motion (Huppert, 2006; Wirth, 2009). Oceanic gravity
currents can be up to 20 km wide and 200 m thick. Their initial shape, structure and
velocity depend on generation mechanisms, topography and the density ratio between the
dense source water and the surrounding water mass. Depending on the density structure
of the surrounding water, they can spread along the bottom (dense gravity current), the
case considered here, in intermediate layers (intruding gravity current) or at the surface
(buoyant gravity current). In the first case, the topography of the seafloor plays an
important role in shaping their trajectory.

Gravity currents are generally categorised as either compositional or particle-driven.
Compositional gravity currents are driven by temperature and dissolved components such
as salt. Since the mass of these solutes is conserved away from the surface, these scalars
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are considered conservative. In such flows, changes in density over time are mainly due to
the entrainment of ambient water with different properties (dos Santos Nogueira, 2014).

When the time scale of the current exceeds that of planetary rotation, the Coriolis force
becomes significant and the current undergoes geostrophic adjustment. This adjustment
restructures the flow into two dynamically distinct regions: the central, geostrophically
balanced vein, and a surrounding friction layer (fig. 6) in which turbulence, shear, and non-
linearity dominate (Wåhlin and Walin, 2001; Wirth, 2009; Negretti et al., 2021; Ungarish,
2022). The friction layer is partly fed by lateral and vertical exchange with the vein. In this
context, downslope transport is no longer purely determined by gravity, but is regulated
by near-slope Ekman dynamics and Ekman drainage resulting from the frictional effects
of the upper layer (Shapiro and Hill, 1997). As a result, the core of the current is deflected
laterally (to the right in the northern hemisphere) and tends to align along topographic
contours instead of plunging directly downwards.

Although the development of a gravity current in idealised, non-rotating systems is
described by three phases (slumping, inertial, and viscous), which are determined by
the balance between buoyancy, inertia, and viscous forces (Huppert and Simpson, 1980;
Simpson, 1997), this classification becomes less clear in rotating flows. In the idealised
case, the slumping phase begins with the release of dense fluid and is characterised by
acceleration to an almost constant velocity. This is followed by the inertial phase, in
which the flow slows down and thins through entrainment and spreading. Finally, in the
viscous phase, friction dominates and the current slows down further (Huppert, 1982;
dos Santos Nogueira, 2014). In rotating systems, however, the transition between these
phases is modified or completely suppressed by Coriolis forces, and the dynamics are
better described by geostrophic adjustment, Ekman transport, and the development of
boundary layers.

Mixing in gravity currents with the surrounding water occurs mainly at the upper
interface, where shear and entrainment generate turbulence. Within the gravity current,
mixing also arises from friction with the sloping topography, which increases diapycnal
diffusivity (Legg et al., 2009). The interface between the gravity current and the sur-
rounding water is turbulent and often contains Kelvin–Helmholtz instabilities, as well as
lobes and clefts (Allen, 1971; Middleton, 1993; Princevac et al., 2005; Lee, 2010).

An analysis of gravity current dynamics in the Adriatic Sea and its influence on the
deep SAP dynamics is provided in chapter 3.

Figure 6: Schematic representation from Wirth (2009) of a cross-section through a gravity
current on an inclined plane. The gravity current is shown in a rotating system, with the
vein and the friction layer highlighted. The green arrows indicate the direction of the
vertical velocities.
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0.3.3 Salt fingering
In seawater, the molecular diffusivity of heat (κT ) is about 100 times greater than that
of salt (κS) (Stern, 1960; Marshall and Schott, 1999; Talley et al., 2011). This significant
difference in diffusivities can result in double-diffusive convection, i.e. instabilities that
occur when vertical temperature and salt gradients have opposing effects on the density
(Marshall and Schott, 1999). In such regimes, the system may remain stably stratified
with respect to the mean density, but still become unstable due to the differing diffusivities
of heat and salt. Depending on the water mass distributions, two types of instability arise:
the diffusive regime and the salt-fingering regime (Stern, 1960; Schmitt, 1994). Following
the pioneering work of Stern (1960), Veronis (1965) demonstrated that the system can
exhibit oscillatory instability, which enhanced the theoretical understanding of double-
diffusive convection beyond steady convection.

In the diffusive regime, a cooler and fresher water mass lies above a warmer and saltier
one. In this situation, the upward diffusion is more effective for heat than for salt, which
increases the vertical heat flux while the effect on salinity is limited. This has a stabilising
effect on the stratification (Marshall and Schott, 1999).

The salt-fingering regime occurs when warm, salty water overlies colder, fresher water.
This happens, for example, when Mediterranean water enters the Atlantic Ocean (Talley
et al., 2011) or in the Adriatic Sea due to the entrance of warm and salty LIW (see
chapter 4). In this case, a small water parcel that is displaced downwards loses heat
faster than salt due to the different diffusivities of heat and salt. As a result, the parcel
becomes denser than its surroundings and continues to sink. To conserve mass, an upward
displacement of another water parcel balances the sinking. This process produces vertical
structures called "salt fingers" (Stern, 1960; Talley et al., 2011; Yano, 2023) (fig. 7).
Despite the overall stable density gradient, the decrease in mean salinity with depth
provides the energy source for persistent convective motions (Stern, 1960). Salt fingering
occurs on a centimetre to metre scale, but is still able to mix the internal layers of the
water column effectively. This scale is still too small to be explicitly resolved in numerical
models of ocean dynamics, although it can be of great importance for heat and salt
transport and mixing.

On a large scale, double-diffusive processes contribute significantly to the structuring
of ocean stratification through the formation of layered staircases and increased vertical
exchange. This triggers the transformation of water masses and the transport of nutri-
ents. Although acting on small spatial scales, their effects can influence large-scale ocean
circulation and thermohaline dynamics (Stern, 1960; Yano, 2023).
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Figure 7: Visualisation of salt fingers via a numerical modelling by Ouzani and Khelladi
(2023). The top figure is the initial state with a warm and salty (S∗ = 1) water mass
overlying a cold and fresh water mass. The bottom figure is the situation after few hours.

0.3.4 Boundary currents
In the Adriatic Sea, as in other marginal seas and the global ocean, boundary currents
are key processes for redistributing the thermohaline properties of water masses, and thus
for large-scale circulation. These are continuous, narrow currents that develop along the
flanks of basins. In semi-enclosed seas such as the Adriatic, the geometry and atmospheric
influences have a greater impact on the stratification of the water column than in the open
ocean, which in turn affects the structure, strength, and mixing of the boundary currents.
Boundary currents are influenced by geostrophic balance, which controls lateral pres-
sure gradients along basin margins; conservation of potential vorticity, which influences
curvature, width, and meandering; buoyancy forcing, which influences vertical structure
and stratification; and topographic control, which determines the path of currents along
topography (Pedlosky, 1996; Vallis, 2017).

In rotating fluids, the balance between the horizontal pressure gradient and the Coriolis
force leads to the development of geostrophic currents. When the upper layers in a semi-
enclosed basin are influenced by surface forcing, whether by wind stress (Bora in the
Adriatic), buoyancy flux from warming, cooling, or freshwater input by rivers (such as
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the Po in the northern Adriatic), the sea interior responds with a broad, basin-scale
circulation that reflects the integrated effect of surface forcing. Boundary currents form
along the edges of the basin as a result of the maintenance of potential vorticity and
horizontal density gradients (buoyancy) throughout the basin. Within these boundary
currents, frictional effects and eddies generated by baroclinic instabilities together act
to disperse excess vorticity and regulate the transport of heat and salt (Stommel, 1948;
Munk, 1950; Spall, 2004).

Spall (2004) showed that when there is a net buoyancy loss at the surface, either
through cooling or evaporation, the boundary currents generated in a semi-enclosed basin
contribute directly to the formation of dense water and mediate the thermohaline balance.
In seas connected to a larger basin by a strait (such as the Adriatic Sea with the Strait
of Otranto), the net buoyancy loss at the surface must be compensated by the inflow of
water masses through the strait (LIW and ISW in the Adriatic), typically by cyclonic
boundary currents. Along this type of current, the water temperature continuously de-
creases, resulting in the outflowing water being denser than the inflowing water (fig. 8).
Through this process, the heat loss (and thus the buoyancy loss) is compensated. More
precisely, if the temperature gradient between the interior of the basin and the boundary
current region is strong enough, eddies that detach from the boundary current bring warm
water into the interior to compensate for the heat loss there (Marshall and Schott, 1999;
Spall, 2004). Spall (2004) showed that baroclinic instabilities interacting with the topog-
raphy of the basin are the key processes controlling the transformation of water masses.
Furthermore, when the seafloor is nearly flat, the boundary current can be completely
eroded by eddies before it completes a full rotation of the basin.

Figure 8: Result from a model of an idealised semi-enclosed basin from Spall (2004).
The colours indicate the temperature of the upper layer averaged over four grid points,
while the arrows show the corresponding horizontal velocities averaged over the same grid
points.
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In the Adriatic, this general mechanism is consistent with the inverse estuarine circu-
lation, which is primarily driven by a net buoyancy loss in years when river discharge does
not exert a stronger influence than surface heat losses. On average, there is a small an-
nual net buoyancy loss in the Adriatic (Verri et al., 2024). Additionally, the seasonal and
interannual variability of stratification affects the baroclinic and barotropic components
of the boundary currents, while the topography of the Adriatic Sea, with its continen-
tal slopes and sills, controls the flow and generates recirculation gyres in the sub-basins
(Cushman-Roisin and Beckers, 2011).

Instabilities in boundary currents enable the redistribution of heat and salt, mediate
the exchange between the boundaries and the interior, and link local DWF with the
larger-scale circulation. Their variability reflects the combined effects of wind, buoyancy,
and basin geometry, and emphasises the central role of boundary currents in controlling
thermohaline structure and water mass transformation in marginal seas (Spall, 2004; Verri
et al., 2024).

0.3.5 Mesoscale and submesoscale eddies
Eddies are rotating, vertically extended coherent structures that occur at the mesoscale
(10–100 km), where they maintain their coherence for weeks to months, and at the sub-
mesoscale (less than 10 km), where they last only days. They can be characterised by the
Rossby number, which is defined as follows

Ro = U

fL
(1)

with U the fluid velocity, f the Coriolis frequency and L the horizontal length scale. At
the mesoscale, eddies typically have Ro ≪ 1 and are close to geostrophic balance, while
at the submesoscale Ro ≈ 1 so that the Coriolis force no longer dominates the momentum
balance, allowing ageostrophic motions and vertical velocities significantly larger than
those caused by Ekman pumping (Lapeyre et al., 2006; Trotta et al., 2017; Taylor and
Thompson, 2023). Eddies play a crucial role in the oceans as they contribute to the
redistribution of heat, salt, nutrients, and momentum between the atmosphere-ocean in-
terface, the mixed layer and the ocean interior (Williams and Follows, 1998; Lapeyre and
Patrice, 2006; Capet et al., 2008; Lévy et al., 2012). Eddies are also capable of pulling fluid
away from its original location and transporting it across ocean basins (Early et al., 2011).

Several processes can generate eddies at the mesoscale and submesoscale (fig. 9). At
the mesoscale, eddy formation is primarily associated with baroclinic instability, in which
horizontal density gradients tilt the stratified layers, allowing small perturbations to grow
and convert potential energy into kinetic eddy energy. This mechanism is particularly
important at the interfaces of fronts and during convection events (Marshall and Schott,
1999). In addition, barotropic instability can convert kinetic energy from the mean flow
into eddies that propagate through the water column. Where straits are present and dense
water flows along the continental slope, eddies are generated by stretching of the water
column and the associated increase in potential vorticity (Spall and Price, 1998).

At the mesoscale, eddies can be associated with the process of convection. In this
case, strong vertical and horizontal density gradients in convective areas lead to baroclinic
instabilities, and the resulting eddies play a key role in the lateral exchange of water masses
and restratification of the water column (Marshall and Schott, 1999). Mesoscale eddies
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can also be associated with boundary currents, again through baroclinic instability. These
currents generate strong horizontal density gradients that provide the potential energy
necessary for eddy formation. Boundary currents and the eddies they generate are crucial
for the transport of heat, salt, and nutrients.

On smaller scales, submesoscale eddies form through processes such as frontogenesis
and baroclinic instabilities in the mixed layer. Frontogenesis refers to the intensification
of horizontal density gradients, typically driven by mesoscale straining. This intensifica-
tion disturbs the geostrophic balance and generates a secondary ageostrophic circulation,
which tilts the isopycnals back towards the horizontal and generates vertical motions.
The combination of horizontal straining and vertical motions leads to coherent vortices
along fronts and filaments. Along with baroclinic instabilities in the mixing layer, these
mechanisms supply energy to the submesoscale range, strongly influencing turbulence in
the upper ocean and contributing to rapid restratification of the mixed layer (Lapeyre
et al., 2006; Capet et al., 2008; Taylor and Thompson, 2023).

In the Adriatic, eddies have been observed throughout the basin, including the south-
ern Adriatic (Bensi et al., 2013; Hariri, 2020). They have also been studied in the Gulf
of Taranto (Ursella et al., 2011; Trotta et al., 2017). Generally, eddies form in the cores
of gyres in the southern, middle, and northern Adriatic and slow down the movement
of particles within the basin (Hariri, 2020). In the Adriatic Sea, eddies are also gener-
ated by boundary currents along the eastern (EAC) and western (WAC) flanks of the
basin, which are influenced by strong inflows from the Ionian Sea and Po River discharge
(Hariri, 2020). The Strait of Otranto is also an important site of eddy formation, where
eddies contribute to the exchange between the shelf and the open sea and play a role in
the outflow of AdDW through entrainment processes (Ursella et al., 2011). Overall, the
interplay between baroclinic instability generated in convective patches or frontal areas,
topographic control of the pit, and exchange dynamics at the Strait of Otranto makes the
South Adriatic a natural laboratory for the study of eddy generation across scales.

The characteristics of the eddies also vary along the basin margins. Along the Ital-
ian coast, periodic meanders and eddies are observed, developing more strongly during
calm periods, which indicates baroclinic instability in a relatively undisturbed form. In
contrast, the Croatian coast is dominated by jets and filaments with varying speed and
penetration, but whose locations are relatively fixed. Simulations confirm this contrast
and show a predominance of jets and cold filaments on the Croatian side and of meanders
and eddies on the Italian side, both accompanied by well-defined fronts (Cushman-Roisin
et al., 2007). In the northern Adriatic, the inflow of freshwater creates a frontal zone
that leads to baroclinic instability and the formation of filaments and eddies (Korotenko,
2007).
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Figure 9: From Taylor and Thompson (2023), Sea surface temperature (SST) from satel-
lite measurements on the western coast of the United States of America. Hypothetical
temperature contours illustrate various processes, including submesoscale baroclinic in-
stability and symmetric instability.
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EMSO-ERIC E2M3A mooring

The E2M3A mooring is part of the European Multidisciplinary Seafloor and Water Col-
umn Observatory – European Research Infrastructure Consortium (EMSO-ERIC) net-
work (https://emso.eu/). This infrastructure brings together multidisciplinary marine
research institutes to observe and understand oceanic processes and their impact on the
Earth system. EMSO-ERIC consists of 14 observatories and provides long-term, high-
quality data to a wide range of users, including scientists, industry, institutions, and policy
makers. The network addresses important marine challenges such as climate variability,
ecosystem protection, and geohazards.

The EMSO-ERIC E2M3A Regional Facility (referred to as E2M3A hereafter) (1) is
located in the centre of the SAP, a key site for deep convection processes (section 0.3.1). It
is the only observatory of its kind in the Adriatic Sea and provides the longest continuous
time series of thermohaline variables with hourly temporal resolution (since 2006). The
regional facility consists of two complementary mooring lines (E2M3A-B and E2M3A-M)
used to observe physical and biogeochemical processes at the surface, in the subsurface,
intermediate and in deep layers. Together, the mooring lines provide a complete overview
of the coupled atmosphere-ocean system in the SAP. Furthermore, instruments on these
mooring lines provide continuous, high-frequency observations of physical and biogeo-
chemical processes, which are crucial for understanding physical dynamics in the SAP.
The first mooring line (or E2M3A-B) is designed to observe air-sea interactions in the
upper layer of the water column with a surface buoy equipped with a meteorological sta-
tion, radiometers, and sensors for temperature, salinity, oxygen, pCO2, and pH, with data
transmitted in real time. The second mooring line (E2M3A-M) is a deep mooring line
designed to monitor the physical variability of the water column from the surface to the
deepest layers (fig. I-Intro.1). It consists of a series of sensors distributed throughout the
water column from the surface to the seabed, which are listed below:

• Eight CTD (Conductivity Temperature Depth) SBE37-ODO and one CTD SBE37
strategically placed at approximately 150, 350, 450, 550, 750, 900, 1000, 1100, and
1200 dbar, providing high-resolution measurements of temperature, salinity, and
dissolved oxygen. These instruments enable the monitoring of the thermohaline
variability of the water masses in the SAP. In particular, they allow observation of
the LIW (usually between 300 dbar and 600 dbar) and the inflow of the NAdDW
(from 700 dbar to the bottom of the SAP).

• Three ADCPs (Acoustic Doppler Current Profilers) are deployed: an upward-looking
RDI WHS 150 kHz and two downward-looking Nortek (Signature 55 kHz and Sig-
nature 100 kHz), which provide measurements of the three velocity components (u,

1https://www.ogs.it/it/european-multidisciplinary-seafloor-and-water-column-observa
tory-emso-eric
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v, w) throughout the water column. These instruments are particularly valuable
for tracking the movement of water masses, including the inflow of NAdDW into
the deep layers, and for detecting convection events, indicated by strong vertical
downward velocities.

• An Aanderaa current meter SEAGUARD RCM, located near the bottom, is used to
measure the horizontal velocity components (u, v) in the deep layer. This instrument
is particularly valuable because the velocities measured by the ADCP near the
bottom are noisy, and information about the velocities there is essential to clearly
assess the penetration of NAdDW into the deep SAP.

• Two PPS sediment traps, placed at about 130 and 1100 dbar, are used to collect
sinking particles. The upper sediment trap targets particles influenced by surface
processes, while the deep sediment trap monitors the sinking of particles in the deep
SAP. Both sediment traps quantify the vertical particle fluxes and provide informa-
tion on the transport of organic and inorganic material, as well as the influence of
water mass dynamics.

• A ProOceanus CO2-PRO CV pCO2 sensor is installed at about 1100 dbar to mon-
itor carbon dynamics in the deep sea. It allows assessment of carbon variability
associated with deep water masses, including the inflow of NAdDW, and provides
insights into processes such as carbon sequestration, remineralisation of sinking or-
ganic matter, and the overall biogeochemical cycle in the deep layers of the water
column.

The mooring line instruments are retrieved at regular intervals (typically one year)
during maintenance cruises, which also include conducting CTD casts and collecting wa-
ter samples (fig. I-Intro.2). These activities are used to validate and assess the quality
of the data recorded by the moored sensors. In addition, the CTD profiles provide ob-
servations with higher vertical resolution, enabling detailed investigation of the temporal
development of the water masses in the SAP.

Work on board the ship also includes direct comparisons between the time series
recorded by the recovered instruments and the CTD casts. These comparisons are im-
portant for detecting possible instrument malfunctions that could lead to greater dis-
crepancies if the decision was made to redeploy the instrument. Whenever CTD cast
measurements from the previous recovery are available, they are used to estimate the off-
sets and drifts of the different time series, to gain insight into the evolution of instrument
performance over time and to allow comparison with previous time series.

Another important part of the validation process is the comparison of all CTDs de-
ployed along the mooring line with a reference CTD instrument. For this purpose, the
instruments are deployed together in the rosette at an intermediate depth of approximately
250 m for several hours. This arrangement allows direct assessment of the behaviour of
the instruments compared to the reference CTD instrument, and ensures that any offsets
can be accurately quantified. During this procedure, water samples are also collected for
salinity measurements and Winkler titration, to further improve the comparison between
the instruments through independent chemical analyses.

This comprehensive approach provides a robust method for detecting instruments that
have accumulated offsets or drifts over time. It enables the identification of instruments
that need to be recalibrated, ensuring the reliability, accuracy, and consistency of long-
term time series measurements at the mooring line.
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Figure I-Intro.1: E2M3A-B meteorological (left) and E2M3A-M deep (right) mooring
lines.
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(a) (b) (c)

Figure I-Intro.2: Work on the ship during maintenance cruises. a, Preparation of the
mooring CTDs (on the table) before redeploying the deep mooring line. b, A rosette
with Niskin bottles (long grey plastic cylinders) is used to collect water samples at the
desired depths, together with a high-accuracy CTD SBE911 to obtain vertical profiles
of the thermohaline and biogeochemical properties of the water masses along the water
column. c, Collection of a water sample from a Niskin bottle to determine the salinity at
a specific depth by chemical analysis.
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Chapter 1

Quality control of
EMSO-ERIC E2M3A mooring
data

1.1 Statistical quality control of CTD data
To ensure reliable measurements, the data are subjected to quality control procedures such
as physical range checks, despiking, and rate of change test. Physical range checks flag
values outside physically realistic limits, while despiking removes isolated peaks caused
by noise or interference, and rate of change test identify rapid, unrealistic fluctuations
between successive measurements. These steps help to ensure that the dataset accurately
reflects the physical variability of the water column.

1.1.1 Physical range
The aim of the physical range test is to identify and remove outliers in the temperature,
salinity, and dissolved oxygen measurements. These thresholds are based on regional
studies of water mass properties in the Adriatic Sea (Cardin et al., 2014b). To account
for natural variability, two sets of thresholds are applied depending on the depth layer,
as shown in tables 1.1 and 1.2:

Variable Minimum Maximum
Potential temperature (◦C) 8 32

Salinity 36 39.5
Dissolved oxygen (mL L−1) 3 9

Table 1.1: Outlier thresholds for the different variables for the upper layer (>-150 m)
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Variable Minimum Maximum
Potential temperature (◦C) 10 16

Salinity 36 39
Dissolved oxygen (mL L−1) 3 8

Table 1.2: Outlier thresholds for the different variables for the intermediate and deepest
layers (<-150 m)

It should be noted that these thresholds may need revision in the future due to ongoing
oceanographic changes in the southern Adriatic. For example, the threshold for maximum
salinity in the upper layer has been adjusted to 39.5 to account for the observed increase
in salinity over the past 15 years.

1.1.2 Despiking
As with the physical range tests, a distinction is also made in despiking between the upper
layer (depth lower than 150 m) and the intermediate to deep layers (depth greater than
150 m). To despike the time series, test value threshold coefficients (TV) are considered
for each variable to identify anomalous spikes in the data time series (tables 1.3 and 1.4).

Despiking is a crucial step in dataset quality control, as it removes isolated, non-
physical anomalies - often caused by sensor malfunction, electronic noise, or transmission
errors - that can significantly affect statistical analyses and lead to incorrect interpreta-
tions. In oceanographic time series, these spikes do not represent actual environmental
variability and can artificially amplify gradients or introduce biases in derived param-
eters such as density. By identifying and removing these artefacts, despiking improves
data reliability and ensures that subsequent analyses reflect actual physical oceanographic
processes.

Variable Limit
Potential temperature (◦C) 6

Salinity 0.9
Dissolved oxygen (mL L−1) N/A

Table 1.3: TV thresholds coefficients for the different variables for the upper layer (lower
than 150 m). N/A stands fo No data Available at the present time as no dissolved oxygen
sensor was present at 150 dbar during the period considered.

Variable Limit
Potential temperature (◦C) 2

Salinity 0.3
Dissolved oxygen (mL L−1) 0.5

Table 1.4: TV thresholds coefficients for the different variables for the intermediate and
deepest layers (greater than 150 m)
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The test is done considering the following equation:

|X(k) − (X(k − 1) + X(k + 1))|
2 − |X(k + 1) − X(k − 1)|

2 ≥ TV (X) (1.1)

This test detects values that deviate significantly from the local mean, adjusted over
neighbouring time steps. It is particularly useful for identifying isolated spikes that do
not match the natural variability of the SAP.

1.1.3 Rate of change
Temporal changes in thermohaline variables and dissolved oxygen were assessed and sig-
nificant anomalies were detected using the following criterion:

|Xi − Xi−1| + |Xi − Xi−1| ≤ ϵ (1.2)

where the threshold ϵ is defined as 2(2σX) when both Xi−1 and Xi+1 are available, and
2σX otherwise. σX is the standard deviation of the variable X derived over the entire
time series after applying the physical range test, despiking, and the second quality control
procedure, including the correction of offsets and trends (section 1.2).

This approach enables the detection of abrupt, non-physical fluctuations in the data
that deviate significantly from the expected variability, thereby improving the robustness
of the quality control process.

1.2 CTD casts-based quality control for offset and
trend correction

An important part of the post-processing of the mooring data was based on CTD casts
taken during cruises. Most of these CTDs were conducted directly at the E2M3A mooring
site, while some others took place at a maximum distance of 10 km from E2M3A site.
These CTD measurements were carried out in a smaller area than that proposed by Cardin
et al. (2020b) to ensure maximum consistency in the correction of the different time series.
The cruises included in this study are listed in table 1.5. All CTD cast measurements
were subjected to a systematic correction procedure that included the following steps:

• Removal of initial readings before pump stabilisation to exclude unreliable early
data

• Correction of the oxygen sensor hysteresis and response time (τ)

• Application of the "wildedit" filter to remove spikes and anomalies

• Filtering based on pressure values to exclude erroneous measurements

• Loop editing to identify and define the minimum speed during profiling

• Adjustment of CTD sensor data for consistency

• Correction for thermal mass effects of the cells

• Bin averaging to standardise the data in 1 meter intervals

26



The most favourable situation for correcting the time series occurs when CTD cast
measurements are available both immediately after the initial recovery and redeployment
of the mooring instruments, and again at the next recovery and redeployment. The CTD
profiles at these two key moments provide reliable reference points to detect and correct
any sensor drift, bias, or offsets that may have accumulated during the deployment period,
ensuring greater consistency and accuracy in the corrected time series.
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Table 1.5: List of oceanographic cruises near the E2M3A site used for the CTD casts-based quality control.

Cruise Station Latitude Longitude Date Distance from E2M3A (km)

Vector AM1 AM1 41.83545 17.74458 2006-11-19 0.477
Vector AM4 AM1 41.834 17.75033 2007-09-15 0.06
SESAME IT1 A16 41.8202 17.7082 2008-02-23 3.757
IT7 16 41.9804 17.9317 2008-10-10 12.8
MSM132 864 41.78316 17.70066 2009-10-13 6.88
MSM154 654 41.56258 18.19684 2010-07-10 10.802
POS414 345 41.56682 18.08362 2011-06-04 4.53
ADREX-1 001_E2M3A 41.53279 18.08582 2013-03-23 0.22
MATIS-RITMARE-02 E2M3A_M 41.53051 18.09044 2013-11-25 At E2M3A
SIRIAD-14 E2M3A – – 2014-03-08 At E2M3A
FIX03-RIT03 E2M3A 41.53201 18.07332 2014-09-10 At E2M3A
ADREX-2014-SED 064_E2M3A 41.52604 18.05104 2014-10-20 At E2M3A
FIX03-RIT04 VAM1 41.55322 18.0296 2015-03-22 At E2M3A
FIX03-RIT05 VAM1_BIS 41.52516 18.06808 2015-11-02 At E2M3A
SIRIAD16 E2M3A_CTD_2 41.5225 18.0712 2016-04-06 At E2M3A
Vector AM2 AM1 41.8292 17.7435 2007-02-22 0.042
TRASF TO MESSINA E2M3A_BUOY 41.52296 18.08462 2017-03-22 At E2M3A
Vector AM3 AM1 41.838 17.7468 2007-04-15 0.545
POS514 ST-11 41.4996 18.06722 2017-05-31 3.997
FIX03-RIT07 001_E2M3A 41.51802 18.08452 2017-07-26 At E2M3A
FIX03-RIT08 E2M3A_006 41.53364 18.05364 2018-10-08 At E2M3A
MAINTENANCE BOA MARS 2019 E2M3A_0319 41.5158 18.08428 2019-03-24 At E2M3A
FIX03-RIT09 001_MOORING_E2M3A 41.54493 18.05932 2019-10-19 At E2M3A
FIX03_EMSO11 E2M3A 41.5249 18.08076 2022-10-30 At E2M3A
FIX03-12 E2M3A 41.56312 18.06437 2023-06-27 At E2M3A
Maintenance E2M3A – – 2023-12-05 At E2M3A
EMSO-SA24 VAM1_E2M3A 41.5392 18.06976 2024-10-31 At E2M3A
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1.2.1 Offset correction
Malfunctions of instruments can lead to deviations from the true environmental values,
introducing systematic offsets in the recorded time series. To correct these deviations,
CTD cast measurements taken at a maximum distance of 10 km from the mooring site
were used as a reference, as they offer higher accuracy and higher vertical resolution. These
reference measurements were collected during the research cruises listed in table 1.5. In
addition, long-term trends in the time series were considered to ensure that all identified
offsets are consistent with the known hydrographic variability of the SAP. As an example
of the methodology, the time series of salinity at 1200 dbar for the year 2014/2015 is
shown below.

Figure 1.1: Example of offset correction - Salinity 2014/2015 at 1200 dbar

1.2.2 Trend correction
Offset correction alone is insufficient to fully correct the different time series, especially
when long-term sensor drift or external influences such as biofouling or mechanical stress
have affected the instruments’ performance. It was therefore necessary to correct the
instrumental drift while preserving the underlying environmental signal, such as the long-
term increase in temperature and salinity observed in the SAP. For this purpose, high-
accuracy CTD cast measurements were again used as reference points, both locally (within
subsets of the time series) and globally (over the entire time series), to check and constrain
the physical consistency of the applied corrections.

1.3 Correction of dissolved oxygen data
The dissolved oxygen data correction required special attention, as considerable discrep-
ancies in the time series were found when compared with discrete dissolved oxygen mea-
surements obtained using the Winkler titration method (differences sometimes exceeding
20 µmol L−1). In particular, anomalously high values often appeared at the beginning of
the time series subsets, deviating from the general trend of the subsets. In addition, as
with temperature and salinity, offsets and drifts were corrected using Winkler-analysed
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samples. The Winkler titration method used for the correction is a widely recognised and
highly accurate technique for determining the concentration of dissolved oxygen by chem-
ical fixation and titration, and is commonly used as a reference for validating sensor-based
measurements. Winkler-analysed samples used in this thesis are presented in table 1.6.

Table 1.6: Dates and names of cruises where Winkler dissolved oxygen samples were
collected

Cruise Date

Medges 2013-03-23 08:11:00
Matis_24/11 2013-11-24 00:00:00
Matis_25/11 2013-11-25 00:00:00
Adrex_2014 2014-10-20 10:08:00
BADU3_2015 2015-03-26 18:05:00
Fix03-RIT07 2017-07-29 14:33:00
Fix03-RIT08 2018-10-08 04:54:46
Fix03-RIT09 2019-10-19 00:00:00
EMSOSA_24_31/10_Sample_1 2024-10-31 12:00:00
EMSOSA_24_31/10_Sample_2 2024-10-31 12:00:00
EMSOSA_24_04/11_Sample_1 2024-11-04 12:00:00
EMSOSA_24_04/11_Sample_2 2024-11-04 12:00:00
EMSOSA_24_04/11_Sample_3 2024-11-04 12:00:00

1.3.1 Adaptation time of dissolved oxygen data
The large drop observed at the beginning of the subsets of the dissolved oxygen time series
corresponded to the adaptation time of the sensor, which could differ from one subset to
another, as different dissolved oxygen sensors were used for the different layers of the
pit investigated at E2M3A. Three methods for the correction were considered: using the
standard deviation of the subset, applying a threshold to the dissolved oxygen gradient,
and using an exponential decay model. The last method gave the best results. The model
used is presented below:

Oxnorm(t) = A1e
−k1t + A2e

−k2t + C (1.3)

where:

• t: time in seconds since the start of the observation.

• A1, A2: amplitudes of the exponential components.

• k1, k2: decay rates.

• C: offset constant (residual or asymptotic concentration).

The model is fitted to the data using nonlinear least squares, and the adaptation time
associated with the faster component is given by:
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tadapt = − ln(0.1)
k1

(1.4)

This corresponds to the time at which the first exponential term decays to 10% of its
initial value.

If the curve fitting fails or produces unreasonable results, the adaptation time is as-
signed a default value:

tadapt =


86400

2 , if fit fails
86400

2 , if tadapt > 10 × 86400 or tadapt < 0
tadapt, otherwise

(1.5)

An example of the result of this test is provided below:

Figure 1.2: Example of adaptation time determination - 2013/2014 at 1200 dbar

1.3.2 Offset correction
The dissolved oxygen measurements were corrected for systematic offsets using a method-
ology similar to that used for temperature and salinity. Instead of the CTD casts, Winkler
titration samples were used as a reference, as these ones provide higher accuracy for dis-
solved oxygen. Physical processes observed in the SAP, such as deep convection events
that typically cause an abrupt increase in dissolved oxygen concentration, were also taken
into account. In addition, the long-term evolution of dissolved oxygen in the deep SAP
is characterised by alternating phases of rapid ventilation followed by gradual depletion
(Querin et al., 2016), which was accounted for in the correction. An example of the
applied offset correction is shown in fig. 1.3.
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Figure 1.3: Example of offset correction for dissolved oxygen measurements - 2018/2019
at 350 dbar

1.3.3 Trend correction
The long-term sensor drift in the dissolved oxygen data was treated with a similar trend
correction procedure as for temperature and salinity. In this case, Winkler titration
samples were used as reference values rather than the CTD casts. This correction aims
to remove instrumental drift while maintaining the natural environmental trend. An
illustrative example of this correction is shown in fig. 1.4.

Figure 1.4: Example of trend correction - 2017/2018 at 750 dbar

1.4 Interpolation
Small gaps in the time series were filled by interpolation if this did not introduce significant
bias. Only gaps of six hours or less were considered for interpolation. However, in subsets

32



of the time series with an original temporal resolution of three hours, no interpolation
was performed, as this would have resulted in approximately 66% of the values being
artificially generated, compromising the integrity of the dataset.
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Part II

Climate change observation at
a basin scale
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Overview of the variability in
the water masses of the SAP
during the period 2006-2023

This introductory chapter provides an overview of the physical dynamics of the water
masses in the SAP between 2006 and 2023, focusing on the identification of long-term
trends and short-term fluctuations in the different layers of the water column. The anal-
yses are based on time series of potential temperature, salinity, and dissolved oxygen
recorded by the mooring (E2M3A-M). Both the qualitative review of the measurement
data (see fig. II-Intro.1) and the quantitative trend analysis (see table II-Intro.1) show
that these properties have increased over time at most depths during the analysed period.
The only exception is for dissolved oxygen at 900 dbar, for which only three months of
data were available, which coincides with a period of oxygen consumption and is therefore
not representative of a long-term trend.

As shown in figs. II-Intro.1 and II-Intro.2, the potential temperature gradually de-
creases with depth, from a maximum of about 15.6 ◦C in the upper layer (150 dbar)
to about 13.95 ◦C in the deepest layer (1200 dbar). In contrast, the potential density
anomaly (PDA, defined as potential density minus 1000 kg m−3) increases with depth, as
expected (see fig. II-Intro.3). Salinity displays a different vertical pattern: the upper layer
has the highest median values (about 38.95), the intermediate to deep layers between 350
and 900 dbar are characterised by relatively similar medians (about 38.8), while the deep-
est layers at 1000 and 1200 dbar have the lowest medians (about 38.73). Dissolved oxygen
exhibits a different distribution, with median values higher at 350 and 750 dbar than at
1200 dbar. This indicates different dynamics in the various layers. Taken together, these
observations indicate that the water column in the SAP can be divided into three zones:
an upper layer, an intermediate layer, and a deep layer. The first two are more directly
affected by the mixing triggered by open-ocean convection (air-sea interaction) events and
the influence of the ISW and the LIW, while the deepest waters are much more isolated
and are not ventilated through mixing triggered by open-ocean convection events.
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Layer (dbar) Potential tem-
perature trend
(◦C yr−1)

Salinity trend
(yr−1)

Dissolved oxy-
gen trend
(mL L−1 yr−1)

PDA
(kg m−3 yr−1)

150 0.0426 0.0298 ND 0.0136

350 0.0541 0.0140 0.0129 -0.0009

550 0.0526 0.0125 ND -0.0017

750 0.0570 0.0129 0.0180 -0.0022

900 0.0691 0.0182 -0.1633 -0.0007

1000 0.0480 0.0081 0.0044 -0.0039

1200 0.0460 0.0077 0.0313 -0.0037

Table II-Intro.1: Trends of potential temperature, salinity, dissolved oxygen, and potential
density anomaly for the considered layers at the mooring E2M3A. The values shown
represent linear trends estimated over the full observation period. ND stands for No
Data, and an orange cell indicates a trend derived from less than two years of data.

Within the three-layer structure, long-term trends vary with depth. The strongest
warming occurs in the intermediate layers (350 to 750 dbar) and at 900 dbar, where
trends range from 0.0526 to 0.0691 ◦C yr−1. Conversely, the deepest layers, at 1000 and
1200 dbar, warm more slowly, by 0.0480 and 0.0460 ◦C yr−1, respectively (table II-Intro.1
and fig. II-Intro.1; fig. A.1 to A.7). A similar pattern is observed for salinity, except that
the upper layer shows the highest rate of increase (0.0298 yr−1), exceeding that of the
intermediate layers. However, the PDA trends are reversed: the deepest layers show the
largest decreases, with rates ranging from -0.0037 to -0.0039 kg m−3 yr−1. Taken together,
these results reveal that, although a three-layer structure can be identified, the different
behaviour between the upper/intermediate layers and the deepest layers is more similar to
a two-layer system. This interpretation is consistent with previous studies, which indicate
the deep SAP is only weakly influenced by convection, lacks direct ISW or LIW signals,
and is constrained by local bathymetry (section 0.3.1; Gačić et al. (2002); Cardin et al.
(2011); Bensi et al. (2014)). Trends of dissolved oxygen show that, although the deepest
layers of the SAP appear isolated, this is not the case. At 1200 dbar, dissolved oxygen
concentrations increase almost twice as fast as at 350 and 750 dbar. The trends at 900
and 1000 dbar remain uncertain due to limited data availability of less than 2 years.
This amplified increase can be explained by three major ventilation events that occurred
between 2014 and 2023, driven by the inflow of NAdDW via gravity currents (chapter 3).
These inflows were strong enough to temporarily offset the declining dissolved oxygen
concentrations otherwise caused by biological consumption (fig. II-Intro.1).
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Figure II-Intro.1: Time series of potential temperature, salinity and dissolved oxygen at E2M3A from 2006 to 2023. The time series exhibit an
overall increase in potential temperature and salinity. Shorter time-scale fluctuations are observed, linked to physical processes occurring from
basin scale to microscale (such as convection (section 0.3.1), gravity currents (chapter 3), and double diffusion (chapter 4)).
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Further insights are provided by Temperature/Salinity (T/S) diagrams, in which sea-
water temperature is plotted against salinity, and which are used to characterise water
masses and their mixing based on density (fig. II-Intro.2). These results show that the
dispersion of salinity values is narrowest in the deepest layers, while the interval between
150 and 750 dbar is characterised by greater variability, corresponding to the influence of
ISW and LIW. The violin plots (fig. II-Intro.3) confirm this observation. In contrast, the
dispersion of temperature values in the different layers appears similar, although stronger
fluctuations occur in the upper and intermediate layers. This is consistent with the flank
depth of the SAP, which is about 780 m, and exposes these layers to greater dynamic
variability (fig. II-Intro.3 and fig. A.1 to fig. A.7). The T/S diagrams also reveal that the
SAP waters have gained "spiciness", a property that combines a simultaneous increase in
temperature and salinity, suggesting that the SAP is dynamically active and responding
to the ongoing effects of climate change.

These long-term signals are superimposed on shorter-term fluctuations related to pro-
cesses occurring at different scales. At the microscale, double diffusion and salt fingering
play a role (chapter 4); at the submesoscale, convection and gravity currents are impor-
tant (section 0.3.1 and chapter 3); while variability at the mesoscale arises from broader
circulation features. Convection events typically occur between January and March and
can extend to about 900 dbar, while the inflow of NAdDW in the SAP usually occurs
from March to June (chapter 3; Martellucci et al. (2024)). In 2012, 2017, 2018, and 2022,
four large inflow events were identified, each generating large fluctuations associated with
pulses of dense water. Their signature is visible in fig. II-Intro.3, where the trimodal distri-
bution of salinity in the deepest layers reflects abrupt changes in thermohaline properties
due to NAdDW inflows. In the upper and intermediate layers, the irregular distributions
of both potential temperature and salinity confirm their stronger temporal variability.

Finally, trend calculations based on annual mean values provide additional insights
(fig. A.8). At 150 dbar, the calculated trends for potential temperature, salinity, and
PDA have the largest error bars, reflecting the greater variability caused by the air–sea
interactions mentioned above. At greater depths, the uncertainties are more than twice as
small, which is related to the fact that the deeper layers are less affected by the variability
of the surface layer. For PDA, the uncertainties gradually decrease with increasing depth,
illustrating the weaker influence of surface processes on the deepest layers. For dissolved
oxygen, the uncertainties are around 0.01 mL L−1. These are explained by the alternating
occurrence of ventilation events and consumption periods, which create a characteristic
“sawtooth” pattern in the time series (Querin et al., 2016; Cardin et al., 2020a).
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Figure II-Intro.2: T/S plots at all layers in the SAP. It can be observed that the different
layers exhibits an increase in spiciness.
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Figure II-Intro.3: Violin plots calculated for the different layers for potential temperature,
salinity, dissolved oxygen, and PDA. Distributions in the orange squares represent those
with less than two years of data. A system close to two layers is observed, with the first
comprising upper and intermediate layers, and the second comprising deep layers.
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Chapter 2

The deep Adriatic as a climate
change hotspot

This section is constituted by the article published in Limnology and Oceanography Let-
ters in 2025:

Terzić, E., Cardin, V., Le Meur, J., Dunić, N., Vodopivec, M. and Vilibić, I. (2025), Un-
precedented warming and salinization observed in the deep Adriatic. Limnol. Oceanogr.
Lett. https://doi.org/10.1002/lol2.70051)

Abstract: The deep Southern Adriatic is a Mediterranean region highly sensitive
to climate change, influenced by dense water cascading from the northern Adriatic and
heat/salt transport from the Eastern Mediterranean. Historical (since 1957) and mod-
ern (permanent and opportunistic temperature and salinity sampling, Argo floats, fixed
moorings) measurements reveal a substantial change since the mid-2000s in thermohaline
properties. Historically marked by steady increases in temperature, salinity, and density,
with substantial saw-tooth decadal variability, the near-bottom Southern Adriatic has
experienced unprecedented warming (0.8 ◦C) and salinization (0.2) over the past decade,
accelerating in time and reversing density trends. The inflow of much more saline waters
reduced stratification and altered dense water properties at its source in the northern
Adriatic. This at least fivefold acceleration of the high-emission regional climate projec-
tions may have substantial effects on the Adriatic biogeochemistry and living organisms,
changing sea level trends and more.
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Scientific Significance Statement
Warming of coastal and semi-enclosed basins is occurring at unprecedented levels, with
some regions, such as the Mediterranean Sea, experiencing warming rates higher than the
global average. In this study, we documented an additional fivefold increase in warming
and a doubling in salinity trends in the deep and near-bottom waters of the Adriatic Sea
(the northernmost basin of the Mediterranean) over the past 15 years. As the source region
for deep Mediterranean waters, the Adriatic plays a crucial role in driving the basin-wide
thermohaline circulation. The observed changes may indicate a rapid transit toward a
new climate regime that may impact sea level trends, vertical mixing and transport of
oxygen to the deep sea, nutrient consumption and primary production, as well as changing
of the whole ecosystem towards species originating from warm and tropical seas.

Data Availability Statement
The Argo profiling float data has been taken from Euro-Argo ERIC at https://data
selection.euro-argo.eu, ERA5 data has been downloaded from Copernicus Climate
Service at https://doi.org/10.24381/cds.adbb2d47, while the remaining data is
available at the Zenodo repository at https://zenodo.org/records/13788664 (Terzić
et al. (2024)).

2.1 Introduction
The Adriatic Sea, the northernmost Mediterranean basin, spans 800 x 200 km and features
(1) a 300 km wide shelf in the North-West with depths reaching up to 80 m, (2) the middle
Adriatic depressions of ca. 280 m in maximum, and (3) the 1220-meter deep Southern
Adriatic Pit (SAP) in the South-East. The SAP, particularly its regions below 800 meters,
is connected to the 5 200-meter deep Ionian Sea through the 800-meter deep Otranto
Strait (fig. 2.1). The Adriatic Sea has been monitored for over a century (Artegiani et al.,
1997; Vilibić et al., 2023) and serves as an ideal natural laboratory for studying climate
change effects due to its rapid response to various forcings (Tanhua et al., 2013). From
its river-exposed shelves to its mouth, through which saline Levantine waters flow, the
Adriatic exhibits warming and increased salinity over centennial timescales (Lipizer et al.,
2014a; Vilibić et al., 2023). However, the Adriatic-Ionian Bimodal Oscillating System
(BiOS; Gačić et al. (2010); Civitarese et al. (2023)) can obscure climate change signals by
introducing significant decadal variability in thermohaline properties (Mihanović et al.,
2015), altering biogeochemical characteristics (Buljan, 1953; Batistić et al., 2014) and
impacting fish populations and fisheries (Civitarese et al., 2023).

The BiOS and deep thermohaline circulation in the Adriatic are driven by dense
water formation both on the shelf (Orlić et al., 2006; Mihanović et al., 2013) and through
open-ocean convection in the SAP (Gačić et al., 2002). North Adriatic Dense Water
(NAddW) is generated on the shelf, spreads over the seabed and occasionally (every
few to 10 years) cascades to the near-bottom SAP layers (Querin et al., 2016; Pranić
et al., 2024), strengthening the stratification and preventing open-ocean convection from
reaching the bottom. Open-ocean convection in the Adriatic generates Adriatic Deep
Water (AdDW), reaching depths of up to 900 meters (Cardin et al., 2011; Vilibić et al.,
2023), that—combined with NAdDW outflow along the continental shelf—flows into the
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Ionian Sea. Oppositely, saline Levantine Intermediate Waters (LIW) is advected into the
Adriatic at intermediate depths (50-500 meters; Vilibić and Orlić (2002)). The inflow of
warmer, saltier waters at these depths promotes diffusive convection and salt-fingering
processes in the SAP. Along with open-ocean convection, these processes transport salt
and heat toward the bottom (Amorim et al., 2024) and may contribute to changes in
near-bottom SAP thermohaline properties even more than dense water cascading and
open-ocean convection (Cardin et al., 2020b).

Climate change, marked by warming and salinity increases across the Mediterranean
(Kassis and Korres, 2020; Skliris et al., 2025), significantly affects the Adriatic’s thermo-
haline dynamics. Sea surface warming has been measured at 0.4 to 0.6 °C per decade
since the 1970s (Reiners et al., 2024), especially in summer and coastal zones (Amos et al.,
2017), though the Atlantic Multidecadal Oscillation explains half of this (Macias et al.,
2013). Positive salinity trends have accelerated since 2017 (Amorim et al., 2024), influ-
encing NAddW formation (Tojčić et al., 2023). Notably, despite temperature and salinity
increases, NAddW density remained stable between 2012 and 2020 (Paladini de Mendoza
et al., 2023), but LIW density has risen, reducing SAP stratification and enhancing mix-
ing. These deep ocean changes prompt questions about whether the ’new state of the deep
Adriatic’ is permanent and linked to climate change or part of decadal variability. Using
long-term (since 1957) multi-platform measurements in the SAP, we aim to quantify these
changes and assess potential shifts in deep and near-bottom thermohaline properties.
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Figure 2.1: The Adriatic and northern Ionian Sea bathymetry with locations of the
SAP and northeastern Ionian Sea Argo profiles (circles, time of sampling is color-coded),
EMSO-E2M3A deep observatory (yellow star), station D1200 (red rectangle) and buoy
Vida (orange diamond). The generation area and pathways of North Adriatic Dense Wa-
ter (NAddW) are indicated. Red dashed rectangle denotes the northern Adriatic shelf
over which ERA5 turbulent heat fluxes were averaged.

2.2 Materials and Methods
The temperature and salinity dataset was obtained through various Eulerian and La-
grangian platforms, as well as shipborne measurements in the Southern Adriatic (fig. 2.1).
These sources include: (1) seasonal to interannual sampling at station D1200 conducted
by the Institute of Oceanography and Fisheries, Croatia, since 1957 (this data is of the
lowest quality and has been subjected to additional quality-check in this study; further
details on sampling procedures and data accuracy can be found in Vilibić et al. (2011);
here we use the data at 1000 m depth), (2) opportunistic temperature and salinity mea-
surements, carried out by multiprobes within Italian and European projects since 1985
(more can be found in Cardin et al. (2020b)), (3) EMSO-E2M3A deep-ocean observatory
(https://emso.eu/observatories-node/south-adriatic-sea), with (among other)
deep temperature and salinity sensors located at 900, 1000 and 1200 m, with hourly res-
olution and being in operation since 2006 (daily averages are used in this paper), and
(4) 15 Argo profiling floats (https://www.euro-argo.eu) that have been active in the
southern Adriatic since 2010, reaching depths of at least 1000 m.
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Additionally, we analyzed temperature and salinity data collected since 2004 at buoy
Vida (https://www.nib.si/mbp/en/oceanographic-data-and-measurements/bu
oy-2) in the northern Adriatic. Sensors at buoy Vida are positioned at a depth of 2.5
m. This buoy is located within the NAddW formation area and is not affected by rivers
during cold wintertime Bora outbreaks (Raicich et al., 2013). For each year, we extracted
daily average of temperature and salinity during the period of NAddW formation, i.e.,
for a day when maximum density is reached.

Potential temperature, practical salinity and potential density anomaly (PDA) were
estimated from measurements using the TEOS-10 standard (https://www.teos-10.org).

To quantify year-to-year cooling changes in the NAddW formation area, we analyzed
anomalies in daily latent and sensible heat fluxes from the ERA5 reanalysis (Herbasch
et al., 2020), averaged over the northern Adriatic (red rectangle in fig. 2.1) for the period
from December to February, during which dense water preconditioning and formation
occurs (Paladini de Mendoza et al., 2023). The sum of latent and sensible heat fluxes
is referred to as turbulent heat fluxes. Notably, ERA5 cooling rates are underestimated
along the Bora jets (Denamiel et al., 2021), yet they exhibit the changes between years
attributed to dense water formation potential.

2.3 Deep Adriatic as a climate change hot spot
The composite series from SAP observations at 1000 m (fig. 2.2) shows an overall rise
in salinity and temperature, with significant decadal temperature variability before the
1990s (one should note that the oldest 1000-m temperature and salinity measured during
the 1911-1914 cruises equal to ca. 12.8 ◦C and 38.5, respectively, Vilibić et al. (2023)).
Although the historical data are with lower accuracy and reliability, our analysis follows
the literature on the Adriatic thermohaline variability. For example, major cooling events
in winters of 1981 (Artegiani and Salusti, 1987) and 1983 (Brankart and Pinardi, 2001)
followed a large inflow of LIW (Mihanović et al., 2015), generating much cooler dense
waters that cascaded into the near-bottom SAP. Less saline Western Mediterranean wa-
ters entered in the late 1980s and the early 1990s, and preconditioned by the Eastern
Mediterranean Transient (EMT, Klein et al. (1999)) along with milder winter cooling
(Josey, 2003; Cardin and Gačić, 2003). Both prevented dense water cascading to the
near-bottom SAP between 1992 and 2000 due to its lower density (Pranić et al., 2024).
Salinity rose sharply in the mid-2000s, coinciding with several NAddW formation events
(in winters of 2002, 2005 and 2006; Verri et al. (2018); Pranić et al. (2024)), transporting
salt to the near-bottom SAP. Since 2006, near-bottom SAP thermohaline changes clearly
reflect two key processes: dense water cascading (Bignami et al., 1990; Paladini de Men-
doza et al., 2023; Le Meur et al., 2025) and steady temperature and salinity increases
driven by double-diffusive processes (Querin et al., 2016; Amorim et al., 2024). This
"saw-tooth" pattern, linked to cascading events occurring every few to 10 years (Querin
et al., 2016), is more evident post-2006 due to better data, however our data suggests
that such pattern occurred in the 1970s-80s and 1990s-2000s. Another period without
NAddW cascading to near-bottom SAP was between 2006 and 2012, again connected
with anticyclonic BiOS that induced lower salinity conditions in the Adriatic.
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Figure 2.2: Potential temperature (up), practical salinity (middle) and potential density
anomaly (PDA, bottom) obtained from all SAP observations at 1000 m since 1957 (IOR
– measurements carried out by the Institute of Oceanography and Fisheries at station
D1200, OGS – cruises as part of Italian and European projects, and other datasets in
PANGEA Data Repository (https://www.pangaea.de/) and MEDATLAS Dataset
(https://nodc.inogs.it/nodc/) in the SAP). Trends presented in insets are estimated
from the Argo data in the period 2012-2024 (this period was chosen as sparse data and
major data gap occurred before 2012).

From 1957 to 2024, 1000-m composite trends show significant increases in temperature
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(0.088 ◦C), salinity (0.036), and PDA (0.0097 kg m−3) per decade (p < 0.001). Two
distinct PDA regimes emerged: until the mid-2000s, PDA increased steadily, driven by
salinity, while from 2006, temperature and salinity accelerated, causing PDA to decrease
almost linearly (-0.03 kg m−3 per decade, p < 0.001). Between presumed or documented
cascading events, temperature trends at 1000 m remained steady, around 0.38 ◦C, 0.35 ◦C,
and 0.36 ◦C for the periods 1967–1980, 1994–2004, and 2012–2016, respectively (computed
using annual averages from all measurements). Heat transport was driven by salt-fingering
(Amorim et al., 2024), though no deep salinity increase was observed during the post-EMT
period (1994–2004). However, the drop in temperature of the dense waters cascading into
the near-bottom SAP steadily decreased from about 0.5 ◦C in the early 1980s, to 0.2-0.3
◦C in the early 1990s, and to less than 0.2 ◦C in 2012, the latter being characterized by
record-breaking cooling, densities and dense water generation in the northern Adriatic
(Mihanović et al., 2013).

After 2017, dense water cascading events reversed the temperature shifts at 1000 m
(fig. 2.2), with temperatures rising by 0.2 ◦C and 0.3 ◦C during the 2017 and 2022 events,
and salinity increasing by 0.02 and 0.08, respectively. The details of the cascading events
measured by bottom-mounted observatories at the western SAP slope are documented in
detail in (Paladini de Mendoza et al., 2023; Le Meur et al., 2025). At the very bottom
of the SAP (1200 m), temperature and salinity shifts were even larger during the 2022
event, by about 0.40 ◦C and 0.12 (fig. 2.3). The positive trends between cascading events
have accelerated in time, with values of 0.40 ◦C, 0.67 ◦C, and 0.64 ◦C (temperature),
and 0.062, 0.118, and 0.218 (salinity) per decade for the periods July 2012–December
2016, July 2018–December 2021, and July 2022–June 2024, respectively (estimated from
Argo data at 1000 m only). Indeed, we found the entire Southern Adriatic warming and
salinification (fig. 2.3), with the 14 ◦C isotherm deepening from 100 m in the early 2010s
to near the bottom by 2024, while salinity above 38.9 was sporadically present in early
2010s but encompassed almost the entire SAP in 2024 (except at the very surface and
below 1000 m).

To quantify the recent changes in stratification in the SAP, we estimated temperature,
salinity and PDA differences across 100 m water layers (below the seasonal pycnocline)
using Argo data (fig. 2.3). The reduction in vertical temperature gradients is particularly
evident in the upper 700 meters, where the gradients decrease by more than 40% over a
decade, with a maximum of 60% decrease between 500 and 600 m. The trends in salinity
gradients are less pronounced, except between 300 and 500 m, where a strong decrease
in vertical salinity gradient is detected, due to higher overall salinity trends at depths
shallower than 400 m. Consequently, stratification below 100 m has eroded over most
of the SAP, with rates of 0.010–0.015 kg m−3 over a decade and 100 m layers, except at
the very bottom (1100–1200 m) where stratification has slightly increased. However, the
latter may be attributed to much lower availability of Argo data at 1200 m depth.
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Figure 2.3: Argo-based Hovmoller diagram of the SAP potential temperature, practi-
cal salinity and PDA since 2012, with overlying EMSO-E2M3A time series (black line)
measured at 1200 m.

49



2.4 Recent Changes in near-bottom SAP water mass
source regions

Several key processes influence the near-bottom SAP: dense water generation (on the
northern Adriatic shelf and through open-ocean convection in the SAP), double-diffusive
processes and water exchange with the Mediterranean via the Otranto Strait. However,
open-ocean convection was never recorded to reach depths below 900 m (Gačić et al.,
2002; Cardin et al., 2011), which are normally occupied by the NAddW cascaded from the
northern Adriatic characterized with higher thermally-driven density and slowly eroding
due to heat and salt exchange with overlying waters (Querin et al., 2016; Vilibić et al.,
2023).

The northern Adriatic winter turbulent heat flux anomalies over the northern Adriatic,
where NAddW forms, have been predominantly higher between 2004 and 2024 than during
the 1980–2010 baseline (fig. 2.4 top). Notably, the years in which major NAddW cascading
events to the near-bottom SAP occurred (2012, 2017, 2018, and 2022) exhibit varying
turbulent heat flux anomalies, with winters of 2018 and 2022 showing positive anomalies
(the winter of 2018 was preceded by a cold autumn, Paladini de Mendoza et al. (2023)).
Intuitively, despite low heat losses in 2022, haline contributions may have significantly
influenced NAddW density and cascading potential to the near-bottom SAP.

To support this statement, daily averages of temperature, salinity, and PDA at the
Vida buoy (northern Adriatic) during the day in a year when the PDA maximum is reached
reveal significant changes in NAddW properties (fig. 2.4 middle), though the buoy was
non-operational during the winters of 2007, 2008, and 2019. The buoy is located inside the
northern Adriatic dense water generation area (e.g., Raicich et al. (2013)) and qualitatively
reflects the wider thermohaline conditions. In 2005-06, high PDA (ca. 29.7 kg m−3) was
driven by heat loss, while in 2004, both lower temperatures and higher salinity led to high
PDA values. These waters then cascaded to the near-bottom SAP (Vilibić and Šantić,
2008), raising salinity levels in mid 2000s. In 2012, both severe cooling and high salinity
produced record NAddW PDA values at its source (Mihanović et al., 2013), while in 2017
and 2018, similar conditions to 2004 were observed. In 2022, low temperature and high
salinity from droughts (Bonaldo et al., 2022) resulted in the second-highest PDA value
(29.82 kg m−3) at the Vida buoy, bringing even warmer and higher salinity waters through
cascading to the near-bottom SAP (Le Meur et al., 2025).

In the northeastern Ionian Sea, Argo data from 2012 to 2024 (fig. 2.4 bottom) show
much slower increases in temperature and salinity compared to the SAP (fig. 2.2 inset).
Temperature trends are approximately 0.1-0.2 ◦C per decade (fig. 2.4 bottom), which is
2-4 times lower than observed in SAP, while salinity trends were mostly 0.05-0.10 per
decade, again 2-4 times lower than observed in SAP. Overall, weak positive PDA trends
exist in the northern Ionian, opposing the trends in the near-bottom SAP. This suggests
that local Adriatic processes, influenced by changes in wintertime heat losses, precipitation
and river discharge (Vodopivec et al., 2022; Bonaldo et al., 2022), play a larger role in
shaping NAddW and consequently near-bottom SAP thermohaline properties.

50



Figure 2.4: Average wintertime (DJF) ERA5 turbulent (latent+sensitive) 2004-2024 heat
flux anomalies over the northern Adriatic in respect to the 1980-2010 baseline period
(top), daily temperature, salinity and PDA values measured at the buoy Vida in a day
of a year with maximum PDA value (middle), and 2012-2024 trends in the northeastern
Ionian Sea as derived from the Argo data (bottom; red dots represent trends that are not
significant at the 95% confidence level).
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2.5 Discussion
The salinization and warming of the deep Mediterranean waters have been observed on a
centennial scale (Vargas-Yáñez et al. (2017, 2021)), but these processes have accelerated
since the 1950s (Rohling and Bryden, 1992), and even more in the last decade (García-
Lafuente et al., 2021; Kubin et al., 2023). This trend is also evident in the LIW, which
has exhibited temperature and salinity increases of 0.2 ◦C and 0.06 per decade, respec-
tively, between 2001 and 2019 (Fedele et al., 2022). However, our analysis indicates that
in the Southern Adriatic, in particular in its deepest parts, these trends have accelerated
dramatically to 0.4–0.8 ◦C and 0.2 per decade between 2010 and 2024-two to four times
higher than in the rest of the Mediterranean. Notably, the most significant temperature
increases have been observed at the bottom of the SAP, where dense waters from the
northern Adriatic cascade every few years, signalling a major shift in the source region of
these cascading waters. Furthermore, double-diffusive transport, driven by an unprece-
dented influx of warm, saline waters into the Adriatic, is contributing to further warming
and salinization of the Southern Adriatic and Adriatic in general.

This raises the question of whether these changes are exceptional and represent a
transit in the deep Adriatic waters. Deep-water transits have been documented in the
Mediterranean over the last few centuries, such as the Eastern Mediterranean Transient
(EMT, Klein et al. (1999)), a unique event with possible centennial recurrence times (In-
carbona et al., 2016), and the Western Mediterranean Transient, which brought waters
with different temperatures and salinities to the bottom (Zunino et al., 2012). These
events were driven by extraordinary wintertime forcings, as is the case here, where dense
water cascading has introduced much warmer and saltier water. It is also worth consider-
ing whether such deep-water conditions will become more frequent in future climates. The
state-of-the-art Med-CORDEX ensemble (Soto-Navarro et al., 2020) projects increases in
surface (0–150 m) and intermediate (150–600 m, primarily LIW) temperature/salinity
of 2–4 ◦C/0.2–1.0 and 2–3 ◦C/0.2–1.0, respectively, in the far future (2075–2100) under
the RCP8.5 scenario. Kilometer-scale models project similar changes, e.g., approximately
0.6°C and 0.15 for temperature and salinity, respectively, for the mid-future (2031–2050)
RCP8.5 scenario (Verri et al., 2024). Observations in the SAP over the last 10–15 years
suggest that the projected level of centennial changes may occur in just 10–20 years, rep-
resenting at least a fivefold amplification of regional climate changes projected by extreme
high greenhouse emission scenarios.

The significantly higher temperature and salinity trends in the SAP, particularly in
its near-bottom layers, compared to the northeastern Ionian Sea - through which the
saline LIW is advected to the Adriatic - indicate that locally-driven warming of the deep
Adriatic waters plays a more important role in the observed Adriatic transit than the
advection of heat and salt from the Levantine Basin. These conditions resemble those
observed during the positive phases of the BiOS, during which the Adriatic exhibits high-
salinity conditions, facilitating the cascading of NAddW due to the higher density of
saltier waters (Paladini de Mendoza et al., 2023; Pranić et al., 2024; Le Meur et al., 2025).
The documented deep Adriatic changes clearly introduce the paradigm: local drying and
warming may become more important for deep layers than heat and salt advection from
the Ionian Sea. This interplay between processes may be perceived as a preview of future
climate change (Bonaldo et al., 2022).

These observed changes in thermohaline properties are already impacting Adriatic
biogeochemistry and marine life. Species residing in warmer seas are likely to benefit and

52



increase in abundance (Belmaker et al., 2013). In contrast, cold-water species, primarily
found in the Jabuka Pit - an area known for the lowest temperatures in the Adriatic and
protected as a no-take zone due to its rich biodiversity and demersal resources (Chiarini
et al., 2022) - will be particularly threatened by the rapid changes in NAddW proper-
ties. All biogeochemical projections indicate that a warming Mediterranean will exhibit
a decline in dissolved oxygen and nutrient availability (Reale et al., 2022), leading some
species to reduce their habitat range and/or migrate northward (Palermino et al., 2024;
Panzeri et al., 2024). This transient will likely exacerbate these changes, particularly
for deep benthic organisms (Angeletti et al., 2015; Taviani et al., 2019), which are not
adapted to such large and irreversible temperature shifts.

The shift in intermediate and deep water density trends has the potential to change
sea level trends in the Adriatic. By applying a simplified methodology by Wang et al.
(2017) for the whole water column, steric sea level trend between 2014 and 2024 equals
3.3 mm yr−1, in which thermosteric and halosteric contribution equals to 20.5 and -17.2
mm yr−1, respectively, the first prevailing in the upper 100 m while the second having
maximum in intermediate layers. During the second half of the 20th century, sea level rise
trends were mitigated (compared to global trends) due to an increase in deep water density
(Tsimplis and Baker, 2000). Our study indicates that deep density trends have reversed
since 2006, aligning with climate projections (Soto-Navarro et al., 2020), and potentially
amplifying sea level rise in coastal regions (Vecchio et al., 2023). The complexity of
interactions between different drivers of thermohaline changes introduces uncertainty in
determining whether these events represent decadal variability or rapid transits towards a
projected warmer climate. These uncertainties, along with other observed changes in the
Mediterranean, should be carefully investigated to develop appropriate mitigation and
adaptation strategies, where possible.
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Part III

From basin scale to
submesoscale variability in the

SAP
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A scale-dependent closure
problem in the SAP: the role
of submesoscale processes

The previous part showed that the SAP has been responding to climate change through
a long-term increase in temperature and salinity over the past 60 years, with accelerated
warming in the last decade. It was also noted that, following a strong inflow of saline water
in January 2017, the water column in the SAP can be described as a two-layer structure
(part II). Since then, no return to the previous state has been observed. Nevertheless, this
basin-scale analysis lacks a complete understanding of the processes occurring at smaller
scales, without which the dynamics of the Adriatic Sea cannot be fully understood. While
the large-scale circulation of the Adriatic Sea provides the global framework for water
mass formation and exchange, it does not fully determine the pathways through which
ventilation, mixing, and transformation of water masses occur. Many of the key processes
described above, DWF (section 0.3.1), gravity currents (section 0.3.2), and eddy activity
(section 0.3.5), are multiscale and depend on dynamics that develop at spatial scales
smaller than the basin scale.

In particular, DWF areas such as the northern Adriatic and the southern Adriatic
are organised at multiple scales, beginning at the basin scale through the preconditioning
induced by the interaction of water masses with different properties, especially saline
LIW/ISW, and air-sea interactions driven by cooling and evaporation during Bora events
(section 0.3.1). The associated vertical and lateral exchanges, however, are governed by
smaller-scale processes. Convection develops through localised plumes at fine scale, while
the subsequent arrest and restratification of convective patches are controlled by baroclinic
instabilities that generate meanders and geostrophic eddies, mainly at the submesoscale
(Marshall and Schott (1999)).

Eddies (section 0.3.5), occurring at both mesoscale and submesoscale, play a crucial
role in the redistribution of heat, salt, nutrients, momentum, and potential vorticity be-
tween the air-sea interface, the mixed layer, and the ocean interior, linking vertical mixing
to lateral transport (Williams and Follows, 1998; Lapeyre and Patrice, 2006; Capet et al.,
2008; Lévy et al., 2012). In the South Adriatic, these eddies result from an interplay be-
tween baroclinic instabilities generated in convective patches or frontal areas, topographic
control of the pit, and exchange dynamics at the Strait of Otranto, all of which make the
South Adriatic a natural laboratory for the study of eddies generation across scales.

Gravity currents (section 0.3.2) transporting NAdDW evolve under the combined influ-
ence of Coriolis forces, topography, and turbulent mixing within boundary layers (Wirth,
2009). Although gravity current pathways can extend across the entire Adriatic basin,
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from their generation in the northern Adriatic to the SAP, their structure and entrain-
ment are controlled by submesoscale processes, such as shear instabilities and frictional
effects, which cannot be resolved at a basin scale. The study of gravity currents in the
SAP is of primary importance as they play a key role in ventilating intermediate and deep
layers, transporting heat, salt, oxygen, and nutrients, or even forming new water masses
through turbulent mixing.

The Adriatic Sea lacks a clear separation of scales: basin-scale circulation depends
on mesoscale organisation, which in turn emerges from and is modified by submesoscale
dynamics. This scale-dependent closure problem motivates a dedicated focus on subme-
soscale processes, which constitute the dynamical link between large-scale forcing and the
effective ventilation and transformation of Adriatic water masses. In this thesis, the next
chapter presents an analysis of the long-term variability of gravity currents in the deep
SAP (chapter 3).
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Chapter 3

Intermittent supply of dense
water to the deep South
Adriatic Pit: an observational
study

This section is constituted by the article published in Frontiers in Marine Science in 2025:

Le Meur Julien, Wirth Achim, Paladini de Mendoza Francesco, Miserocchi Stefano, Cardin
Vanessa. Intermittent supply of dense water to the deep South Adriatic Pit: an observa-
tional study. Frontiers in Marine Science, 12, 2025. doi: 10.3389/fmars.2025.1516780

Abstract: The renewal of bottom water masses in the deep South Adriatic Pit (SAP)
is mainly determined by the arrival of very dense water that forms in the North Adriatic
in winter (NAdDW) and which is transported into the SAP by gravity currents. To
investigate the occurrence of these currents, we analyze high-frequency time series of
thermohaline and velocity data at 3 moorings of the EMSO South Adriatic Sea regional
facility consists of two observation areas: the South Adriatic Pit observatory (E2M3A)
and the shelf and slope observatory (BB in the Bari Canyon and FF on the furrow area
on the open slope), from 2012 to 2022 as well as reanalysis data from Copernicus over
the same period. This analysis shows that gravity currents in the deep SAP (dSAP) only
occurred in 2012, 2017, 2018 and 2022 (bottom ventilation years). The water masses were
mixed differently after gravity current events, as 2012 was mainly driven by temperature,
2017 and 2022 by salinity and 2018 by both. It was also found that in 2012 and 2018
the gravity current mainly passed through FF, while in 2017 it passed through BB. An
analysis of the time scale showed that the average duration of the bursts of fluctuation
triggered by the arrival of the gravity current in the dSAP was a few months (3 months on
average). It was also revealed that the travel time from the formation of the NAdDW to
BB was around 2 months on average, and that the travel time from BB (FF) to E2M3A
was around 2 weeks. A comparison between the Copernicus reanalysis and the E2M3A
time series also showed consistent differences in density, both in value and variability,
resulting in the detection of gravity current events being unclear for the former.
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3.1 Introduction
The Adriatic Sea is a semi-enclosed basin of small size, 800 km long and 200 km wide.
It is nevertheless a main driver for the eastern Mediterranean thermohaline circulation
(Cushman-Roisin et al., 2001) due to the production of Adriatic deep Waters (AdDW)
(Ovchinnikov et al., 1985; Artegiani et al., 1997; Gačic et al., 2001; Mantziafou and Las-
caratos, 2004; Chiggiato et al., 2016; Amitai et al., 2019). The generation of dense water
masses in the Adriatic are linked to the cyclonic circulation, to the strong winter cooling
by cold and dry katabatic Bora winds (Supić and Orlić, 1999), and to the inflow of saline
waters through the Otranto strait. These saline waters characteristics are modified by
fresh water inflow, mainly through the Po river (Bensi et al., 2013). On a larger scale, it
influences the Mediterranean climate (Gačić et al., 2010; Civitarese et al., 2023) and the
water mass properties of the Atlantic Ocean, due to the outflow of dense waters at the
Strait of Gibraltar (Bryden et al., 1994; Richardson et al., 2000; García Lafuente et al.,
2007; García-Lafuente et al., 2009). More precisely, the outflow of generated dense waters
through the Strait of Otranto is of great importance for both, the surface and deep layers
of the Ionian Sea. It influences the BiOS mechanism, leading to the entrance of saltier
(Levantine Intermediate Water, LIW) or fresher water (Atlantic Water, AW) into the
Adriatic through the decadal variability between cyclonic and anticyclonic circulation of
the northern Ionian gyre, (Gačić et al., 2010; Civitarese et al., 2023).

The Adriatic Sea can be divided into three sub-basins: the northern one (less than 50
m deep), the middle one with the Jakuba pit (less than 270 m deep) and the southern
one with the South Adriatic Pit (1200 m deep), which is separated from the Ionian Sea
by the Otranto Sill (780 m). The deep layers of the SAP are filled with the densest water
masses, which can be formed locally by deep convection (see for example: (Killworth, 1983;
Schott et al., 1996; Marshall and Schott, 1999; Testor et al., 2018) or remotely by gravity
currents (Benjamin, 1968; Simpson, 1982; Wirth, 2009; Chiggiato et al., 2016; Rétif et al.,
2024) from the northern Adriatic, the North Adriatic Dense Waters (NAdDW), where
shelf convection occurs (Vilibić et al., 2023). These water masses are also modified by
mesoscale and submesoscale dynamics, turbulence, and double diffusive mixing (Amorim
et al., 2024).

Once the dense water is formed, it flows southward as a gravity current, following
isobaths on the western side of the Adriatic Sea (Vilibić et al., 2023). It splits during its
way toward the Southern Adriatic, with a part filling the Jakuba pit in the Middle Adriatic
(Artegiani and Salusti, 1987), and the other part flowing towards the SAP. Topographic
features play a guiding role, especially the Bari canyon (Chiggiato et al., 2016; Paladini de
Mendoza et al., 2022a), leading to down-slope cascading of dense water. Some of the dense
water spills over the Otranto strait into the Ionian basin (Bignami et al., 1990).

The role of gravity currents as compared to deep convection is of great importance,
as the ventilation (transfer of properties such as dissolved oxygen from the surface to the
interior of the ocean) of the deepest layers of the SAP is mainly caused by the former
and only rarely by the latter (Gačić et al., 2002; Cardin and Gačić, 2003; Cardin et al.,
2011; Bensi et al., 2014). Gravity currents flowing into the SAP do not occur every year,
as this depends on the interplay between different forcing conditions mentioned above,
but also on the existing stratification, which is the result of previous intermittent gravity
current events and convection events on the one hand and long-term vertical diffusion on
the other (Cardin et al., 2020b).

In this study, we present an analysis of occurrences of gravity currents reaching the
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dSAP between 2012 and 2022 using time series data obtained from the South Adriatic
EMSO regional facility (http://emso.eu/observatories-node/south-adriatic-Sea/) supple-
mented by data from Copernicus Marine Service. The description of methodology and
data used is presented in section 2, while results and discussions are described in section
3. Conclusions are given in section 4.
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Figure 3.1: Bathymetric map of the Adriatic Sea showing the locations of moorings
EMSO-E2M3A, BB, and FF, and the main water masses pathways, the Levantine In-
termediate Water (LIW), the North Adriatic Dense Water (NAdDW), and the Adriatic
Deep Water (AdDW). (A) A zoom on the area near the Bari canyon, where BB and FF
moorings are located, is shown in (B). Moorings of the South Adriatic regional facility,
EMSO-E2M3A, EMSO-BB and EMSO-FF, are presented in (C, D) respectively.
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3.2 Material and methods

3.2.1 Mooring data
The data analyzed come from the South Adriatic regional facility which is part of the
EMSO-Eric observation network consisting of two sites, one of which is located in the
center of the SAP (E2M3A - position: Lat 41.53 ◦N , Lon 18.06 ◦E, see fig. 3.1) and the
other consisting of two moorings on the western side of the southern Adriatic continental
edge (mooring BB - position Lat 41.34 ◦N , Lon 17.19 ◦E and FF - position Lat 41.81 ◦N ,
Lon 17.04 ◦E, see fig. 3.1). The combination of data collected at these three moorings
allows us to observe the flow of gravity currents in the SAP, after the dense water formation
in the northernmost part of the Adriatic Sea. The monitoring strategy set up for the
southern Adriatic observatory is based on continuous and high-frequency measurements
of temperature (T ), salinity (S), oxygen (O) and velocities, which are suitable for detecting
both long-term changes, episodic processes over decades (Cardin et al., 2020b), and high-
frequency processes (1h) such as waves and turbulence.

The E2M3A observatory, which has been in operation since 2006 (Bensi et al., 2014;
Cardin et al., 2014a, 2018, 2020b,a, 2024, 2025; Amorim et al., 2024), collects hourly
data of T , S and O at seven different levels of the water column (150, 350, 550, 750,
900, 1000 and 1200 dbar). In this study, we focus on the period from December 2011
to December 2022 (a period in which the availability of data is greatest for the three
moorings combined) for the deepest layers of the pit.

The mooring BB is placed at 600 m depth on the main branch of the Bari Canyon
system and FF on the furrow area on the open slope at 733 m depth (Paladini de Mendoza
et al., 2022b, 2024a,b). The two mooring lines are 100 m long, have been in operation
since 2012 and collect half-hourly T , S and current data at different levels of the water
column. The Teledyne RD Workhorse 307KHz ADCP in downward-looking mode mea-
sures the currents of the last 100 m near the seafloor every 30 minutes with an accuracy
of ±0.5 cm s−1 and a resolution of 0.1 cm s−1. The ADCP is a four-beam, convex config-
uration with a beam angle of 20 ◦, the number of depth cells is set to 27 with a cell size
of 4 m. A CTD probe, SBE 16plus V2 SeaCAT, is located approximately 10 m above the
seafloor to record thermohaline parameters. The water conductivity data were measured
with a sensor with an accuracy of 5 × 10−4 S m−1 and a resolution of 5 × 10−5 S m−1; the
water temperature using a thermometer, with an accuracy of 5 × 10−3 ◦C and a resolu-
tion of 1 × 10−4 ◦C. The moorings are also equipped with a temperature sensor SBE56
(accuracy ±2 × 10−3 ◦C and 1 × 10−4 ◦C resolution), which is installed in FF at a height
of 37 and 20 m from the seabed and in BB at a height of 33 m from the seabed.

In this study, we consider the potential temperature (θ) and S; θ was derived using
the Gibbs Seawater GSW Oceanographic Toolbox, which contains the TEOS-10 routines
(McDougall and Barker, 2011). The Python language was used in this study through
several libraries: the Numpy module (Harris et al., 2020), the Pandas module (Wes
McKinney, 2010), the Scipy module (Virtanen et al., 2020) and the StatsModels module
(Seabold and Perktold, 2010). We used the Matplotlib module (Hunter, 2007) to display
the results.

3.2.1.1 CTD instrumentation

Quality control of the E2M3A mooring data used in this study was performed in several
steps according to the RITMARE Fixed Sites Network Procedures Quality Control (QC)
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guide (Cardin et al., 2014b) & OceanSites QC procedures: a physical range to remove
outliers, a spike test to remove large differences between sequential measurements, a
change test to check the rate of change over time and an interpolation to fill gaps no
longer than 6 hours. The salinity threshold of Cardin et al. (2014b) was modified, because
of the increase of S in the Southern Adriatic (an increase of θ is also observed).

Additionally to the application of this standard QC, trends and offsets present in
the time series were corrected with CTD casts performed at the E2M3A site, in majority
realized during maintenance cruises. Trends were corrected taking into account the general
trend in the area (global increase of θ and S) while offsets due to instruments errors were
subtracted from the time series.

Finally, as far as BB and FF moorings are concerned, the quality of the data is ensured
by regular maintenance operations during which instruments and the components of the
moorings are checked to ensure their functionality, durability, and resistance during the
survey period. In addition, the instruments are regularly calibrated at the factory and
compared with the CTD calibrated on board, as described in Paladini de Mendoza et al.
(2022a). QC of the currents and thermohaline data of the BB and FF moorings used
in this study was performed in several steps according to the procedure described in the
“Data Quality Check” paragraph of Paladini de Mendoza et al. (2022a).

Figure 3.2: Time series of θ (A), S, and velocities (B) at E2M3A regional facility (1200m
deep). Velocities are represented on a stick diagram where the sticks direction are com-
puted according to the true North, which is oriented vertically at the top of the figure

3.2.1.2 Mixing ratio in the dSAP

The properties of the water masses in the dSAP are modified by the arrival of gravity
currents. If the mixing is turbulent and the gravity current passes through BB or FF or
both, with no other source, the resulting water mass (after the arrival) is formed by the
weighted average of BB, FF and dSAP waters (before the arrival) at ratios R. Due to the
conservation of salt and heat, we have:

θa = RBBθBB + RF F θF F + Rbθb

Sa = RBBSBB + RF F SF F + RbSb.
(3.1)
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Subscripts BB and FF stand for the properties at the two moorings, while subscripts b
and a stand for the properties in the dSAP before and after the arrival of dense waters,
respectively. Potential temperatures (salinities) θBB, θF F (SBB, SF F ) are averaged over
six days around the day of maximum density, while θb, θa (Sb, Sa) are averaged over two
weeks, from three to one week before the arrival of the gravity current for the former and
from one to three weeks after its arrival for the latter. The mixing ratios (RBB, RF F

and Rb) are positive constants that indicate the proportion of the corresponding water
mass in the resulting water mass, and their sum is therefore equal to 1. This means that
the point in the θ/S diagram that represents the situation after the fluctuations must lie
within the triangle formed by the water masses at BB, FF and in the dSAP before the
gravity current arrives.

3.2.1.3 Velocities

In this study, we considered hourly data from an upward-looking RDI ADCP positioned at
the bottom of the BB mooring and data from a point current meter Aanderaa Seaguard
Recording Current Meter (RCM) positioned near-bottom layer (1166 m) of the SAP
(E2M3A). The ADCP velocity data were decomposed into u and v components and
represented in a coordinate system with one axis along the direction of the major variance
corresponding to the canyon axis (downward flow component). The canyon axis of the
main variance forms an angle of 110 ◦ with true north in the clockwise direction. To
determine the characteristics and the number of days with gravity currents and the paths,
we construct an index Nv along the downward axis, which is the number of hours in a
day when the velocity in the canyon exceeds a threshold value (0.17 m s−1). We consider
days on which Nv > 6. This allows us to quantify the limits of the pulse regime observed
in the velocity time series. To the E2M3A speed data, a moving averaged filtered with a
time window of 7 days was applied to determine the onset of gravity current. The result
was then compared to the annual maximum potential density anomalies (PDA) values in
the North Adriatic.

3.2.1.4 Fluctuation index

We define the temporal variability of a variable X based on a centered sliding-mean:

ηX = ⟨(X(t) − ⟨X(t)⟩∆t)2⟩∆t

with ∆t = 20 days, a period which is a compromise between smoothing the signal and
keeping the relevant information for our study (the order of magnitude of the time scales
we are studying is greater than 2 weeks). The normalization of a variable X is done by:

X̃ = X − ⟨X⟩
σ(X) ,

where ⟨X⟩ and σ(X) are respectively the mean and the standard deviation of X over the
whole dataset.

To identify strong fluctuation, we use 6 criteria. The first two are: η̃ > 1 for the PDA
and oxygen. The third is based on the differences of the PDAs at BB and FF: if the
water masses at both locations come from the same generation site, their density should
be similar, i.e. ∆̃ρ < 1 with ∆ρ = |⟨ρFF⟩∆t − ⟨ρBB⟩∆t|, where ρFF and ρBB are PDA at
FF and BB mooring respectively. If the water masses either at FF or BB or both are to
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reach the bottom of the pit (fourth criteria), their PDA must exceed the PDA in the pit,
i.e: ρFF > ρE2M3A or ρBB > ρE2M3A with ρE2M3A the PDA at E2M3A mooring. A fifth
criteria involving the PDA of water mass generated in the North Adriatic is described in
subsection 3.3.2 and a sixth one involving an analysis of mixing ratio between incoming
and the already present water mass in the dSAP is presented in subsection 3.3.4. The
years that satisfy all the criteria are named “bottom ventilation years”.

3.2.2 Copernicus reanalysis
Copernicus reanalysis data for the Mediterranean Sea and ERA-5 datasets from the
Copernicus-ECMWF portal were used to assess the surface heat fluxes and the influ-
ence of salinity on the formation of dense water and the thermohaline properties of the
water masses in the three sub-basins of the Adriatic Sea (North, Middle, and South).

Net surface heat fluxes were derived using hourly ERA-5 datasets of Copernicus-
EMCWF (European Centre for Medium-Range Weather Forecasts, https://doi.org/
10.24381/cds.adbb2d47) portal (Qtot; (Herbasch et al., 2020; Hersbach et al., 2018))
on three different areas: North, Middle and South Adriatic. We used data from 1979 to
2022. The total surface heat flux:

Qtot = QSW + QLW + QLF + QSF

is the sum of (from left to right) the short wave radiation, the long wave radiation, the
latent heat flux, and the sensible heat flux. The data is sampled hourly, but in our study
we use daily averages. The resolution of the grid is 0.25 ◦. We consider a spatial average
over each of the three basins from December to March (winter period) and derive the
monthly integrated surface heat flux for each month of this period.

The thermohaline properties of the water masses (S and θ) on the North Adriatic
region are obtained from the Copernicus database (https://doi.org/10.25423/CMCC/
MEDSEA/_MULTIYEAR_PHY_006_004_E3R1I) (Escudier et al., 2020; Nigam et al., 2021;
Escudier et al., 2021). The data have a daily frequency and a horizontal grid resolution
of 0.042 ◦. Salinity is averaged over the 10 upper meters of the water column (and also
over the entire water column in the Material B.6) and we also consider monthly averages
for salinity during the winter period. We use a dataset running from 2011 to 2022.

The PDA values are derived from daily S and θ dataset using the Gibbs Seawater
(GSW) Oceanographic Toolbox, which includes the TEOS-10 routine (McDougall and
Barker, 2011). We present PDA values corresponding to the mean of the PDA values in
the upper 10 m of the water column.

3D velocities were also obtained from the Copernicus database (https://doi.org/10
.48670/moi-00021) (EU Copernicus Marine Service Information, 2024). The data con-
sidered are from 2012/01/01 to 2021/06/30. They have a daily frequency and a horizontal
grid resolution of 0.083 ◦. We consider an average of velocities at 1063 m corresponding
to nodes of the model closer in latitude and longitude than 0.1 ◦ to the E2M3A position
(4 nodes).

3.3 Results and Discussion
The water masses in the SAP area are modified by advection, convection, gravity current
and/or salt fingering occurring at the basin-scale, mesoscale, submesoscale or even mi-
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croscale. Historically, Lipizer et al. (2014b) has observed through a climatology analysis
using all available data an increase relative to the time series in salinity and temperature
of +0.18 and +0.54 ◦C respectively in the dSAP over the period 1911-2009, while Vilibić
et al. (2023), using cruises CTD data and Argo floats, reported an acceleration of this
increase during the period 2007-2022 of 0.2 and 1 ◦C respectively. High frequency data
measured at the E2M3A also show an increase in potential temperature by +0.69 ◦C
and in salinity by +0.17 in the period from 2012 to 2023 (fig. 3.2). In addition, a shift
in salinity distribution occurred in 2017 with a sharp increase at the surface and in the
intermediate layers, which reduced the stability of the vertical stratification and led to a
two-layer structure with a pycnocline at 950 m (Amorim et al., 2024). In fact, Amorim
et al. (2024) reported a change in regime stability after winter 2017. Gravity currents
that bring dense water into the deepest part of the pit maintain this two-layer structure,
increasing the density of bottom water masses.

3.3.1 Observations of gravity currents events in the dSAP
The time series of S, θ, PDA and O in the dSAP all show bursts of strong fluctuations that
start in the late winter period in 2012, 2017, 2018 and 2022 and can be characterized by
the fluctuation index defined in subsection 3.2.1.4 (see fig. 3.3). The strong fluctuations
of oxygen during bottom ventilation years provide information about the ventilation that
took place in the dSAP, as mentioned by (Gačić et al., 2002; Cardin et al., 2011; Bensi
et al., 2014; Cardin et al., 2020b; Amorim et al., 2024). They cannot be the result of a deep
convection event as convection, during the studied period, never reach 900 m and could
then not destroy the two-layer structure which was mentioned in Amorim et al. (2024).
The ventilation of the deep layer is therefore due to gravity currents. Here, we argue that
the strong fluctuations are the result of gravity currents of North Adriatic origin entering
the dSAP along the topography and accumulating there (Bensi et al., 2013; Mihanović
et al., 2018) where it is subject to local mixing processes. The next gravity current arrives
a year or a few years later.

Bursts of fluctuations of PDA at BB and FF are indicators of bottom ventilation of
the SAP. If the water masses transported by these gravity currents are dense enough,
they proceed to the dSAP, leading to turbulent mixing. On fig. 3.3 (and on Appendix
B.1 for SBE56 fluctuations at BB or FF in 2022) we observe that in 2012, 2017, 2018
and 2022 bursts of PDA fluctuations at BB were followed by bursts of fluctuations at the
E2M3A mooring. The same applies to the FF mooring. The 15-day averages of PDA at
the three moorings show a saw-tooth behavior with a sudden increase in PDA, followed
by a period of relaxation (fig. 3.4). This saw-tooth behavior is also discussed by Querin
et al. (2016); Cardin et al. (2020b) for the SAP and by Mihanović et al. (2018) for the
Jakuba pit. Querin et al. (2016) and Cardin et al. (2020b) explained this phenomena by
the following: the first phase consists in a linear density decrease in the SAP, which is
due to local mixing driven by flow instabilities and mesoscale turbulence generated by the
large-scale cyclonic circulation of the South Adriatic sub-basin. In contrast, the second
phase consists in the abrupt increase of density, which is the result of gravity currents
transporting NAdDW formed during the strongest winters. The second phase effectively
ventilates the dSAP which remains unventilated during the first phase. The saw-tooth
behavior for oxygen observed at E2M3A was explained by Marini et al. (2006) for the
Jakuba pit, where bottom water masses lose oxygen between two ventilation events due
to mineralization, while nutrients increase. Martellucci et al. (2024) also observed the
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Figure 3.3: Time series of η̃ρ at E2M3A (blue), BB (red) and FF (green) (A) and time
series of η̃θ (red), η̃S (blue), η̃ρ (green) and η̃O at E2M3A (B). On (A) we observe that
strong fluctuations are present in 2012, 2017, 2018 and 2022 at E2M3A, BB and FF
but BB and FF also exhibits strong η̃ρ in 2013, 2015, 2016, 2019 and 2021. On (B) a
consistency on the time of maximum fluctuations between the different scalar variables
measured at E2M3A is observed.

same saw-tooth behavior of oxygen at the BB mooring during the 2017, 2018 and 2019
ventilation events where dissolved oxygen increased to more than 235 µmol kg−1.

Table 3.1 shows that the years in which all criteria are confirmed are 2012, 2017, 2018
and 2022 (fluctuations at BB and FF for T can be seen in Appendix B.1). The occurrence
of gravity currents in two consecutive years (2017/2018), as compared to a five-year period
(Querin et al., 2016; Cardin et al., 2020b), possibly indicates an exceptional period of water
mass changes for the south Adriatic as mentioned by (Vilibić et al., 2023; Amorim et al.,
2024).

Exceptional PDA fluctuations are observed in 2015, 2016, 2019 and 2021 in BB and
FF, but no remarkable fluctuations were observed in the dSAP (fig. 3.3), which is due
to the fact that the water in BB and FF was not dense enough to reach the bottom
(fig. 3.4). We observed nevertheless fluctuations in the upper layer (900 and 1000 dbar)
(not discussed in the article). These waters intrude the pit at a higher level (measured
at about 900 dbar, not discussed here). For instance, Martellucci et al. (2024) observe
a lighter NAdDW than usual in 2015 and 2016 that filled the intermediate layer of the
SAP. In 2013, strong fluctuations were also reported at BB and FF, but in the absence
of data at E2M3A this year, no conclusion can be drawn about the presence of a gravity
current reaching the dSAP or intruding at higher levels. As for the other years, none
of the criteria are met in 2014 and 2020 (table 3.1) and no significant fluctuations are
observed in neither in BB nor in FF (fig. 3.3).
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Figure 3.4: PDA time series at E2M3A (blue), BB (red) and FF (green). Bold red, blue
and green lines are 15 days moving averages. The saw-tooth behavior is defined by an
abrupt PDA increase (black lines) followed by a slower PDA decrease (yellow lines)
. Bottom ventilation years are years when the density differences between BB and FF are
small (criteria 3), where density at BB and/or FF is greater than the density at E2M3A
(criteria 4).

Year η̃ρ > 1 η̃O > 1 ∆̃ρ < 1 ρFF or ρBB > ρE2M3A ⟨Max(ρ)⟩ > 29.75 kg m−3 Mixing ratio

2012 ✓ ND ✓ ✓ ✓ ✓

2013 ✗ ND ✓ ND ✓ ND

2014 ✗ ✗ ✗ ND ✗ ND

2015 ✗ ✗ ✗ ✗ ✗ ✗

2016 ✗ ✗ ✗ ✗ ✗ ✗

2017 ✓ ✓ ✓ ✓ ✓ ✓

2018 ✓ ✓ ✓ ✓ ✓ ✓

2019 ✗ ✗ ✓ ✗ ✗ ✓

2020 ✗ ✗ ✗ ✗ ✗ ✗

2021 ND ND ND ND ✗ ND

2022 ✓ ✓ ND ND ✓ ND

Table 3.1: Fluctuations criteria (No Data at E2M3A, BB or FF is symbolized with ND,
a non-verified criterion with ✗, and a verified one with ✓) for the 1200 dbar layer. The
years meeting all the criteria from the available data are 2012, 2017, 2018, and 2022.
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3.3.2 Coherence of dense water formation in the North and
Middle Adriatic with fluctuations in the dSAP

Pulses of dense water in the dSAP due to gravity currents are associated with the genera-
tion of NAdDW in the North Adriatic during winter periods, as shown by Di Biagio et al.
(2023), where a moderate correlation (0.68) between the high concentration of dissolved
oxygen in the deeper layers of the SAP with the intermittent inflow of NAdDW was found
for the period 2012-2014. Evidence for the arrival of these dense water pulses is associated
with the high concentration of dissolved oxygen, as mentioned by Manca et al. (2006). To
determine this arrival, we compare the annual variability of PDA maxima in the North
and Middle Adriatic with the gravity current events observed in the dSAP. To do so, we
used PDA derived from conservative temperature (CT ) and absolute salinity (SA) (which
are calculated using Copernicus T and S data, see fig. 3.5) for the entire Adriatic Sea
and determined the area where the NAdDW formed and the date of the PDA maximum.
We considered a two-week centered mean around this date for the North-Middle Adriatic
surface waters with a threshold of

⟨Max(PDA)⟩15 > 29.75 kg m−3 (3.2)

minimum water PDA to be able to reach the dSAP, which is the minimum value registered
at the E2M3A bottom ventilation years as will be discussed in the next paragraphs.

Results show that a gravity current event is detected in the pit when this criterion
(eq. (3.2)) is verified. Several years meet this criterion: 2012, 2017, 2018 and 2022 (bottom
ventilation years) and 2013. These results are consistent with Neri et al. (2022) who found
NAdDW signatures with PDA values above 29.2 at bottom depth (between 40 and 60
m) at the sampling station SG05 (about 30 km from the coast near Senigalia) during
the winters of 2012, 2017 and 2018. During these years, most of the water column was
characterized by pools of waters with S above 38.5. In addition, Mihanović et al. (2018)
reported a maximum of PDA around mid-February in 2012 along the western Adriatic
shelf, a result consistent with table 3.2.

Nevertheless, the reduction in the density of the NAdDW due to mixing on the way
south also plays an important role in the cascading of gravity currents in the dSAP.
Therefore, an estimate of this reduction was made for bottom ventilation years (table 3.2
and fig. 3.4), which in 2012 amounted to 1.18 kg m−3, 0.83 kg m−3 in 2017, 0.56 kg m−3

(minimum value) in 2018 and 0.76 kg m−3 in 2022. Looking at the moving centered
average of the speed with a window of 7 days (not shown here) at the current meter at
E2M3A (fig. 3.2), it can be seen that the highest values correspond to years with bottom
ventilation, with the minimum at 13.89 cm s−1, which corresponds to the value for the
minimum density reduction found in 2018. Other bottom ventilated years depict higher
velocities, such as 17.98 cm s−1 in 2017 and 15.65 cm s−1 in 2022. This indicates that the
higher the turbulence level and mixing, the higher the speed in the dSAP.

The dense water formed during the bottom ventilation years also varies in its physical
properties (table 3.2). While in 2012 a rather low θ value (5.80 ◦C) and a high S value
(38.68) defined the water mass at the time and place of maximum PDA formation, in
2017 and 2022 salinity played a more important role (38.65 and 38.83 respectively and θ
around 9 ◦C). In 2018, the situation between the two parameters as driving factors is more
balanced. Potential temperature of 7.11 ◦C is between the values of 2012 and 2017/2022
with the lowest S value among the 4 bottom ventilation years (38.12). This observation
agrees with Supić and Vilibić (2006) who stated that some years are dominated by either
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low T or high S values, but there are also years when the situation is more complicated
and both parameters contribute.

70



Figure 3.5: PDA map for dates when PDA is maximum in North and Middle Adriatic, for
the bottom ventilation years: 2012 (A), 2017 (B), 2018 (C) and 2022 (D). We observe
PDA values up to 30 kg m−3 and a tendency of the highest PDA to be located in the
northernmost part of the Adriatic Sea. Due to the cyclonic circulation, dense water at
the surface moves southward on the western side.
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Winter Date of Max Max θ (◦C) Max S Max PDA (kg m−3) ⟨Max(PDA)⟩15

2011/2012 13/02/2012 5.80 38.68 30.50 30.41

2012/2013 23/03/2013 9.95 38.91 30.02 29.90

2013/2014 16/01/2014 12.90 38.51 29.14 29.08

2014/2015 08/03/2015 9.97 38.21 29.47 29.44

2015/2016 02/02/2016 10.74 38.45 29.524 29.50

2016/2017 26/01/2017 9.25 38.65 30.11 30.04

2017/2018 01/03/2018 7.11 38.12 29.86 29.75

2018/2019 26/02/2019 9.89 38.42 29.65 29.61

2019/2020 29/02/2020 11.93 38.78 29.55 29.52

2020/2021 16/02/2021 9.18 38.41 29.76 29.70

2021/2022 08/03/2022 9.40 38.83 30.05 30.03

Table 3.2: Maximum of densities in the North / Middle Adriatic for the different winters,
with the corresponding salinities and potential temperatures. Bottom ventilation years
are highlighted in green. The averaged daily maximum of PDA over 15 days centered on
the maximum of PDA for the winter period.

Dense water formation is driven by heat loss and the preconditioning phase of the water
column. We investigate the influence of these factors on the formation of NAdDW, firstly
calculating the monthly average values of the integrated surface heat fluxes for the North,
Middle, and South Adriatic fig. 3.6 and 3.7 (delimitation of these three regions is shown in
the Appendixes B.2, B.3 and B.4). In the following, we determine the annual variability
of spatially and monthly integrated surface heat fluxes by normalizing it, taking into
account all available data sets (1979-2022) from ERA-5 (Hersbach et al., 2018; Herbasch
et al., 2020). We define ⟨Qm⟩ the average over all the years of the surface heat flux for
the month m:

Q̃m = −Qm − ⟨Qm⟩
⟨Qm⟩

. (3.3)

Secondly, monthly average values of salinity values integrated over the upper 10 m (fig. 3.7)
and over the whole water column (B.6) are also derived for the North Adriatic.

The analysis of the time series show that in 2012 strong heat losses occur (−5 ·
108 W m−2) (fig. 3.6) in February as compared to other years of our dataset (fig. 3.7). At
the same time, high saline waters fill the surface layer in the North Adriatic especially in
January and February (37.9 and 37.8 respectively) (fig. 3.7) leading to the formation of
very dense waters with a maximum observed on the 13/02/2012 (table 3.2). Mihanović
et al. (2013) and Janeković et al. (2014) showed that the increase of 0.3 in S during the
preconditioning of the water column in the North Adriatic (summer-autumn 2011) was
one of the main factor that trigger the 2012 event.

In 2017 and after, the oceanographic condition of the Adriatic changed due to an overall
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increase of S as mentioned in Amorim et al. (2024). Regarding the North Adriatic, that
year’s strongest integrated heat loss with a value of −6 · 108 W m−2 took place in January
(fig. 3.6) and exhibits the maximum value among all Januaries of the period considered
(fig. 3.7). Salinity values are also among the highest (with a mean value greater than 38.3
on the whole water column in January (B.6) and nearly 37.9 for the upper 10m (fig. 3.7)).
These results explain the high PDA values we observe in January 2017 in table 3.2 with
a maximum on the 26/01/2017 in the Northern Adriatic of 30.11 kg m−3.

In 2018, as already mentioned, the situation is more balanced. We observe relatively
low S values in the North Adriatic compared to the other years (fig. 3.7). As for the winter
period, the beginning was characterized by strong heat losses (−4 · 108 W m−2, fig. 3.6) in
December, no significant losses in January and a subsequent strong loss (−3.7·108 W m−2,
fig. 3.6) in February. The latter destabilized the water column, which was already less
stable due to the intrusion of high saline water in early 2017, as shown by Amorim et al.
(2024). The combination of these conditions could explain that the high density water
(table 3.2) triggered the gravity current observed this year in the deepest part of the pit,
where the highest density value was observed at the end of April (fig. 3.4).

Winter 2022 can be considered a very mild winter for the North Adriatic, as there
are no strong losses compared to the other years (positive normalized values, fig. 3.7)
(fig. 3.6). However, in contrast to the other years analyzed above, very strong heat losses
events occurred in December and January in the Middle Adriatic (−5.9 · 108 W m−2 and
−4.8 · 108 W m−2 respectively, fig. 3.6). In terms of salinity, the winter months in the
north have the highest value for the entire water column compared to all years, with a
mean value around 38.45 (B.6). This high amount of salt in the water column leads to
PDA = 30.03 kg m−3, which is among the highest observed during the bottom ventilation
years (table 3.2). The strong heat losses in the Middle rather than in the Northern
Adriatic could explain the observation of gravity currents in the pit earlier than in the
other years (19/02/2022).
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Figure 3.6: Qtot monthly integrated for the winter period (from December to March)
in the North (A), Middle (B) and South (C) Adriatic from winter 2011/2012 to winter
2021/2022. Strong heat losses will be present during strong winters (January 2017 for
example) and may induce generation for very dense waters. Strong heat losses at the
beginning of the winter period will allow a strong preconditioning of the water mass.
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Figure 3.7: Total surface heat flux monthly normalized for the winter period (December
to February) in the North (A), Middle (B) and South (C) Adriatic from winter 2011/2012
to winter 2021/2022 and salinity monthly average for winter period (December to March)
in the North Adriatic from winter 2011/2012 to winter 2021/2022 (D). The normalization
for (A), (B) and (C) is done monthly with eq. (3.3) considering the period 1979/2022.
Strong negative values in February 2012 as well as in January 2017 and February 2018,
mean that, considering all the Januaries of Februaries from 1979 to 2022, these were
particularly strong. For (D) salinity is average over the 10 upper meters of the water
column. High values of S, as during winter 2021/2022, may favor the formation of very
dense water.
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3.3.3 Time scale analysis
In this section, we first consider the typical time scales of the duration of the gravity
current event at BB and at E2M3A. Secondly, we estimate the travel time and speed of
the gravity current from the generation site in the North Adriatic to BB/FF and from
BB/FF to E2M3A. Results are presented in table 3.3.

To determine the duration of the gravity current event, we use the ADCP data at BB.
A gravity current is present when the observed speed V is greater than 0.17 m s−1, which
corresponds to the average speed plus one standard deviation. We further consider speeds
greater than 0.17 m s−1 along the down-slope axis (Vc). This threshold can be justified
considering the study of Paladini de Mendoza et al. (2022a) where it was observed that the
passage of gravity currents in FF or BB are marked by a decrease of water temperature
and/or high salinity values which is more important for velocities greater than 0.17 m s−1.
The beginning of bursts of fluctuations in the dSAP was defined as the time when ηρ

exceeds two times σs, the standard deviation of fluctuations during non-bottom ventilation
years.

The speeds recorded at BB along the down-slope axis (fig. 3.8 B, C, D and E) exhibit
regimes formed by a series of pulses or consisting of isolated points, which are in the
following neglected, (section 3.2.1.3) to determine the beginning and the end of the pulse
regime in the speed time series (fig. 3.8 and table 3.3). The results show that pulses end
earlier in 2018 and 2022 (mid-May) than in 2012 and 2017 (beginning of June) (table 3.3)
which lead to an average duration of the pulses of 106 days during the bottom ventilation
years (table 3.3). Moreover, we determined the average travel time between BB (FF) and
E2M3A, using bursts of fluctuations of PDA, of 15.5 days (14 days) (table 3.3). These
results show, firstly, that the mean velocity of the gravity current from BB (FF) to the
dSAP is on average of 0.057 m s−1 (0.078 m s−1) (table 3.3). Secondly, they show that
the end of the cascading of gravity currents in the dSAP (and so the beginning of the
relaxation period) ends no later than 29/06 in 2012, 20/06 in 2017, 01/06 in 2018 and
02/06 in 2022. Considering the average time travel observed between BB and E2M3A,
these values are consistent with those of Martellucci et al. (2024), who mentions an outflow
of NAdDW from the Bari canyon toward the SAP usually in spring from March to June.
These values indicate then that the duration time of bursts of fluctuations in the dSAP
varies from 58 days in 2018 to 111 days in 2012 (table 3.3) which is also consistent with
the fact that among bottom ventilation years, 2018 is the year when the less dense water
was formed in the North (table 3.2). We observe that in 2017 and 2018 the duration of
pulses at BB is greater than the duration of bursts of fluctuations in the dSAP (table 3.3).
The opposite was true in 2022, which is explained by water passing though FF played
a greater role in the renewal of the dSAP water mass (Appendix B.1) and pulses began
earlier there (10/02, not shown here).
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Figure 3.8: (A) Speed at BB mooring, only considering values above the threshold of
0.17 m s−1. Down-slope velocities above 0.17 m s−1 for (B) 2012, (C) 2017, (D) 2018,
and (E) 2022 (bottom ventilation years) are shown in blue. For (B), (C), (D), and (E)
the daily number of speed greater than 0.17 m s−1 is shown in red (section 3.2.1.3). We
consider days when the number of values Nv is greater than 6 for the detection of the
beginning and the end of the gravity current event.

During bottom ventilation years, the minimum travel time from the formation site in
the North Adriatic to the dSAP (interval between the date of the PDA maximum in the
North Adriatic and the date of the start of the bursts of fluctuations at E2M3A) ranges
from 25 days to 73 days, see table 3.2 and 3.3. However, in 2022, we obtain a negative
value indicating that the start of the bursts of fluctuations in the dSAP is due to either
dense water that formed well before 08/03/2022 (date of the PDA maximum, table 3.2) or
dense water formed in the Middle Adriatic (see section 3.3.2 above). Assuming that the
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maximum of the PDA at the formation site in the North Adriatic generates the maximum
of the PDA in the dSAP, a more accurate travel time ranges from 52 days in 2018 to 99
days in 2017 (table 3.3) which is consistent with the order of magnitude of 2–4 months
for the travel time from the North to the Southern Adriatic mentioned in the literature
(Vilibić and Orlić, 2001, 2002; Rubino et al., 2012; Benetazzo et al., 2014). These travel
times, lead to the velocity of the dense water masses (table 3.3) ranging from 0.083 m s−1

in 2012 to 0.16 m s−1 in 2018.

2012 2017 2018 2022

Arrival time at BB ND before March 24/01/2017 22/01/2018 05/03/2022

End of pulses in BB 13/06/2012 05/06/2017 17/05/2018 15/05/2022

Pulses duration at BB (days) ND before March 132 115 71

Beginning - E2M3A 09/03/2012 09/04/2017 04/04/2018 19/02/2022

Fluctuations in E2M3A (days) 111 72 58 102

Date of maxima of PDA North 13/02/2012 26/01/2017 01/03/2018 08/03/2022

Date of maxima of PDA BB 03/05/2012 20/04/2017 07/04/2018 ND

Time travel North-BB (days) 80 84 37 ND

Speed North-BB (m s−1) 0.093 0.089 0.206 ND

Date of maxima of PDA (SAP) 12/05/2012 09/05/2017 19/04/2018 19/06/2022

Time travel BB - E2M3A (days) 16 15 15 16

Time travel FF - E2M3A (days) 12 12 16 16

Speed BB - E2M3A (m s−1) 0.055 0.059 0.059 0.055

Speed FF - E2M3A (m s−1) 0.089 0.089 0.066 0.066

Minimal time travel North -
E2M3A (days) 25 73 34 -18

Time travel North - E2M3A
(BB/FF) (days) 96/92 99/96 52/53 ND

Table 3.3: Duration time of bursts at E2M3A and BB, travel times from the dense water
generation site in the North to BB and from BB to E2M3A, as well as associated velocities.
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Year North (m s−1) Middle (m s−1) South (m s−1)

2012 -0.016 -0.015 -0.031

2017 -0.015 -0.023 -0.035

2018 -0.032 -0.034 -0.038

Table 3.4: Mean value of projected northward velocities along the Adriatic axis (V ′) in
the near bottom (15-25 cm above the bottom) for areas on the western side of the North,
Middle, and South Adriatic in 2012, 2017, and 2018. These values represent the ambient
velocities to which the gravity current is submitted. They were determined for the period
corresponding to the gravity current event (from the time of maximum PDA in the North
to the time of maximum in BB) in 2012, 2017, and 2018. 2018 appears to be the year
with the highest southward velocities.

In the literature, Vilibić and Orlić (2001) mentioned a time of two months for the
arrival of the NAdDW near Bari, which means a velocity of 7 − 8 cm s−1 (a value also
mentioned by Hendershott and Rizzoli (1976)). However, as showed by Vilibić (2003) in
his study around the Palagruza Sill, the NAdDW current can be very variable and reach
velocities of up to 20 cm s−1 in the southeast. This variability in NAdDW velocity was
also mentioned by Benetazzo et al. (2014), who found a NAdDW velocity in the order of
30 cm s−1 when leaving the northern basin in the early stage of formation and 9 cm s−1

on average after this early stage. Another hypothesis for the short time travel in 2018 is
a higher ambient velocity of the water masses, to which the gravity currents is submitted
on its way southward. To investigate this feature, maps of the difference in 7-day mean
projected meridional velocity along the Adriatic axis in the near bottom (15−25 m above
the bottom) (V ′) between 2018 and the other bottom ventilation years (not shown here,
see Appendix B.8 for the difference between 2018 and 2017). We observed higher V ′

values southward in 2018 explaining the higher dense water velocity observed. This result
is confirmed by table 3.4 and Appendix B.7, which take into account the three areas on
the western part of the Adriatic Sea sub-basins for 2012, 2017 and 2018 in the near-bottom
region, and which depict higher ambient velocities in each basin in 2018 as compared to
the other years.

3.3.4 Mixing ratio
The water masses in the dSAP after a bottom ventilation event are a mixture of in-
truding waters, mainly through BB and FF, and the water present before the event (see
section 3.2.1.2). If the mixing is due to turbulent motion of water parcels, the difference
in the molecular diffusion coefficients does not matter and the mixing ratios of eq. (3.1)
apply. The different water masses are presented in θ/S diagrams (fig. 3.9), and can be
distinguished based on their thermohaline properties (see section 3.2.1.2). A mixing of
water masses shown in this diagram leads to a new water mass consisting of the weighed
combination of all water masses involved. Therefore, in our case, the water mass after the
bottom ventilation event must lie within the triangle represented by the water mass at
E2M3A before the fluctuation and the water masses at BB and FF (see section 3.2.1.2).
In terms of eq. (3.1), this means that all ratios (R) lie in the interval [0, 1] and their sum
equals unity. This condition is satisfied by the thermohaline properties for all the bottom
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ventilation years considered, i.e. 2012, 2017 and 2018 (no thermohaline data is present
for 2022 at BB/FF) (fig. 3.9). This finding presents criteria 6, further indicating that a
gravity current event is responsible for bottom ventilation.

In addition, it is interesting to note that for all the three years the θ/S properties
differ. Indeed, the percentage of water mass originating from BB or FF involved in
changing the properties of the deepest water mass at E2M3A differs between the different
bottom ventilation events (fig. 3.9) with values ranging from 10% to 23% for BB in 2012
and 2017, respectively and from 12% to 48% for FF in 2018 and 2012, respectively. This
means that in 2012 and 2018, the water mass involved in the change of the deepest waters
of the dSAP passed mainly through FF, while in 2017 it passed mainly through BB. In
2022, in Appendix B.1, fluctuations seem to occur mainly at FF mooring, indicating that
the water flowing into the pit came mainly from FF in that year.

In all three bottom ventilation years, we observe an increase in density due to gravity
currents (fig. 3.9). This increase is 1 × 10−2 kg m−3 in 2012, 5 × 10−3 kg m−3 in 2017 and
1.2 × 10−2 kg m−3 in 2018. Considering the period studied, for which the density has a
variability of −0.1 kg m−3, this means that the density changes are of 10%, 5% and 12% of
the total variability in 2012, 2017 and 2018 respectively, and they are opposing the general
trend (increasing in density, fig. 3.3). These changes are non-negligible, because in order
to reach the bottom, the density of the water mass transported by the gravity current has
only to be slightly superior to the water mass in place. The information about potential
temperature and salinity shows which variable was the driver for the gravity current. In
2012, we observed a decrease in S and θ by almost 2.5 × 10−2 and 0.13 ◦C, respectively,
suggesting that temperature was the driver of the gravity current. In contrast, 2017 shows
an increase in both S and θ by almost 4 × 10−2 and 0.14 ◦C, respectively, suggesting that
salinity is the driver. In 2018, we observed both a decrease in θ by about 1 × 10−2 ◦C and
an increase in S by about 1.5 × 10−2 ◦C (fig. 3.9). This year, the change in water mass
properties is almost perpendicular to the isopycnals, which leads to a significant increase
in density. In 2012 and 2017, the change was mostly along the isopycnals, the former
exhibiting a decrease and the latter an increase in spiciness.

The intrusion of the water transported by the gravity current into the dSAP is mainly
turbulent, since no replacement of the previous water mass was found. This is evidence
by the substantial value of Rb for all three bottom ventilation events. Furthermore, for
the different bottom ventilation years, the change vector at 1200 dbar at E2M3A before
and after the fluctuations is close to the vector at 1000 dbar at E2M3A and almost
perpendicular to the vector defined by the difference of these two water masses before
the fluctuations (fig. 3.9). This means that the mixing between the water masses at 1000
dbar and at 1200 dbar, which would lead to a variation along the initial water masses
differences, is small.

A θ/S diagram also provides information that helps to exclude convection being re-
sponsible for the change of water mass properties in the dSAP as seen on fig. 3.9, where
the point corresponding to the water mass after the bottom ventilation at 1000 dbar has
a lower density than the point corresponding to the same situation at 1200 dbar for all
three years. This means that convection, which homogenizes the water masses in the
vertical, is not involved here and that the dSAP is ventilated by gravity currents.
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Figure 3.9: θ/S diagrams at E2M3A, at 1000 and 1200 dbar, for the bottom ventilation
years recorded: 2012 (A), 2017 (B) and 2018 (C). Isopycnals are represented by the
contour lines. The point representing the situation at 1200 dbar after the fluctuation
(blue point) is within the triangle defined by the water mass coming from BB (black
point), the water mass coming from FF (green point) and the water mass before the
fluctuation (red point) for the different bottom ventilation years. The difference between
the two depths (1000 and 1200 dbar) is almost perpendicular to their respective changes
in water-mass properties.
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3.3.5 Detection of gravity currents using Copernicus reanalysis
The observation of gravity currents through the Copernicus reanalysis is subject to the
performance of the model to detect mesoscale processes. To compare E2M3A Lagrangian
observations and Copernicus Eulerian results, we derive 15 point average of Copernicus
PDA around E2M3A position (fig. 3.10). Results show that bursts of fluctuations are not
well represented in the Copernicus reanalysis as no significant event is reported during
bottom ventilation years by the fluctuation index (fig. 3.10). Furthermore, the correlation
coefficient between the two time series is equal to 0.24 (and 0.13 for a weekly average)
which indicates that this model does not have a vertical resolution high enough to detect
gravity currents cascading to the dSAP, see Laanaia et al. (2010). During bottom ventila-
tion years, we can observe fluctuations on the Copernicus reanalysis, but, considering the
whole time series, they are not significant in terms of the fluctuation index (see fig. 3.10
a). Nevertheless, as presented in fig. 3.11, potential temperature and salinity of the
Copernicus reanalysis follow the general trend of E2M3A time series. For the horizontal
velocities, the amplitudes in the Copernicus reanalysis are typically 5 times smaller and
gravity currents are not discernible. The reanalysis poor results depicted in fig. 3.10 are
due to a next to compensation of the influence of potential temperature and salinity when
density is considered and a deficiency of the Copernicus data to capture high frequency
(weekly) changes. Today’s fine resolution numerical models of the Adriatic do not allow
sufficient resolution to represent the topographic features important for the dynamics of
a gravity current and its non-linear dynamics.

Figure 3.10: Comparison of the daily averaged between the Copernicus reanalysis and
E2M3A mooring of the PDA time series (A) and the comparison of the fluctuation index
(B).
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Figure 3.11: Comparison of θ (A), S (B), Speed (C), zonal component of velocity u (D)
and meridional component of velocity (E) for E2M3A and the Copernicus reanalysis. For
θ and S the general trend is well captured by the reanalysis. Differences appear for the
speed and the components of velocity, where strong fluctuations observed on Copernicus
reanalysis time series are absent from E2M3A observations
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3.4 Conclusion
We presented a comparison of three moorings (E2M3A, BB and FF) CTD and velocity
data as well as reanalysis from Copernicus to determine that gravity currents reached the
dSAP in 2012, 2017, 2018 and 2022. This result is based on six criteria (see table 3.1)
applied during the period 2012-2022. We found an almost perfect concordance of all
criteria, as only during bottom ventilation years all criteria are satisfied for all available
data (see table 3.1).

The definition of the fluctuation index (η̃), which determines the time interval during
which the significant fluctuations occur, made it possible to show a consistency between,
firstly, the detection at the three moorings, since events reported in BB/FF are followed
by events at E2M3A, and secondly, the different criteria based on data studied when
considering only the dSAP. The latter have linked bursts of fluctuations in density (η̃ρ > 1,
first criteria) and oxygen (η̃O > 1, second criteria), proving that ventilation has taken
place. Apart from the fact that the fluctuation index for moorings BB and FF must be
satisfied, the normalized density difference should be significantly small (less than 1) to
assume that the observed bursts of fluctuation are the result of the passage of a gravity
current from the same source region. We observed that the years that meet the fluctuation
index all meet this condition (third criteria). The dense water that flowed in BB or FF did
not necessarily lead to bursts of fluctuations in the dSAP, even if their density difference
was small, but rather in the upper layers of the pit (900 dbar and 1000 dbar) or even not at
all. This means that the water transported by the gravity currents must be denser than
the water already present in the dSAP (fourth criteria). The definition of the density
threshold of 29.75 kg m−3 using the Copernicus reanalysis on the North Adriatic (fifth
criteria) represents the minimum density of the NAdDW to reach the dSAP. Furthermore,
the analysis of θ/S diagrams provides valuable information on the mixing ratio between
the water masses of the three moorings. The thermohaline properties of the water masses
in the dSAP after the bursts of fluctuations show to be differently mixed among bottom
ventilation years, with different contributions from BB and FF. The θ/S diagram shows
that 2012 was mainly driven by potential temperature, while 2017 was mainly driven by
salinity. The year 2018 seems to be influenced by both salinity and potential temperature.
It was also found that in 2012 and 2022 the gravity current was mainly passing though
FF, on the open slope North of the Bari canyon. Furthermore, we found that the water
transported by the gravity current is mainly turbulent since no replacement of water
masses took place in the dSAP and that convection cannot be responsible for the change
in water mass properties in the dSAP, as the bottom density is greater than density at
1000 dbar after the bottom ventilation.

The combination of all criteria was only met for the bottom ventilation years (2012,
2017, 2018 and 2022), but among other years some are characterized by a gravity current
event when the water density was not high enough to reach the dSAP (2015, 2016, 2019
and 2021). It was also found that 2013 also satisfied the fifth criteria. Furthermore, in
2013 and 2019 the criteria on the difference in density between BB and FF is satisfied,
but this can also be achieved without a gravity current.

NAdDW formed during bottom ventilation years and with PDAs greater than 30 kg m−3

were generated by the same forcing that drive gravity current in the dSAP. In 2012, poten-
tial temperature was the main driver of NAdDW formation, while in 2017 and 2022 it was
salinity. In 2018 both potential temperature and salinity were involved in the NAdDW
formation. The bottom ventilation years were also characterized by strong integrated
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heat losses that triggered the formation of this water (fig. 3.7).
The time scale analysis, taking into account both the ADCP and PDA time series

(2012-2022), revealed firstly that the duration of speed pulses in BB is a few months
(from late January to May), leading to an average duration of bursts of fluctuations in
the dSAP of a few months (from March to June) for all the bottom ventilation years.
Second, the time travel from the generation of NAdDW to BB was found to be 80, 84,
and 37 days in 2012, 2017, and 2018, respectively, implying that the speed of the gravity
current varies from year to year. A tentative explanation for the short travel time in
2018 is the higher south-eastward ambient velocity on the west coast of the Adriatic
as compared to the other bottom ventilation years (on average 0.04 m s−1 in 2018 and
0.02 m s−1 in 2012 and in 2017). After reaching BB (FF), the travel time to the dSAP is
around two weeks, which corresponds to an average speed of 0.06 m s−1 (0.08 m s−1).

Finally, the comparison between the Copernicus reanalysis and the E2M3A PDAs time
series for the dSAP show consistent differences in both value and variability. The former
does not clearly detect gravity current events during bottom ventilation years (fig. 3.10),
which is certainly due to a low vertical resolution of the numerical model employed.
Nevertheless, temperature and salinity time series of both datasets are similar and show
the same trend, suggesting that the density compensation, emphasizing small differences
in T and S between observations and the reanalysis, leads to significant differences in the
PDAs.

Our results show that the stratification and ventilation of the dSAP are determined
by the competition between small-scale mixing, which has a homogenizing effect, and
intermittent gravity currents, which have a restratifying and ventilating effect (see also
(Querin et al., 2016; Cardin et al., 2020b)). Both processes are strongly influenced by
small-scale turbulent dynamics. While the former is continuous and local, the latter is
intermittent, almost singular in space and time and also strongly dependent on small-scale
topographic features and remote forcings. Parameterization exist to represent the former
in digital twins or avatars of the ocean, while the latter is more difficult to capture. The
dSAP is thus an example of a long-term, large-scale climatic evolution that depends on
small-scale short-term processes that need to be investigated using high-frequency long
term observational data.

This study highlights how high frequency measurements of physical and biogeochemi-
cal parameters of the South Adriatic EMSO regional facility are necessary in the perspec-
tive of observing mesoscale and submesoscale processes that affect the circulation of the
Adriatic Sea and in term the general Mediterranean overturning circulation.
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Part IV

Microscale variability in the
SAP in the context of a

climate change
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Extension of the closure
problem to microscale
dynamics

The analyses presented in the previous parts demonstrate how the dynamics governing
the SAP operate across multiple scales. Basin-scale circulation determines the long-term
trends of thermohaline and biogeochemical properties (part II), while mesoscale and sub-
mesoscale processes, such as convection, eddies, and gravity currents, organise ventilation,
lateral exchange, and restratification (part III). However, although these scales describe
the organisation of the flow, they do not close the system, as the mechanisms by which
water masses are actually mixed and transformed operate at smaller scales.

For gravity currents, basin-scale dynamics determine their pathways from the north-
ern Adriatic towards the SAP, while submesoscale dynamics shape their structure and
interaction with the ambient flow. The exchange of heat and salt between the current
and the surrounding water occurs at smaller scales, within shear-driven turbulence and
boundary layers developing along the current interface and the topography. These pro-
cesses control entrainment, diapycnal mixing, and, consequently, the impact of gravity
currents on deep-water ventilation (Legg et al., 2009) (section 0.3.2).

Similarly, in areas where convection occurs, vertical exchange operates through fine-
scale convective plumes, while the effective mixing of heat and salt depends on turbulence
and molecular diffusion at the microscale (Marshall and Schott, 1999). Mesoscale, sub-
mesoscale, and fine-scale processes structure the circulation, while microscale mechanisms
govern the transformation of water masses (section 0.3.1).

Among these microscale mechanisms, double-diffusive instabilities arise from the large
difference in the molecular diffusivities of heat and salt and develop at the microscale
(Stern, 1960; Marshall and Schott, 1999; Talley et al., 2011). In a water column stable
with respect to mean density, such processes can sustain microscale convective motions,
such as salt fingering, that enhance vertical exchange. Over time, this microscale mixing
affects stratification, diapycnal fluxes, and water mass properties, thereby influencing the
long-term thermohaline structure and ventilation of the SAP (chapter 4).

The changes observed in the SAP since 2017 suggest that the response of the sys-
tem cannot be fully understood without considering microscale mixing processes. While
basin-scale observations reveal a persistent decoupling between deep and upper layers
(part II), and submesoscale analyses show the role of gravity currents (part III), mod-
ifications in the water column temperature and salinity gradients affect the dominant
double-diffusive regime in the SAP. A shift in the double-diffusive regime would imply
changes in microscale mixing efficiency, with consequences for stratification and long-term
thermohaline evolution. This motivates a dedicated analysis of microscale processes in
the following chapter, focusing on double-diffusive regimes.
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Chapter 4

Tipping of the double-diffusive
regime in the southern adriatic
pit in 2017 in connection with
record high-salinity values

This section is constituted by the article published in Ocean science in 2024:

F. L. L. Amorim, J. Le Meur, A. Wirth, and V. Cardin. Tipping of the double-diffusive
regime in the southern adriatic pit in 2017 in connection with record high-salinity values.
Ocean Science, 20(2):463–474, 2024. doi: 10.5194/os-20-463-2024.

Abstract: In double-diffusive mixing, whenever salinity and temperature decrease
with depth, the water column is either unstable or predisposed to a state called salt
fingering (SF), which exhibits increased vertical mixing. Analysis of a high-frequency
time series of thermohaline data measured at the EMSO-E2M3A regional facility in the
southern Adriatic Pit (SAP) from 2014 to 2019 reveals that in the south Adriatic, SF is
the dominant regime. The same time series shows the presence of a very saline core of
the Levantine Intermediate Water that penetrated with unprecedented strength during
the winter of 2016/17 at around 550 dbar and even higher-salinity water above. The
effect of strong heat loss at the surface during that winter allowed deep convection to
transport this high-salinity water from the intermediate to the deep layers within the pit.
This resulted in an increased predisposition to SF throughout the water column. In the
subsurface layer (350 to 550 dbar) the increase is from 27% to 72% of observations. We
observe an alteration of vertical stratification throughout the water column during the
winter of 2016/17 from a stratified water column to an almost homogeneous water column
down to 700 dbar , with no return in the following years.

4.1 Introduction
The southern Adriatic Pit (SAP) is an important deep-water formation region. The
formed dense waters in the area enter the eastern Mediterranean bringing oxygenated
cold water to deeper layers. The stratification is altered by convection, gravity currents,

91



lateral intrusions from neighbouring basins and double-diffusive mixing. The first two
are intermittent strong events, while the last one is continuous with varying magnitude.
During winter, vertical convection can occur, destroying density barriers throughout the
water column. These combined processes allow efficient mixing and exchange of properties
between the upper, intermediate and sometimes also the deep layers, resulting in changes
in the properties and stability of water characteristics (Leaman and Schott, 1991; Leaman,
1994; Mertens and Schott, 1998; Vilibić and Orlić, 2002; Cardin and Gačić, 2003; Cardin
et al., 2011). Intermittent gravity currents bring cold water masses from the northern
Adriatic to the deep parts of the SAP, a process that is affected by topographic canyons
and which restores the bottom-to-surface density difference (Chiggiato et al., 2016). The
water mass characteristics in the southern Adriatic lead to a predisposition to the double-
diffusive salt finger process (SF; the temperature stratification is stable, while the haline
stratification is unstable) because of the warm and salty Levantine Intermediate Water
(LIW) overlying the colder and fresher deep Adriatic water (AdDW). Indeed, double-
diffusive convection occurs in the ocean when either the temperature or salinity-induced
stratification is statically unstable, while the overall density stratification is statically
stable (Stern, 1960). The potential energy bound in the un stable component is released by
molecular diffusion, which is 100 times faster for heat than for salt (Stern, 1960; Schmitt,
1994; McDougall et al., 1988) describe the vertical stratification in terms of the following
stability regimes: SF, diffusive convective (the temperature stratification is unstable, while
the haline stratification is stable), doubly stable and statically unstable. According to
You (2002), large areas of the world’s oceans are favorable to double diffusion, including
the Mediterranean and the Adriatic seas. Specifically, SFs have been observed in the
Mediterranean Sea (Schmitt, 1994; Meccia et al., 2016; Menna et al., 2021), the Tyrrhenian
Sea (Tait and Howe, 1968; Durante et al., 2019) and the Adriatic Sea (Carniel et al., 2008).
Double-diffusion studies in the oceans typically use CTD profile transects acquired at high
frequency (hours) but over a short period (days to weeks). They also provide a fine vertical
resolution but are not able to depict a continuous evolution of double diffusion over several
years. Durante et al. (2019) used a longer time series of CTD casts, and Menna et al.
(2021) analyzed years of Argo data profiles in the Tyrrhenian and Ionian/Levantine seas,
respectively, with the temporal resolution of the analyzed data ranging from weeks to
months. Taillandier et al. (2020) used a combination of about 700 CTD and Argo float
profiles collected from 2013 to 2017 to study thermohaline stair cases related to double
diffusion in the western Mediterranean Sea. In this work, we examine high-frequency,
long time data from the EMSO-E2M3A regional facility (http://emso.eu/observator
ies-node/south-adriatic-sea/, last access: 18 March 2024) that allow us to assess
the temporal evolution of double diffusion over long timescales at high frequency (hours)
but only at a coarse vertical resolution at a fixed horizontal location. Fine-scale double-
diffusive stair cases typically extending O(10 m) vertically cannot be directly observed
with our data, but vertical temperature and salt stratification leading to double diffusion
can be observed. In the SAP, the saltier Levantine Intermediate Water (LIW) forms
intrusive features (Vilibić and Orlić, 2001; Vilibić and Supić, 2005; Gačić et al., 2010).
Double-diffusive mixing processes acting at the interfaces of these intrusions alter heat
and salt transport, but turbulence levels must be sufficiently low for double diffusion to act
(Lee et al., 2014). Cardin et al. (2020b) estimated a high vertical bulk diffusivity coefficient
in the deep SAP (below the sill depth of 780 m) of 5 × 104 m2 s−1 based on two types of
data, i.e., 13-year time series of observational data (2006–2019) of temperature from the
EMSO-E2M3A observatory and available vertical profiles (1985–2019) in the area. The
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differences in the molecular diffusivity of temperature and salinity can enhance vertical
mixing through double diffusion, resulting in effective large-scale (bulk) diffusivities on
the order of 104 m2 s−1 (Radko, 2013; Bryden et al., 1994). Even though this pro cess
happens on molecular scales, it can affect larger spatial extents by mixing water mass
properties. Double diffusion is particularly widespread in the main thermocline (Radko,
2013) and contributes to the vertical transport of heat, affecting the global climate due
to the air–sea fluxes occurring in the sea surface. The prevalence of double diffusion in
the upper ocean can enhance the mixing of nutrients, which directly controls biological
productivity (Radko, 2013; Meccia et al., 2016). Despite their potentially important
contribution to vertical mixing, there is no quantitative work that has investigated the
evolution of double-diffusion regimes using continuous long-term datasets (multi-year)
with a high frequency (hours to days). In this study, we describe the changes in double-
diffusion regimes using time series data obtained from the EMSO-E2M3A in the SAP. A
description of the observational data and applied methodology is provided in the following
section while the analysis and discussion are presented in section 4.3. Conclusions are
given in section 4.4.

4.2 Data and methods
The data used in this study were obtained from the EMSO south Adriatic deep observa-
tory that is one of the regional infrastructures established at “key environmental sites”
in European seas within the framework of the EMSO ERIC (European Multidisciplinary
Seafloor and water column Observatory – European Research Infrastructure Consortium)
network. The observatory consists of two sites: the first located in the center of the south
Adriatic Pit, at depths of around 1200 dbar (E2M3A, 4.1), and the second on the western
side of the escarpment (BB and FF). The data collected at the E2M3A site enable the
monitoring of changes that can be linked to variations in the submesoscale, mesoscale
and general circulation of the eastern Mediterranean Sea or, on a larger timescale, to
the climate variability in the area, demonstrating the importance of high-frequency mea-
surements to resolving events and rapid processes (Cardin et al., 2020b) as well as their
long-term occurrence and modulation.

In recent years, the observatory has allowed monitoring of convective processes and
the formation and arrival of dense water (crucial for oxygenation in the deep sea). The
EMSO-E2M3A site (position 41.53 ◦N, 18.06 ◦E) has operated almost continuously since
2006 (Bensi et al. (2014); Cardin et al. (2015, 2018, 2020a); http://emso.eu/observat
ories-node/south-adriatic-sea/, last access: 18 March 2020). The EMSO-E2M3A
dataset used in this study consists of potential temperature (θ) and salinity (S) data
collected hourly at seven vertical levels (150, 350, 550, 750, 900, 1000 and 1200 dbar)
ranging from November 2014 to October 2019; these dates were chosen to consider the
longest period available between two maintenance cruises with calibration of instruments.
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Figure 4.1: EMSO-E2M3A mooring location (red dot) in the South Adriatic Pit (SAP) at
a depth of about 1200 dbar and Argo floats positions (yellow square and triangle), with the
main water mass routes: Adriatic Deep Water (AdDW), Levantine Intermediate Water
(LIW) and North Adriatic Dense Water (NAdDW). Other components of the EMSO
ERIC South Adriatic Facility: moorings BB (blue dot) and FF (orange dot).

Derived parameters such as θ, Turner angle and squared buoyancy frequency (here-
after referred as Tu and N2, respectively) were calculated using the Gibbs Seawater
(GSW) Oceanographic Toolbox containing the TEOS-10 routines (McDougall and Barker,
2011). Calculations were achieved using the NumPy module (Harris et al., 2020), the pan-
das module (Wes McKinney, 2010) and the SciPy module (Virtanen et al., 2020) from
Python. The different figures presented here were obtained thanks to the Matplotlib mod-
ule (Hunter, 2007), again from Python. The squared buoyancy frequency (N2) values are
calculated considering 33h filtered conservative temperature (CT) and 33h filtered abso-
lute salinity (SA) (McDougall and Barker, 2014) and are centreds at the mean pressure
between two of the mooring time series, i.e., at 450, 650, 825, 950 and 1100 dbar (we re-
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moved the 150 dbar layer as important gaps in this time series are present). Interpolation
is then performed to obtain a visualization of N2 on the whole water column. In order
to explore if the water column was favorable to double-diffusive regimes and its related
possible local stability condition we estimated the Turner angle (Tu) defined following 4.1
(Ruddick, 1983):

Tu = arctan(α∂θ

∂z
− β

∂S

∂z
, α

∂θ

∂z
+ β

∂S

∂z
) (4.1)

where arctan is the arctangent of the fourth quadrant; α is the coefficient of thermal
expansion; β is the equivalent coefficient for the addition of salinity, sometimes called the
“coefficient of salt contraction” ; θ is the potential temperature; and S is the salinity. The
Turner angle, Tu, compares the density stratification due to the temperature gradient
with that due to the salinity gradient (van der Boog et al., 2022). The types of instability
are determined by the signs of the potential density and salinity gradients rather than by
their absolute values (Meccia et al., 2016).

When Tu is between -45 ◦ and -90 ◦, diffusive–convective double diffusion is possible;
for Tu between -45 ◦ and 45 ◦, the water column is doubly stable, meaning that the
water column is stably stratified with respect to both temperature and salinity, and for
Tu between 45 ◦ and 90 ◦, SF double diffusion is expected (You, 2002). To calculate
Tu, only data periods that covered all available vertical levels were used to achieve the
best discretization of the vertical gradient by using the values of two consecutive levels.
Therefore, we considered for this purpose the time series at the seven levels ranging from
November 2014 to October 2019. To evaluate further the water mass properties in the
vertical, we calculated the vector length (VL) defined following 4.2:

V L =
√

(αdθ

dz
)2 + (β dS

dz
)2 (4.2)

To the best of our knowledge, the VL has not been discussed in connection with
stratification and the Tu. A higher VL indicates an increased change in water mass
properties and therefore emphasizes the importance of Tu. On the other hand, when
the VL is small the water column is essentially unstratified and changes in the Tu are
insignificant. A water mass is characterized by θ and S, its potential temperature and
salinity. The variables Tu and V L are simply the polar coordinates in (θ, S) space. It is
Tu that determines the stability regime and VL the significance.

Complementing the time series data of T and S, we used the two Argo float number
6903197 profiles (https://www.euro-argo.eu/Argo-Data-access, last access: 19
February 2024), daily ERA5 net surface heat fluxes (Qtot; Hersbach et al. (2018); Herbasch
et al. (2020)) from the European Centre for Medium-Range Weather Forecasts (ECMWF)
and mixed layer depth (MLD), provided by the Copernicus Marine Service at the nearest
grid point to EMSO-E2M3A. The winter period is considered to run from December to
February. Heat flux variations were determined by averaging Qtot over an area containing
points 0.3 ◦ from E2M3A; this yields an average of four points. The MLD was calculated
using its maximum in an area closer than 0.1 ◦ from the mooring location.

Surface relative vorticity is defined following 4.3:

RV = ∂v

∂x
− ∂u

∂y
(4.3)

where u and v are surface geostrophic velocities (SEALEV EL EUR PHY L4 MY 008 068
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product; Copernicus Marine Service) in an area limited by the isobath of 1150 dbar. The
RV is the average of 18 grid points around the mooring position with 0.125° spatial reso-
lution. It is important to note that the EMSO-E2M3A deep mooring is very close to the
center of the SAP, where the relative vorticity has a smaller variance than at the edges
on the 1000 m isobath.

The two Argo float (no. 6903197) profiles used here are profile 81 (16 January 2017)
and profile 82 (21 January 2017), which are located about 38 and 46 km (at 41.52 ◦N,
17.64 ◦E and 41.40 ◦N, 17.57 ◦E, respectively) from the mooring (fig. 4.1)). The Argo
profiles of potential temperature and salinity were first linearly interpolated to 1 dbar
vertical resolution, and the Turner angle was calculated using the 20-point moving-average
profiles to avoid excessive noise in the results.

4.3 Analysis and discussion

4.3.1 Thermohaline variability in the area
The Hovmöller diagrams, based on time series of potential temperature and salinity mea-
sured at SAP (fig. 4.2), show a clear change in the characteristics before and after 2017.
Looking at the 5-year dataset used for this work (November 2014–October 2019), the
water column from the end of 2014 to the end of 2016 shows a clear signature of LIW
occurrence restricted to the layer between 400 and 600 m, with a core value of 38.84.
Unfortunately, the lack of data from the 150 dbar time series prevents defining the char-
acteristics of the upper layer between November 2014 and November 2015. However, there
is an indication of an intrusion of less saline water into the LIW horizon, which seems
to be the cause of the deepening of the LIW core to around 550 m by mid-2015, also re-
ducing its thickness. In October 2016, exceptionally, the surface layer was filled to about
300 dbar by very salty and warm waters, presumably an intrusion of LSW (Levantine
Surface Water), with values above 38.90 (since no data were available above 150 m, the
value could not be accurately determined). These two cores with high salinity were also
observed by Mihanović et al. (2021) based on Argo float data in the same area.
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Figure 4.2: Hovmöller diagrams (a, b) and time series (c–i) of potential temperature
(◦C; red) and salinity (blue) from the E2M3A mooring in the SAP. The isotherm of 13.4
◦C and the isohaline of 38.78 (black solid line) show the mentioned strong oscillations
after the winter of 2016/17 in the Hovmöller diagrams of and S, respectively.

By December 2016, the deep salinity maxima mixed with surrounding waters and
deepened to about 800 dbar with a reduced value of around 38.82. In early 2017, the
salinity at the surface and in the inter mediate layer changed radically. The most impor-
tant feature is the intrusion of high salinity into the intermediate layers contributing to
a strong convection event in early winter, which is confirmed by the pool of homogenized
water to a depth of about 700 dbar in the pit (fig. 4.3b). Indeed, strong heat losses
occurred in January (620 W m2; Table 1) (fig. 4.3a), which, together with the contribu-
tion of salt in the water column, facilitated the erosion of the stratification (fig. 4.3b,
table 4.1). Mihanović et al. (2021) reported very high-salinity values (above 38.9) in the
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upper 100 dbar in the southern Adriatic as early as mid-March from Argo data, which
increased to an exceptional salinity and temperature maximum at and near the surface
by summer. Throughout the year, salinity in the water column remained exceptionally
high, confirming the same trend observed by Mihanović et al. (2021) along the Palagruža
transect during summer and autumn. Moreover, temperature and salinity observations
are higher than the values/data reported in previous climatologies for the Adriatic and
in the literature (Buljan and Zore-Armanda, 1976; Artegiani et al., 1997; Lipizer et al.,
2014a). In 2017 the water column showed a two-layer structure divided by the isohaline
value of 38.83, with high-salinity waters occupying the surface and intermediate layers
(down to about 800-850 dbar) and less saline waters (about 38.78) filling the deeper part
of the pit. Water temperature in the latter, usually lower than 13 ◦C, increased to ≈13.2
◦C. The strong oscillations (fig. 4.2) occurring during this period below 750 dbar are not
directly related to salt fingering predisposition and will be discussed in chapter 3.

98



Figure 4.3: The evolution of the three forcings connected to the changes in buoyancy. (a)
Net surface heat flux (Qtot ( W m2; blue line) emphasizing the periods of winter negative
surface heat flux (areas in red), (b) Salinity with mixed layer depth (MLD (m); solid
black line) and (c) Relative vorticity (RV (s−1 ; solid black line). Surface salinity in the
southern Adriatic peaked between August and October 2017, as indicated by data from
two floats in the southern Adriatic (not shown). In early 2018, another sharp increase in
salinity and temperature was observed in the surface and intermediate layers, reaching
values of 38.89 and 14.25 ◦C, respectively, predisposing the water column to convection.
Integrated surface heat loss for the winter period (table 4.1) showed that despite less
severe heat losses in the winter of 2018/19 (but very frequent weak losses in February and
March), the new contribution of salt triggered again the convective mixing of the water
column to about 850 dbar (fig. 4.3b).

The water column maintained its “two-layer structure” in terms of salinity, with a
halocline with values between 38.82 and 38.80 separating the surface layer from the deep
layer. The deep layer (1000-1200 dbar) also experienced a sharp increase in salinity with
values between 38.76 and 38.78 (fig. 4.2 and fig. 4.3b), which had never been observed
in the last decade. The fluctuations observed in the deepest layers in the previous year
were present also after March 2018. Inflow of high-salinity and warm waters into the pit
was registered closer to the surface in summer, which slowly deepened its horizon in the
winter of 2018/19 and completely filled the surface and intermediate layers with values of
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around 38.88 during the winter period (end of February– beginning of March 2019). As
a result, the amount of salt present in the water column triggered a convective mixing
similar to that observed in the winter of 2017/18. No substantial changes were observed
in the deep layer, which maintained the same characteristics as in late 2018 throughout
2019 and until the end of the study period. The above discussion indicates that saltier
waters overlying less salty waters are a recurrent feature over the whole water column in
the SAP. This leads to a predisposition to SF or convection.

Winter Integrated fluxes (J s−1) Maximum heat loss (W m−2) Mixed layer depth (dbar)

2014-2015 −1.14 × 109 −736 270

2015-2016 −6.75 × 108 −411 325

2016-2017 −1.22 × 109 −623 684

2017-2018 −1.01 × 109 −385 782

2018-2019 −1.35 × 109 −523 781

Table 4.1: Integrated heat fluxes for the winter period (December February; area in
red, fig. 4.3a), maximum heat loss and the depth reached by the mixed layer during the
convection.

4.3.2 Abrupt squared buoyancy frequency changes
The Hovmöller plot of Brunt–Väisälä frequency N2 (fig. 4.4) shows a change in the sta-
bility structure of the water column in the SAP before and after the beginning of 2017.
In winter 2015/16, the water column had high stability at about 450 dbar and 800 dbar,
which prevented convection despite high integrated heat losses. The barrier of high sta-
bility at about 450 dbar was eroded in 2016 due to saline intrusions in the upper layer.
During winter 2016/17, the water column stability weakened further due to strong surface
cooling, also pushing the core of the stable middle layer, which was around 800 dbar, down
to about 950 dbar. After the winter of 2016/17, the N2 structure did not return to the
state of previous years. Three forcings favored the change in the N2 structure in 2017 (as
shown in fig. 4.3): first, strong heat loss at the surface during the winter of 2016/17, with
the high salinity below the surface (150 to 350 dbar) pushing the intrusion of the LIW core
downward; second, the departure of the less saline water above the LIW (fig. 4.2); and
third, the change in relative vorticity. The last one shifted from cyclonic (1.7 × 10−6 s−1),
favoring preconditioning, to anticyclonic (−2.3 × 10−6 s−1), possibly leading to upward
Ekman pumping that brought more saline water to the surface, followed by a sharp jump
back to cyclonic due to sinking of the dense waters. These three factors contributed to
the observed low Brunt–Väisälä frequency N2 (fig. 4.4) and the SF-favorable scenario.
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Figure 4.4: Hovmöller diagram of squared buoyancy frequency (N2; s−2 . The layers with
data (at mid-pressure between two observation depths) are marked with thin solid lines
(450, 650, 825, 950 and 1100 dbar). A clear change in N2 after the winter of 2016/17 is
noticed.

4.3.3 Double diffusion and its evolution
Ocean stratification is subject to abrupt changes due to intermittent events such as gravity
currents, horizontal intrusions and convection, as discussed in the previous subsection.
These events not only overlap the continuous double-diffusive mixing but also interact
with each other. In this section, we emphasize the effect of changes due to the convective
process on the double-diffusive regime. We characterize the double diffusion by the Turner
angle, Tu, and vector length, VL, introduced in section 4.2. During the 5-year period,
the Tu time series (4.5a–e) showed variability ranging mainly from SF to doubly stable
regimes, with the SF regime (blue line in 4.5a–e) dominating below a depth of 550 dbar.

The uppermost layer (350|550 dbar) is favourable to SF at the end of 2014 due to
low salinity at 550 dbar. With the decrease in salinity at 350 dbar and an increase at
550 dbar (fig. 4.2d, e), the uppermost layer turns to doubly stable conditions from late
winter 2014/15 throughout 2016. At the same time, the potential temperature at 550 dbar
increases and the stratification in both variables decreases, as can also be seen in VL in
fig. 4.6a. The stable stratification leads to low values of double-diffusion vertical mixing in
the upper layer (350|550 dbar), and the underlying layers evolve more independently. Due
to an increase in salinity at 350 dbar in early 2017, the uppermost layer showed peaks of
strong conditions of SF and high VL. Subsequently, convection occurred causing the sharp
decrease in VL and the occurrence of an unstable regime described by the Turner angle.
The upper layer is homogenizing. This scenario of increased salinity in the upper part
of the layer, leading to a favorable SF regime, convection and consequently a decrease in
VL, also occurs with a time lag in the adjacent lower layer (550|750 dbar) and is repeated
in 2018 in the same period. A further increase in salinity in 2018 and 2019 leads to a
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strong SF condition but at low VL values, which is only sporadically interrupted by an
increase in temperature at 350 dbar.

Figure 4.5: Turner angle time series using vertical potential temperature and salinity
gradients and (f–j) the related PDFs calculated before (blue) and after (orange) 2017.
The numbers in the legend represent the pressure levels that define the layer, and blue
markers are periods of SF regime (pink background).

The second layer (550|750 dbar, 4.5b and 4.6b) is in a SF regime, interrupted only in
late 2016 and spring 2018. In the first period, a reduction in salinity at 550 dbar leads to
stabilization. This reduction is not observed in the adjacent layers and results from the
deepening of the LIW layer, which also reduces the stability of the upper layer. In the
second period, the stabilization is due to a sudden increase in salinity at 750 dbar, which
is observed to varying magnitude throughout the water column. Since the stabilization
strongly reduces the VL down to 900 dbar, it is due to convective (winter convection)
mixing.

The third layer (750–900 dbar, 4.5c and 4.6c) shows a continuous increase in Tu from
SF to unstable by the end of 2019 due to a continuous increase in salinity at 750 dbar.
There is a sudden decrease in VL due to the 2017 event, caused by an increase in salinity
at 900 dbar.

In the two deepest layers (900–1000 and 1000–1200 dbar, 4.5d, e and 4.6d, e), there is
a shift towards reduced predisposition of SF strength after the 2017 event, which is also
seen by increased variability in VL. Analysis of VL shows an eradication of stratification
in early 2017 from 350 dbar down to 900 dbar, which persists until the end of the data
record. The prominent peaks in Tu and VL in the first layer (350|550 dbar) in early 2017
are due to the arrival of warm, salty water at 350 dbar that possibly triggered strong SF
(see also 4.7 and the discussion of the Argo data below). The stabilization of the water
column in early spring 2017 in the two lower layers, seen by a jump and fluctuations in
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the VL, is due to gravity currents (see 3)

Figure 4.6: Vector length (1 m−1) time series and (f–j) the related PDFs.

We also plotted the probability density functions (PDFs) of Tu and VL through the
end of 2016 and from 2017 through the end of the observation period (4.5f–j and 4.6f–j).
All PDFs from Tu show dominance of the SF regime except in the uppermost layer due to
the period from early 2015 to the end of 2016. The regime change in 2017 is indicated by
an increase in Tu in the 750|900 dbar layer and a decrease in the 900|1000 dbar layer. In
these two layers, the peaks of the PDFs are well separated, indicating a regime change. In
the deepest layer (1000|1200 dbar), an oscillatory pattern from 2017 is observed, moving
from SF to a doubly stable regime, spreading the PDF in the second period but keeping
the peaks close. The Tu shows a notable tendency in SF in the 750|900 dbar layer after
2017 and a stabilizing trend in the layer below due to the convective event in 2017.
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Figure 4.7: Argo float and S profiles on 16 and 21 January 2017, with rectangles defining
the area to be zoomed. (c–d) Zoom of Argo profiles between 600 and 800 dbar showing
staircase features below convection depth in the SF regime. (e–f) Mooring data collected
on 16 and 21 January 2017 showing good coherence with Argo data. Potential temperature
(Ptemp; red lines) and salinity (Sal; blue lines). The background colors represent the
Turner angle regimes: SF– salt finger; DC – diffusive convection; DS – doubly stable; US
– unstable.

The PDFs of VL show a significant decrease above 900 dbar, indicating the eradication
of stratification, decreasing salinity gradients; the PDFs are well separated for the two
layers between 550 and 900 dbar. Interestingly, the 750|900 dbar layer is characterized
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by a clear positive trend in SF regime after 2017, but the VL decreased notably. As
already mentioned, we assume that the conditions are still favourable to SF, but with
the decreased vertical gradients in salinity, the favourable associated vertical mixing is
weaker.

The SF occurrence was 83% of all measurements. The most relevant change in SF
occurrence is for the uppermost layer (350|550 dbar), changing from 27% to 72% for
measurements before and after 2017, respectively, indicating the significant increase in
SFs (4.5a, blue dots). Our observational data show a shift in the vertical double-diffusion
regimes in the SAP during the winter of 2016/17 in all layers (4.5) in the Tu and VL
variables. During this period our data from EMSO-E2M3A show the dominance of SF
conditions from 350 dbar to the bottom (4.7e and f) at a VL which is significantly non-
vanishing (4.6a–e). These results are confirmed by the Argo float section (4.7a–d). The
Argo floats have a fine vertical resolution and clearly show the existence of staircases
(4.7c and d) (van der Boog et al., 2022). The staircase structure of SF has thin interfaces
separating thicker, well-mixed layers. Salt flux from the upper high-salinity layer to the
low-salinity layer below continuously mixes the water, and the convective turbulence of the
layers limits the length of the fingers (Schmitt, 1988, 2003; Carniel et al., 2008; Durante
et al., 2021).

The increase in near-surface salinity by horizontal advection through the Strait of
Otranto (Kokkini et al., 2020; Mihanović et al., 2021) favors SF, followed by convection
down to 500 dbar on 21 January 2017. We go further and hypothesize that the high
salinity at the surface of the SAP could influence the observed change in relative vorticity
through a salt lens of warm waters, explaining the anticyclonic tendency (see, i.e., Tokos
and Rossby (1991), for subsurface salt-lens dynamics) during the preconditioning phase
in the winter of 2016/17. The strong wintertime cooling then leads to convection and
the sinking of the salt lens, which increases the relative vorticity. Below the convection
depth the SF strength persists. In contrast with the results of Meccia et al. (2016), we
observed an increased predisposition of SF occurrence in the SAP due to the increase
in salinity, and this could enhance salt finger double diffusion in the subsurface layer of
350|550 dbar. The results of Carniel et al. (2008)) showed that the northern part of the
Adriatic works differently than the SAP because of the Po River plume influence, which
brings fresh water to the surface and allows the presence of diffusive–convective double
diffusion, not significantly observed in the SAP in the analysed data. Still, the same order
of magnitude for the diffusivity coefficient was estimated (O(10−4 m2 s−1).

4.4 Conclusion
SF is the dominant regime at the EMSO-E2M3A facility. From 2014 to the end of
2016 strong stratification above 400 dbar and at 800 dbar reduced the double-diffusive
favourable mixing between the upper ocean and the deep SAP. After the winter of 2014/15,
the upper layer passes from SF to doubly stably stratified, further reducing the possibil-
ity of having active salt fingering and consequently double-diffusion vertical mixing. A
shift in the SF characteristics is observed in the winter of 2016/17 throughout the water
column due to the arrival of high-salinity waters that favored a convective event pene-
trating to about 750 dbar. This extreme event increases the conditions for SF above 900
dbar and homogenizes the water column above. No return to the previous state is seen
in the observation period. This might possibly happen on a decadal timescale, as it was
determined in (Cardin et al., 2020b) that the characteristic timescale of the deep SAP is
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around 7 years. Continued observations are necessary to draw conclusions on a return
to the previous state. Salt fingering is shown to be a consequence and a possible driver
of the density structure in the SAP: it is governed by salt intrusions through the Strait
of Otranto and increases the vertical mixing. Salt intrusions from the Ionian Sea favor
SF and convection and homogenize the water column in the SAP. Dense gravity currents
originating from the northern Adriatic have the potential to enhance the stratification
by increasing the density in the SAP. The vertical exchange is performed by enhanced
mixing due to SF and convection. How the competition between sporadically extreme
and continuous processes changes the structure of the water column and how it acts on
the thermohaline circulation of the Mediterranean will be a subject of future studies.

To the best of our knowledge, it is the first time that a high-frequency multi-year time
series from different water depths is used to determine the Turner angle and the double-
diffusive regimes. The supplementary analysis of vector length to verify the significance
of Turner angle results was a novelty introduced in this study and, analysed together with
the squared buoyancy frequency, allowed us to discuss the stability structure changes. The
increase in SF observations after the winter of 2016/17 cannot be ignored because it can
modify the thermohaline circulation in the region (Zhang and Schmitt, 2000), affecting
the water exchange between the Adriatic and Mediterranean.

The high vertical diffusivity coefficient of 5 m2 s−1 found in Cardin et al. (2020b) is here
explained by the dominant SF double-diffusion regime below 750 dbar, and the probability
of SF occurring in the whole water column increased after the winter of 2016/17.

All documented events occurred during a period of unprecedented high-salinity trans-
port from the Ionian to Adriatic seas. The North Ionian Gyre (NIG) vorticity (not shown)
decreased in the period from 2015 to 2018, and the system turned anticyclonic in 2017
(Mihanović et al., 2021; Civitarese et al., 2023). After 2018, the vorticity started to in-
crease again and turned cyclonic in 2019. The eastward extension of the NIG between
2015 and 2019 was not enough to prevent the flow toward the Adriatic along the eastern
Ionian seaboard, conveying a large input of salt into the SAP (4.2).

Measurements at the EMSO-E2M3A facility have demonstrated the Eulerian or fixed-
point observatories’ importance as an essential component of the global ocean observing
system. They allow the detection of extreme events that occur rarely during the multi-
year observation period, such as the strong convection events that homogenize the water
column leading to long-term alterations of the density structure. They also offer several
unique features not found in other systems and therefore complement them (Cristini et al.,
2016), and they provide a unique opportunity for multidisciplinary and interdisciplinary
work combining a variety of observations on a large range of timescales.
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The aim of this thesis was to understand how the different physical processes in the
SAP work at their respective scale and what effects they have on the dynamics of the
SAP. These issues were explored through the following questions:

1 - How does the SAP react to the effects of global warming and the increasing salini-
sation of the Adriatic Sea?

Over the past 20 years, the SAP has experienced warming and salinisation throughout
the water column, resulting in increased spiciness at all layers. However, the layers do not
evolve in the same way. The strongest warming and salinisation occur in the intermediate
to deep layers (350 to 900 dbar) compared to the deepest layers (1000 to 1200 dbar).
In contrast, the upper layer (150 dbar) exhibits more moderate warming but stronger
salinisation than the intermediate layers. These trends reflect the diverse dynamics of the
SAP, influenced by topography, air-sea fluxes, advection, and the interaction of different
water masses (part II). Analysis of measurements since 1957 (chapter 2) also shows per-
sistent warming and salinisation of the deep SAP, which has intensified in the last decade
(an increase of 0.2 and 0.4 to 0.8 ◦C), two to four times higher than in the rest of the
Mediterranean Sea. These observations indicate that changes projected for a centennial
timescale in the Mediterranean Sea could occur within just 10 to 20 years in the Adriatic
Sea.

Over the past two decades, the SAP has also recorded negative PDA trends, with
the largest values in the deepest layers (-0.0037 to -0.0039 kg m−3), accompanied by less
temporal variability than in the other layers. This supports the view that the current
SAP is a two-layered system, particularly after the significant salt input to the Adriatic
Sea in January 2017, when higher stability was observed in the deepest layers compared
to the rest of the water column (chapter 4). Higher temperature trends were observed
compared to the north-eastern Ionian Sea, emphasising the importance of locally driven
processes. Despite these observations, the complexity of interactions between the drivers
of thermohaline changes leads to uncertainty as to whether the observed changes represent
a climate trend or reflect decadal variability.

2 - The deep SAP water masses being mainly renewed by the North Adriatic Dense Wa-
ter (NAdDW), have there been changes in the drivers, periodicity or timescales of the
associated gravity currents?

The stratification and ventilation of the deep SAP are determined by the competition
between firstly small-scale mixing, which continuously contributes to the homogenisation
of the water column, and secondly intermittent gravity currents, which cause restratifi-
cation and ventilation. Gravity currents are spatially and temporally intermittent, and
their occurrence strongly depends on fine-scale topographic features and remote forcing.
In the SAP, four gravity currents were observed reaching the bottom between 2007 and
2023, specifically in 2012, 2017, 2018, and 2022. To identify these events, six independent
criteria were developed using data from three moorings, all located along the path of the
gravity currents: EMSO-E2M3A (E2M3A, in the centre of the SAP), EMSO-BB (BB, in
the Bari canyon), and EMSO-FF (FF, on the open slope north of the Bari canyon). All
criteria were met for the aforementioned years for the available data.

Firstly, bursts of PDA and dissolved oxygen fluctuations at three moorings were quan-
tified using the fluctuation index (η̃), which measures the duration of significant variability
(chapter 3). A significant η̃ in both PDA and dissolved oxygen defined the first and sec-
ond criteria and indicated ventilation at the bottom of the SAP. Secondly, the normalised
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density difference between BB and FF had to be significantly small to attribute the ob-
served fluctuations to gravity currents (third criterion). Although four events reached
the bottom of the SAP, this was not the case for several others (2015, 2016, 2019, and
2021), which intruded at shallower depths as the cascading waters were not denser than
those at the bottom of the SAP. This implied a criterion for the density of the cascading
water (fourth criterion). Thirdly, the literature indicates that the densest water driving
the southward gravity currents is formed in the northern Adriatic Sea. To identify the
years and areas where the highest density water masses form, a density threshold of 29.75
kg m−3 was applied to the Copernicus reanalysis (fifth criterion). Finally, T/S diagrams
(chapter 3) confirmed that the water mass observed after significant fluctuations was a
mixture of the resident E2M3A water mass and the inflowing water masses from BB and
FF (mixing ratio, sixth criterion).

The T/S diagrams indicate that the thermohaline properties of the water masses
formed in the deep SAP after a gravity current event varied between bottom ventilation
years, reflecting different mixing ratios of water from BB and FF. Specifically, deep SAP
ventilation was dominated by inflowing water from FF in 2012, 2018, and 2022, and from
BB in 2017. Furthermore, the relative importance of temperature compared to salinity
has changed over time. In 2012, the gravity current was mainly driven by potential
temperature; in 2017 and 2022, by salinity; and in 2018, by both. This is explained by
the large salt inflow into the Adriatic Sea in January 2017 (chapters 3 and 4). These
results suggest that both the relative contribution of the drivers and the preferred path
of gravity currents have changed over the observed events (chapter 3).

An analysis of the time scale showed that NAdDW pulses typically occur within a few
months, from late January to May, and produce bursts of fluctuations in the deep SAP
lasting a few months from March to June. The travel time between BB (FF) and E2M3A
was estimated at about two weeks, corresponding to an average speed of 0.06 m s−1 (0.08
m s−1). In addition, variability was found in the travel time between the NAdDW for-
mation area and BB: 80, 84, and 37 days in 2012, 2017, and 2018, respectively. The
shorter travel time in 2018 was attributed to the stronger south-easterly ambient veloc-
ity on the west coast of the Adriatic Sea compared to the other bottom ventilation events.

3 - What are the mechanisms and consequences for the recent changes in the double
diffusive regime in the SAP?

Salt fingering is a continuous process that has been shown to be both a consequence
and a possible driver of density structure in the SAP. It is also the dominant regime at
E2M3A (chapter 4). This regime is controlled by the intrusion of salt from the Ionian
Sea through the Strait of Otranto, which homogenises the water column and promotes
convection. The vertical exchange in the SAP is therefore influenced by mixing caused
by salt fingering and convection events. This vertical exchange competes with gravity
currents (chapter 3), which, unlike salt fingering, tend to reinforce stratification.

Between 2014 and the end of 2016, it was found that strong stratification above 400
dbar and at 800 dbar reduced the double-diffusive favourable mixing between the upper
layer and the deep SAP. It was also observed that the upper layer shifted from a regime of
salt fingering to a doubly stably stratified regime after the winter of 2014/2015, reducing
the potential for active salt fingering and consequently double-diffusive vertical mixing. In
January 2017, a major shift occurred when very salty water from the Ionian Sea entered
the Adriatic Sea and triggered a convective event down to 750 dbar. This favoured salt
fingering above 900 dbar and homogenised the water column, and no return to the previ-
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ous state has been observed to date. The increase in the salt fingering regime after this
extreme event is of great importance, as it can change the entire thermohaline circulation
of the region. In particular, it was found that the high vertical diffusivity coefficient of 5
m2 s−1 reported by (Cardin et al., 2020b) can be explained by the predominance of the
salt fingering double-diffusion regime below 750 dbar, with the probability of salt fingering
occurring throughout the water column increasing after January 2017.

Analysing the physical oceanography of the SAP from the basin scale to the microscale
reveals the associated scale dependant closure problem and the interactions between pro-
cesses across scales. The thermohaline changes observed at the basin scale (part II)
influenced the stability of the SAP water column, the properties of the gravity current
cascading into the SAP (chapter 3), and the prevailing double diffusive regime (chapter 4).
After 2017, gravity currents exhibited a stronger influence of salinity, with the upper to
intermediate layers maintaining their predisposition to salt fingering, while the deepest
layers displayed a more variable mixing regime. Conversely, gravity currents transport
heat and salt into the deep SAP, increasing its stability and further decoupling it from
the upper water column. The more variable mixing regime observed in the deepest layers
after 2017 can therefore be attributed to the interplay between the penetration of gravity
currents and variability at the basin scale.

Overall, the relative decoupling between the deep layers and the rest of the water
column results from a combination of basin scale processes, such as the intrusion of high
salinity, the stabilising effect of gravity currents at depth, and the contrasting variability
of mixing regimes in the water column, which together determine stability and transport
throughout the water column.

In this study, we obtained significant and original results:

• We analysed the physical processes occurring at basin scale, submesoscale, and
microscale, as well as their interactions, using observational and modelled data in a
dynamic area, the SAP.

• We found that the Adriatic Sea, already known to produce the densest water mass
in the Mediterranean, acts as a hotspot for climate change, demonstrating the im-
portance of marginal seas for global thermohaline circulation. The results show
that processes previously thought to occur on centennial timescales may take place
within decades, emphasising the sensitivity of the SAP to regional and large-scale
climate drivers.

• We documented the extraordinary event of 2017, driven by a strong salt inflow into
the Adriatic Sea, across multiple scales and at high temporal resolution, providing
unique insights into the rapid restructuring of the SAP water column.

• We observed changes in the characteristics of gravity currents cascading to the SAP
bottom in terms of drivers, timescales, and paths. In particular, 2017 appeared to
be a turning point after which salinity played a greater role.

• We used, for the first time, a high-frequency, multi-year time series at different
water depths to determine the Turner angle and the double diffusive regimes. This
allows an accurate description of how these regimes evolve in response to changing
conditions.
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Based on the results of this thesis, several perspectives and future directions can be
considered.

This study, and more broadly the study of water masses in the SAP, could benefit from
models with finer resolution. As discussed in section 3.3.5, the Copernicus reanalysis with
a horizontal resolution of ≈ 4 km is not able to clearly detect every gravity current events.
This limitation is understandable given the complex bathymetry of the Bari canyon, which
is only 6 km long. Modelling the salt fingering shift observed at the mooring is an even
greater challenge, as this process occurs on even smaller spatial scales. However, the
use of finer models also comes with disadvantages: higher computational cost, rapidly
increasing output size with resolution, and greater sensitivity to numerical noise and
boundary conditions. A possible solution, especially for investigating gravity currents,
is the development of a finer resolution model focusing on the Bari canyon region. In
addition to numerical modelling, laboratory experiments could also provide important
insights. The use of a 3D representation of the Bari canyon area (as done by Tassigny et al.
(2024) for the Strait of Gibraltar) would make it possible to investigate the displacement
of dense water masses within the canyon.

Further studies should aim to understand, first, the dynamics of boundary currents
in the SAP and, second, the generation mechanisms of mesoscale and submesoscale ed-
dies from these boundary currents. Boundary currents are potentially important for the
downwelling of water masses (Spall, 2004) in the South Adriatic basin. Boundary cur-
rents, especially the EAC and the WAC, play a central role in redistributing water masses
and in exchanges between coastal and open-sea regions. Mesoscale and submesoscale ed-
dies are of major importance for lateral mixing, vertical transport, and the variability
of water-mass properties. Increasing our knowledge of these features requires both high
temporal resolution observations and numerical models capable of resolving their tempo-
ral and spatial variability. Such a study would quantify the exchange pathways within
the basin and assess their influence on large-scale circulation and water-mass formation
processes.

Another perspective could focus on improving the mooring line. However, it already
provides a wide range of valuable data, and any changes should have a clear, realis-
tic purpose rather than being made for their own sake. Installing CTD sensors every
100 m would be scientifically exceptional but unrealistic given the associated costs (in-
strumentation and calibration) and logistical constraints. Nevertheless, some potential
improvements have been identified. Firstly, the ADCP Nortek Signature 100 at 900 dbar
installed in September 2025 will allow for the measurement of vertical velocities over a
greater range, enabling clear detection of the entrance of dense NAdDW into the deepest
layer of the SAP. These velocity measurements in the deep SAP will allow for the deriva-
tion of turbulence, shear, and Reynolds stresses. Secondly, installing an ADV between the
two already mounted ADCPs at 300 dbar could fill the gap in velocity measurements and
provide an even more complete picture of water mass movements in the SAP. Thirdly, and
already planned, is the installation of an inductive cable to facilitate data retrieval with-
out recovering the entire mooring. This modification will be a significant improvement,
making data collection more efficient and dynamic. Finally, additional sensors could be
considered: a Photosynthetically Active Radiation (PAR) sensor on the buoy line near
the surface, planned to be mounted during the next oceanographic cruise, to study the
biogeochemistry of the surface layer; and a turbidimeter at about 750 dbar on the deep
mooring line to detect high-frequency particle fluxes. This would allow the detection of
short-term pulses associated with gravity currents that cannot be resolved by the current
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sediment traps.
In addition to the mooring, deploying a series of drifting buoys could complement the

Eulerian measurements by revealing the presence of submesoscale processes in the SAP
and characterising their scales, lifetimes, and effects on transport and mixing.
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Appendix A

Variability of water masses
properties in the SAP

Figure A.1: Trends of potential temperature, salinity and potential density anomaly at
150 dbar
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Figure A.2: Trends of potential temperature, salinity, dissolved oxygen and potential
density anomaly at 350 dbar
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Figure A.3: Trends of potential temperature, salinity and potential density anomaly at
550 dbar
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Figure A.4: Trends of potential temperature, salinity, dissolved oxygen and potential
density anomaly at 750 dbar
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Figure A.5: Trends of potential temperature, salinity, dissolved oxygen and potential
density anomaly at 900 dbar
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Figure A.6: Trends of potential temperature, salinity, dissolved oxygen and potential
density anomaly at 1000 dbar
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Figure A.7: Trends of potential temperature, salinity, dissolved oxygen and potential
density anomaly at 1200 dbar
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Figure A.8: Trends and errors bars of potential temperature, salinity, dissolved oxygen
and potential density anomaly for the different layers computed with annual mean of the
different variables.
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Appendix B

Analysis of bottom ventilation
years in the SAP

Figure B.1: Time series of η̃T at E2M3A (blue), BB (red) and FF (green). Temperature
data used here at BB and FF were obtained with CTD SBE56 placed at around 40 m
above the bottom of the two respective mooring lines. In 2022, bursts of fluctuations
observed at E2M3A are mainly due to bursts of fluctuations observed in FF.

144



Figure B.2: Map of the points selected for the derivation of Qtot in the North Adriatic

Figure B.3: Map of the points selected for the derivation of Qtot in the Middle Adriatic
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Figure B.4: Map of the points selected for the derivation of Qtot in the South Adriatic

Figure B.5: Points considered for the derival of monthly salinity in the North Adriatic
(for both the 10m average and the whole water column average)
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Figure B.6: Salinity monthly average on the whole water column for winter period (De-
cember to March) in the North Adriatic from winter 2011/2012 to winter 2021/2022. High
values of S, as during winter 2021/2022, may favor the formation of very dense water.

Figure B.7: Time series of velocities at the near bottom (15/25 m above the bottom)
in the North, Middle, and South Adriatic for 2012, 2017, and 2018. These velocities are
the result of averages on areas near the eastern coast of Italy. The black vertical lines
represent the date of maximum of density in the northern Adriatic while the yellow lines
represent the date of maximum of density at BB.
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Figure B.8: 7 day averages of the projected Northward velocity (V ′) from week 19/02-
25/02 to the week 26/03-01/04 in 2018 (left column) and differences between 2018 and
2017 for the same quantity (right column). Velocities were derived with SSH maps from
Copernicus reanalysis and are projected along the Adriatic Sea axis. A negative value
means that, along the western coast of the Adriatic Sea, we observe a higher southward
ambient velocity in 2018.
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Appendix C

Double-diffusive regime
analysis: grid for calculation of
relative vorticity and MLD

Figure C.1: Selected grid points near the E2M3A position used to calculate the maximum
depth of the mixed layer for the entire study period.
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Figure C.2: Selected grid points near the E2M3A position used to calculate the average
relative vorticity for the entire study period.

Figure C.3: Selected grid points near E2M3A location used to determine the maximum
depth of the mixed layer in winter 2015, as indicated in table 4.1.
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Figure C.4: Selected grid points near E2M3A location used to determine the maximum
depth of the mixed layer in winter 2016, as indicated in table 4.1.

Figure C.5: Selected grid points near E2M3A location used to determine the maximum
depth of the mixed layer in winter 2017, as indicated in table 4.1.
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Figure C.6: Selected grid points near E2M3A location used to determine the maximum
depth of the mixed layer in winter 2018, as indicated in table 4.1.

Figure C.7: Selected grid points near E2M3A location used to determine the maximum
depth of the mixed layer in winter 2019, as indicated in table 4.1.
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