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Abstract: This work presents the results of long-term deep-water observations carried out in the
southwestern Adriatic margin. Hydrodynamics and thermohaline measurements were carried out in
the last 100 m of the water column using two long-term moorings placed at two different locations
along the western sector of the Adriatic continental margin (open slope vs. submarine canyon). The
observations, carried out over a period of almost 10 years, made it possible to define the intra- and
interannual deep-water dynamics, which are mainly influenced by the passage of cold, dense water.
The hydrodynamic field is influenced by seasonal behavior and varies from year to year, with no
clear temporal trend or periodicity. Thermohaline properties follow hydrodynamics but also show a
climatological trend toward higher temperatures and salinity. The combination and variability of
preconditioning factors explains the interannual variability in dense water passage at the mooring
sites triggering the formation of dense water in the northern Adriatic. The impulsive nature of the
dense water flow, which is difficult to capture with sporadic oceanographic surveys, and its linkage
with the large-scale atmospheric circulation make continuous monitoring essential to answer open
questions about cascading processes and deep-water dynamics under a global change scenario.

Keywords: dense waters; continental slope; southern Adriatic Sea; moorings

1. Introduction

The Adriatic Sea is a sub-basin of the eastern Mediterranean Sea connected to the
Ionian Sea by the Strait of Otranto. It is oriented SE-NW and has a length of 800 km
and an average width of 180 km. The northern and central parts of the Adriatic basin
are generally characterized by shallow waters. However, there is a shelf edge in the
southern sector, where the basin reaches the maximum depth of 1200 m in the Southern
Adriatic Pit (SAP). In the southern sector lies the continental margin, formed during the
last half million years as a result of eustatic depositional cycles and complex Quaternary
uplift and deformation patterns [1,2]. In the western sector, the continental margin (see
Figure 1b) is characterized by a complex system of depositional and erosional features that
testify to strong bottom-current activity [3-8]. The Bari Canyon System (hereafter BCS),
extending southward from the Gargano promontory, characterizes the continental margin
with two main branches. Its total length is about 30 km in a west—east direction [7,9,10]
and it is about 10 km wide. The Adriatic Sea is considered one of the hotspots for dense
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water (DW) production in the Mediterranean Sea [11]. Their formation is not limited to
this area but occurs in several places worldwide, as summarized by Ivanov [12]. Their
formation is related to meteorological forcings, the dynamics of which varies from place
to place but leads to an increase in the density of surface water sinking into the deep
layers. In particular, the North Adriatic Dense Water (NAdDW) is a dense shelf water
that forms mainly in winter during intense cold outbreaks [11,13,14]. In any case, the
formation and dynamics of the DW are fundamental for the recent morphological processes
of the continental slope [7,15], carbon sequestration, ventilation, and particle transport in
the deep layers [9,16,17]. After its formation, the NAdADW spreads southward along the
Italian coast, driven by Coriolis and gravitational forces [18-20]. The spreading process,
which is also controlled by tides and waves [21], pushes the water masses to the edge
of the shelf, where the DW masses can cascade along the southern Adriatic slope, and
can seasonally affect the entire western Adriatic margin [7]. The Adriatic Sea is the main
source of bottom water and DW of the eastern Mediterranean, and the first studies on the
dynamics of the NAdDW started many years ago [22,23]. Since the reassessment of the
dynamics of the Adriatic Sea by Orlic et al. [24], numerous studies have focused on the
dynamics, formation, circulation pathways, and related processes of the NAADW [25-27].
Since 2013, glider observations have been conducted twice a year in winter in the SAP
along the Bari-Dubrovnik transect to monitor the dynamics of the DW [28]. Since 2006, the
South Adriatic trench observatory named E2M3A “http:/ /nettuno.ogs.trieste.it/e2-m3a/”
(accessed on 29 June 2023) has been located in the center of the cyclonic gyre in the
southern Adriatic basin, where deep convection processes occur. This observatory, which
represents the longest nearly continuous offshore time series available in the region [29],
consists of a surface buoy and a secondary mooring line with sensors at different depths
for physical and chemical measurements of seawater properties in the surface and bottom
layers [30-36]. In 2012, a large experiment, called Operation Dense Water, was conducted
after two weeks of severe cold in the southern Adriatic Sea to observe the dynamics of
DW masses [37]. These activities provide a unique multidisciplinary overview of DW
dynamics and related processes, ranging from oceanographic modeling to physical and
biogeochemical oceanographic observations to sedimentology and geomorphology. The
moorings were strategically placed in the southern Adriatic basin, specifically in the open
furrow area of the continental slopes and the main channel of the BCS in the western sector
of the continental margin.

By their localization, the datasets are representative of two different dynamic con-
ditions, as DW flows along the continental slope of the southern basin have different
characteristics.

Monitoring continued at the two sites from 2012, resulting in the collection of long-
term data. The moorings are equipped with an ADCP-RDI system and CTD probes that
measure currents in the last 100 m of the water column and thermohaline properties. The
two moorings, together with the E2ZM3A observatory [38], are part of the IFON network
(Italian Fixed-Point Observatory Network) [39] and the European Multidisciplinary Seafloor
and water column Observatory European Research Infrastructure Consortium (EMSO-
ERIC) regional facility for the southern Adriatic Sea “http://emso.eu/observatories-node/
south-adriatic-sea/” (accessed on 29 June 2023). The full dataset is freely available at
“https:/ /doi.org/10.5281/zenodo.6770201” (accessed on 29 June 2023) [40] and represents
one of the longest continuous observatories of the Mediterranean Sea.

Previous works in the study area [3,17,41-45] are mainly limited to the 2012 cascading
event and leave some questions unanswered. One of the most important questions concerns
the recurrence of the DW cascading over time and the variability in DW mass properties.


http://nettuno.ogs.trieste.it/e2-m3a/
http://emso.eu/observatories-node/south-adriatic-sea/
http://emso.eu/observatories-node/south-adriatic-sea/
https://doi.org/10.5281/zenodo.6770201
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Figure 1. Study Area. (a) The Adriatic Sea and its general circulation (from Lipizer et al., 2014). The
basin is divided into sub-sectors: North Adriatic (NA), Middle Adriatic (MA), and South Adriatic
(SA). JP indicates the Jabuka Pit, PS the Pelagosa Sill, SAP the South Adriatic Pit, OS the Otranto Strait,
and BCS the Bari Canyon System. The red box indicates the sector where moorings were deployed.
The blue area indicates the NAdDW production area in the northern sector and the red diamond is
the position of the hydrological station on the Po’ river, which is represented by the bolded blue line
(while other main rivers on the eastern Italian coast are thin blue lines); bathymetry of panel (a) and
(b) is provided by EMODNET “https://portal.emodnet-bathymetry.eu/” (accessed on 29 June 2023).
(b) Details of bathymetry of the South Adriatic margin where mooring BB and FF are located in the
BCS and open slope, respectively. (c) Mooring structure schemes (not in scale).


https://portal.emodnet-bathymetry.eu/
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Long-term records along the southern Adriatic margin make an important contribution
to the observation of oceanographic processes in the Adriatic Sea and complement the
long-term observations carried out in the northern sector [46] along the west—east transect
from Italy to Croatia and in the central Adriatic along the PalagruZza Sill transect [47-50].
The time series of moorings can provide a synoptic observation from the formation of DWs
in the northern basin to their passage along the continental margin in the southern Adriatic.
The records may be useful in linking the preconditioning factors for DW formation to the
dynamics of the observed cascading phenomenon along the continental slope.

In this work, observations over a period of almost 10 years were used to define the
presence of seasonal and climatological trends in the dynamics of the near-bottom water
column along the continental margin of the Adriatic Sea with an emphasis on cascading
phenomena. The dynamics of the DW cascading flow at the mooring sites is also related
to the preconditioning factors in the northern Adriatic basin. The role of preconditioning
factors has previously been demonstrated by modelling experiments and observations
focused on single events [42,51,52]. In this work, direct observations of cascading associated
with preconditioning factors are extended to a broad time interval. As in other locations
around the globe, DW formation and dynamics are regulated by a complex air-land-sea
interaction that has direct implications for biogeochemical cycles and trophic networks that
are focal points in the context of climate change. Continuous monitoring in this area thus
provides a unique observatory for studying deep-sea dynamic processes and their changes
over time.

2. Setting, Instruments, Data, and Methods

Data were recorded with CTD (Conductivity, Temperature, Depth) and ADCP (Acous-
tic Doppler Current Profiler) instruments attached to two 110 m moorings along the edge
of the southern Adriatic Sea (Figure 1). The two moorings are located at depths of 600 m
(BB) and 700 m (FF) on the main branch of the BCS (at 41°20.456’ N and 17°11.639’ E) and
in an area of open slope (at 41°48.396' N and 17°02.217' E), respectively. The ADCP used is
a 300 kHz RDI Workhorse (Teledyne RD Instruments USA, Poway, CA, USA) equipped
with a temperature sensor on the transducer head that is mounted facing downward ap-
proximately 100 m above the seafloor. The system records currents every 30 min. Detailed
information on the system can be found in Paladini de Mendoza et al. [51].

The Seabird self-recording CTD (SBE 16plus V2 SeaCAT) is mounted about 10 m above
the seafloor and measures thermohaline parameters every 30 min. Nearly continuous
deployments at six-month intervals cover the 2012-2020 time window. All temporal extents
of the individual measurements are listed in Table 1 of Paladini de Mendoza et al. [53].
For site BB, records of thermohaline data measured by the CTD at 10 m above the seabed
from 2010 to 2012, during the activities presented in Langone et al. [17], were added to the
2012-2020 time series. By extending the time series on a decadal scale, the presence of a
climatological trend could be assessed as described in Section 3.1. The maintenance opera-
tions, instrument details, calibrations, deployment configurations, data processing methods,
and quality control procedures during the measurement period are described in detail in
Section 2 of the same document [53]. The water mass properties used to identify DW are
analyzed using the T-S diagram, which is also used to observe the relationships between the
variations in thermohaline properties and hydrodynamics. The T-S diagram was created
with the Gibbs SeaWater (GSW) Oceanographic Toolbox [54] using the TEOS-10 equation
“https:/ /www.teos-10.org/index.htm” (accessed on 29 June 2023) to determine the con-
servative temperature and absolute salinity calculated from in situ CTD measurements of
temperature, pressure, and practical salinity.


https://www.teos-10.org/index.htm
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Table 1. Yearly frequency of energetic currents (current speed > 0.2 ms 1) at the two measuring sites.

Canyon—BB Open Slope—FF

Y Southern Events (S) South-Eastern Events (SE) S + SE Events South-Eastern Events
ear
o o o o o o Total o o Total

N Days % N Days %o N Days % Records N Days % Records
2012 1679 35 13.8 298 6.2 24 1977 412 16.2 12,180 713 149 5.1 13,903
2013 776 162 44 78 1.6 0.4 854 178 49 17,467 39 0.8 0.2 17,454
2014 6 0.1 <0.1 2 <0.1 <0.1 8 0.2 <0.1 17,423 0 0 0 17,441
2015 16 0.3 0.1 12 0.3 0.1 28 0.6 0.2 17,356 11 0.2 0.1 17,361
2016 25 0.5 0.1 18 04 0.1 43 0.9 0.2 17,322 0 0 0 17,409
2017 2013 419 11.7 216 45 1.3 2229 464 129 17,253 335 7 1.9 17,352
2018 1558 325 91 479 10 2.8 2037 424 119 17,168 246 5.1 1.4 17,210
2019 1173 244 6.7 147 3.1 0.8 1320 27.5 7.5 17,491 22 0.5 0.1 17,428
2020 28 0.6 0.3 0 0 0 28 0.6 0.3 8457 3 0.1 0 8505

3. Results

This section presents the inter- and intra-annual characteristics of the thermohaline
and hydrodynamic parameters recorded by the measurement systems installed at the
moorings to observe the presence of seasonal and climatological trends.

3.1. Thermohaline Records

The thermohaline properties of seawater were measured at the two mounting depths
of the CTD and ADCP probes (10 and 100 m above the seafloor—mab). The time series of
BB and FF used for Figures 2 and 3 both start in March 2012 during the cascade event [37],
triggered by the extreme cold event in the northern Adriatic Sea, which is well known in
the literature.

The records at the two sites show variations in thermohaline parameters at monthly
and annual scales. Along the time series, pronounced fluctuations consistently occur during
the winter—spring period (February—April) (Figure 2) and vary in intensity from year to
year (Figure 3). The most pronounced events (besides 2012) occurred in 2013, 2017, and
2018. While the fluctuations in the average trend are small, the fluctuations in the standard
deviation and the minimum and maximum values are clearly visible (Figures 2 and 3).

Temperature and salinity drop during the winter-spring months are more pronounced
near the bottom, especially at FF, while vertical differences are less pronounced at BB.
The overall trend of temperature and salinity is positive during the period of record. The
increasing trend of the annual mean can be seen in Figure 3, as well as in the entire time
series of Paladini de Mendoza et al. [53], and this hypothesis will be discussed and tested
in more detail later in this section. This trend is particularly evident in the salinity records,
where the average increase in salinity between 2012 and 2020 is more than 0.1.

Because the concurrent ADCP and CTD records begin in 2012, the year in which an
intense cascading event occurred, this observed positive trend could be influenced by the
presence of this event early in the time series. Therefore, to better assess the presence
or absence of an actual trend, the extended CTD time series from 2010 to 2020 was used
(Figure 4).

The nonparametric Mann-Kendall test [55,56] is used to evaluate the significance of
the monotonic trend in annual mean temperature and salinity at BB. The test is applied
considering a significance level of 0.05 (p-val), and the obtained results are 0.0195 for
temperature and 9.9219 x 10~° for salinity, indicating the presence of a positive trend with
statistical significance.
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Figure 2. Upper panel: monthly average (continuous line) and standard deviation (bar) of tempera-
ture recorded by the (a) ADCP (100 mab—blue line) and (b) CTD (10 mab—grey line) probes at the
two mooring sites; dashed lines indicate minimum and maximum values. Lower panel: monthly
average (continuous line) and standard deviation (bar) of salinity recorded by the CTD probe (10 mab)
at the (c¢) BB and (d) FF sites.

3.2. Hydrodynamic Records

At the mooring sites, the extended hydrodynamic records from 2012 to 2020 show a
generally weak velocity field (less than 0.1 m s~!) with episodic flow pulsations that may
exceed 0.5 m s~ 1. Figures 5a and 6a show calculations of the monthly and annual mean and
standard deviations of the current velocity for each cell depth. Between July and January,
the flow velocity field is weak, while between February and June there is an increase in
velocities (Figure 5) and the flow velocity increases between 428 and 1085% of the mean
velocity during pulsations. The higher standard deviation values in the lower layers testify
to greater variability in the velocity field near the bottom.

At the BB site, the flow pulses near the bottom have a maximum velocity of 0.76 m s~
and are directed to the southeast (Figure 5a,c). At the FF site, the flow moves down the
slope toward the southeast and can reach velocities of up to 0.79 m s ! (Figure 5b,d).
During these pulses, the change in flow velocity ranges from 600 to 1560% of the average
velocity. At the BB site (Figure 5a), the high standard deviation values are found in a thick
layer of the observed water column (50-60 m), while at the FF site they are limited to a thin
layer near the bottom (about 10-20 m).

1
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Figure 3. Upper panel: annual average (continuous line) and standard deviation (bar) of temperature
recorded by the (a) ADCP (100 mab—blue line) and (b) CTD (10 mab—grey line) probes at the two
mooring sites; dashed lines indicate minimum and maximum values. Lower panel: annual average
(continuous line) and standard deviation (bar) of salinity recorded by the CTD probe (10 mab) at the
(c) BB and (d) FF sites.

Figure 4. Temperature (a) and salinity (b) time series recorded at site BB. The records from 2010 to
2012 are extended with a dataset from previous research [15]. Dashed lines indicate the minimum and
maximum value, while continuous lines represent the mean and vertical bars indicate standard deviation.
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Figure 5. Monthly mean current speed and standard deviation of the current speed at the (a) canyon
(BB) and (b) open slope site (FF). Panels (c,d) represent the polar plots of the currents in the bottom
layer separated into two different month groups.

The bottom layer observations plotted in the polar scatter plot in terms of direction and
speed (Figure 5c¢,d) show that the pulsations at the FF site are characterized by southeast-
oriented currents, while the BB site is characterized by bimodality of the flow direction
during the months of current velocity intensification.

In the different years of observation, average annual flow velocity varies without a
clear temporal trend, ranging from 0.02 to 0.15 m s~ ! (Figure 6). In Figure 6a,b, we see years
with higher flow velocities (2012, 2013, 2017, 2018) and years with a weaker velocity field
(2014, 2015, 2016, 2019, 2020). As on the monthly scale at the BB site (Figure 6a), the currents
exhibit velocity variations that include a thicker layer, and the standard deviation indicates
high variability with comparable flow velocity between the two sites (Figure 6a,b).

When events are grouped into “strong” and “weak” years (Figure 6¢,d), the differences
between the two hydrodynamic regimes become clear. Flows with velocities greater than
0.3 m s~ ! in the direction of the canyon axis in BB and those with velocities greater than
0.2 m s~ ! in the southeast direction in FF are completely absent in “weak” years.

The climate of the currents during the two conditions of higher and lower velocity
fields at the measurement sites is represented by the probability of the occurrence of events
in the polar histogram created by grouping the events according to specific velocity and
direction intervals (see legend in Figure 7). At the BB site (Figure 7, top), south-oriented
flows dominate, while southeast-oriented flows are the fastest. The latter are energetic
but have low abundance in all years except 2018, when they reach a maximum. In the
weak years shown at the top of Figure 7a, velocities are low and characterized by opposing
flows along the NW and SE axes. At the FF site (Figure 7, bottom), the velocity field is
generally dominated by weak southerly currents, which are joined by the strong pulses of
southeast-oriented currents in the most energetic years (strong years in Figure 7a, bottom).
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Figure 6. Yearly mean current speed and standard deviation of the current speed (m s~ 1) at the
(a) canyon (BB) and (b); open slope (FF) sites. Line color indicates different layers along the water
column. (c,d) represent the polar plots of the currents in the bottom layer separated into two different
year groups.

The intra-annual climatology of the two different periods (January—June and July—
December) can also be seen in detail in Figure 7b.

At the BB site (Figure 7b top), the high variability in dynamics during the year is
immediately noticeable. From February to April, the currents exhibit a strong southeasterly
component (>0.4 m s~!), which decreases during the rest of the year. Strong southward
currents (>0.4 m s~!) occur from February to July, but this flow remains fairly constant in
each month, reaching an intermediate level of intensity (0.2-0.4 m s~!). The least energetic
months are November and December, when the flow has two main directions: northwest
and southeast. This weak northwesterly component (<0.2 m s~!) is always present but is
dominant only in calm months.

At the FF site (Figure 7b, bottom), southward flow is dominant throughout the year,
with velocities generally below 0.2 m s~!. The directional spread of currents is mainly
confined in the second and third quadrants and becomes narrower between March and
May, when the dominant currents (velocity > 0.4 m s~!) are concentrated to the southeast.
In November and December, the velocity field is weakest with a broader directional extent,
still directed southward.



J. Mar. Sci. Eng. 2023, 11, 1364

10 of 20

a)
Strong years

Canyon (BB)

b)
Weak years January - June July - December
0
N 8% B 8%
ﬁ a1g” g5 37/ w 315 Tgs
4% 4% 4%
A / Y £ b /
\ / 2% | / 2y \ 2% \
‘ { | f : { \
:90 270/ lso | 27| LR loo 270| . E
! 1 | 1 = 1 h 1 |
/ / 4 F B ] ! ¢ !
/ / \ oy : /
i Y 7 b “" / N -
A‘: 2> {5 2&\ /145 2> * 35
&\ - //I — s R\‘ . 7)//1
180 <=0.2 180 180
=>0.2 - 0.4
=>0.4 -0.8
Open Slope (FF)
. 0 0
s o i o
8% T as 39/ o 45 315" % " a5
4% N / 4%, /’ 4% \
\ i/ \ / \
2% | / 2% | 2% \
N | f ) | / ‘
% |90 27051 e lsu 270| 2% |o
i 1 r o 1 1 3 [}
/ | 4 / | 4 /
/ \ A / : 3 /
1 4 i T 7 \ 1 ed 7
wr X N 2%
135 22 135 22 -‘ 35
coe | e \4“77_”_7’_,;/ 5\-\-\_77_7_/_,>/
180 <=0.1 180 180
=>0.1-0.2
=>02-038

Figure 7. Polar histogram plots for (a) strong and weak years and (b) the energetic period (January—
July) and calm period (July-December) in the two measuring sites. The directional bins represent 5°

and bar colors represent velocity in m s~

4. Discussion
4.1. Characteristics of DW Cascading Events

The characteristics of the water masses cascading down the slope (FF site) and down
the canyon (BB site) are clearly highlighted by linking the flow velocity data to the ther-
mohaline properties measured at the ADCP and CTD mooring depths, respectively. A
clear overview of the dynamic processes is provided by in the polar diagrams in Figure 8,
which show flow direction and velocity associated with the corresponding temperature
(Figure 8a) and salinity (Figure 8b) data.

The plots show that the flow pulsations are characterized by low temperature and
salinity values. In particular, at the BB site, the coldest and less saline currents rapidly
cascade down the canyon, just as at the FF site where the flow cascading down the slope
toward the southeast is the coldest and less saline. These fluctuations are evident at 10 m
from the bottom, while they are almost absent at 100 m from the bottom at site FF and less
pronounced at site BB. The T-S diagram in Figure 9 characterizes the water mass in relation
to the flow velocity for each record and clearly shows the higher density of water during
the flow pulses.

A velocity threshold of 0.2 m s~! was used to select DW cascade events based on the
differences observed in the polar scatter plots in Figure 6d between high-energy months
(January-June) and low-energy months (July-December) at the FF site. The same velocity
threshold was chosen to compare the two sites and the number of events was counted
for each year, with the count at FF referring only to the second quadrant, while at BB two
directional sectors with southerly and southeasterly flow are distinguished. The results
presented in Table 1 show considerable annual variation and differences among sites.
Threshold exceedances occur on average for 19.7 (BB) and 3.2 (FF) days per year at the
sites, with a higher frequency of exceedances (6%) at BB than at FF, where exceedances
average 1% of total records. At BB, the only events from the southeast associated with
cascading [41] account for 0.9%, while flow from the south is more frequent (5.1%). Annual
variability shows events ranging from 0 to 16% in frequency at BB, while the frequency at



J. Mar. Sci. Eng. 2023, 11, 1364 11 of 20

FF is much lower (0-5%). In 2012, both sites were affected by the longest period of DW
current passage (41.2 days at BB and 14.9 days at FF).

Figure 8. (a) Polar scatter plot of current observations of the canyon (BB) and open slope (FF)
site at two different heights along the water column and temperature. The color bar indicates the
temperature measured during each observation. (b) Polar scatter plot of current observations of the
BB and FF sites measured at 10 mab and salinity. The color bar indicates the salinity measured during
each observation.

This difference in frequency can be explained by the depth of the monitoring site. The
mooring of BB is located at a depth of 600 m and is more likely to be affected by less dense
currents than those that can reach the greater depth of FF. However, the water masses that
can move rapidly down the canyon axis are those that are in buoyancy disequilibrium and
are therefore much colder and denser than the others, thus reaching the greatest depths
and therefore occurring with comparable frequency at the two monitoring sites.
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Figure 9. T-S diagram calculated from conservative temperature (8) and absolute salinity (Sa)
recorded by the CTD probes at the (a) canyon (BB) and (b) open slope (FF) mooring sites. The color
bar indicates the intensity of currents in the layer at 10 mab during each observation.

The conditions shown in Figure 10a—c illustrate the hydrodynamics during the cascad-
ing events. At both sites, the hydrodynamics are characterized by intermittent pulses that
propagate along the water column in different ways. As observed during the 2012 short-
term observations [41], the pulses occur more frequently at the FF site and are confined to
a narrow layer near the bottom. In contrast, at the BB site, they have a longer period and
cover a greater thickness of the water column. The northern and eastern components of the
flow at BB have negative and positive values, respectively, during acceleration and differ
little between the upper and lower layers. In contrast, the values of the components in FF
are very weak in the upper layer, while sharp peaks occur in the lower layer, indicating the
clear southeasterly motion of the flow.

The pulses during cascading events (Figure 10) at BB last for several days (3 days) and
include a water column thickness of up to 80 m above the bottom. At the FF site, pulses
are more concentrated near the bottom (30-50 m) and last for a shorter period of time
(1-2 days). The timing of these dense flow pulses has been defined previously [41] and is
also found in the other cascading events recorded up to 2020. At the FF site, the multiple
short-lived pulses are associated with trains of Continental Shelf Waves, which behave
differently between sites due to the geometric constraints of the bottom topography [57].

The DW production area is the northern part of the Adriatic Sea, where several factors
can come together in winter [18,58,59]. Unlike other DW production areas (e.g., the Gulf
of Lion) where the production area and the shelf edge are very close to each other, DW
in the Adriatic Sea is observed along the southern margin with a significant delay due to
the distance from the DW production area. In 2012, for example, the first DW pulses were
observed as early as three weeks after their onset in February [21], and in the other years
when cascading events occurred, they were also observed mainly between February and
March after the negative changes in heat flux during the winter period in the northern
Adriatic. In a previous study [41], a high lag correlation between sites was observed,
showing that the dense flow on the shelf primarily reaches the FF site and then the BB site
after alag of 72 h.
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Figure 10. DW cascading events for 2012, 2017, and 2018 recorded at the FF (sx) and BB (dx) sites; for
each event and site, the module of speed along the water column and the east and north component
of the upper (blue) and lower (black) layer are represented. Dotted lines indicate the timestep where
the current profiles (P1-P2-P3-P4) of Figure 11 were extracted.
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Figure 11. Profiles of current speed at the open slope (FF) (left) and canyon (BB) (right) extracted from
the time series during the events in (a) 2012, (b) 2017, and (c) 2018. For each depth cell, the arrows
indicate the intensity and orientation of currents. The geographical reference of vector orientation is
indicated by the wind rose below the legend.

This result relates to analysis of the 2012 event, and when we repeated this cross-
correlation analysis for the eastern component of the lower layer (black line) for the 2017
and 2018 events (the extension of the analyzed time series is shown in Figure 10), we
found the same behavior with a significant correlation of 0.81 and 0.76 between BB and FF,
respectively, and a time lag between the sites of between 42.5 and 64 h. During cascading,
the downward dense vein mixes with ambient water, leading to progressive thickening of
the downward flow and dilution of the original thermohaline properties due to entrainment
of ambient water [10,41]. The vertical profiles extracted in agreement with the flow peaks
provide a detailed insight into the vertical dynamics of the flow at the two mooring sites
and highlight some characteristic features of the sites (Figure 11). At BB, the flow along the
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water column generally increases toward the seafloor and maintains a constant direction
without rotation. In contrast, at the FF site, flow rotates along the water column and velocity
increases steeply near the seafloor in a layer with a variable width of between 20 and 55 m.
In the upper layer of FF, the velocity rarely exceeds 0.2 m s~!, while at the BB site the
flow pulses extend over a thicker layer of the water column (10-90 m), with the maximum
velocity sometimes concentrated a few meters above the seafloor (between 12 and 16 m).

4.2. Linkage between Cascading Events and Preconditioning Factors

The interannual variability in the cascading process is related to the formation of DW,
which is seasonal, episodic, and forced by weather conditions, combined with preconditions
such as low river discharge [42], which causes increased salinity at all sites of DW formation.
The intrusion of cold atmospheric air is associated with Bora events, i.e., northerly winds
that, when sustained for more than ten consecutive days, promote DW formation.

The potential density anomaly recorded at the two moorings (Figure 1b) during the
fall-winter period was observed simultaneously with the Po’ river discharge and the
net surface heat flux of the northern Adriatic Sea (DW formation area, Figure 1a). The
Po’ river discharge data were obtained from the Pontelagoscuro hydrological monitoring
station of ARPA Emilia-Romagna (Figure 12a), while the daily surface heat flux data were
extracted from Copernicus Climate ERA-5 at the individual level (Copernicus climate data
store, DOI: 10.24381/cds.adbb2d47). The daily time series of potential density anomalies,
river discharge, and net heat flux between November and June of each year are shown in
Figure 12. The time series of potential density anomalies begin in March 2012 for the FF
site and in 2011 for the BB site. Figure 12 shows that the net heat flux is generally negative
during the months of November through March, with considerable variation between years.
Net heat flux is an indicator of fall-winter conditions and is particularly related to the
frequency and intensity of northern storms, which bring in cold and dry air that strongly
influences heat loss by causing negative spikes in the time series. The graphs show that 2016
was a particularly mild year, while there were particularly intense events in 2012, 2015, 2017,
and 2018 that caused a net negative heat flux of less than 800 Wm 2. The discharge of the
Po’ River also exhibits pronounced interannual variability. In particular, in 2012, 2016, 2017,
and 2018, discharge remained consistently low throughout the fall-winter period, while it
was higher in 2014, 2015, and 2020. Potential density anomalies recorded near the seafloor
indicate that density increases, if present, are generally triggered beginning in February
after the negative phase of heat flow. Figure 12b summarizes what was observed in panel a
of the same figure about the variability in the parameters observed in the different years.
The Po’ discharge and heat fluxes were accumulated between November and March, while
the density data describe the maximum value reached near the bottom at the locations of
the two moorings. The resulting trends help explain the interannual variability observed in
the cascading events.

From the graphs in Figure 12b, it is clear that 2012 was a year of high heat loss
combined with below-average river discharge. Similarly, in 2017 and 2018, both heat loss
and lower river discharge were more pronounced; in particular, in 2018, the maximum
density values at the FF station reached the highest values, while the values at the BB
station were comparable to those of 2012. In 2013, heat loss was higher than average, but
this condition was accompanied by river discharge close to average values. A hydrologic
deficit can also be seen in 2016 and 2019, but net heat fluxes were very different in those
years. In 2016, net heat flux loss was near zero, while net heat flux loss in 2019 was higher
but lower than average. In 2014, 2015, and 2020, the density anomaly did not change
significantly, and these years were characterized by high river run-off and below-average
or near-average heat loss.
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Figure 12. (a) Daily time series of sea surface net heat flux, water density anomalies in the two
mooring sites, and Po’ river discharge during the 2012-2020 recording period. The net heat flux
line is filled when the value becomes negative. (b) Summary of the trends observed in the panel
specified for each year. From the top, the bar plots represent the maximum density at BB and FF, the
cumulative Po’ discharge, and net heat flux calculated over the autumn—winter period. Dotted lines
when present indicate the average values.

In summary, the combination of heat losses in the NAdADW production area in the
northern Adriatic caused by northern winds and the hydrological conditions of the Po’
River play a key role. Under similar heat loss conditions, the occurrence of dense flows is
observed in years with below-average discharge, clearly confirming what has been shown
in previous studies [18,42].

5. Conclusions

Observations in the last 100 m of the water column made with the two moorings on the
western edge of the southern Adriatic shelf have produced one of the most comprehensive
time series on the dynamics of the deep sea in the Mediterranean. The two moorings,
located at 600 and 700 m depth, respectively, on the main branch of the BCS and in an open
slope area, are located in a hotspot for the passage of dense currents cascading down the
continental slope. The long-term observations presented here have defined dynamics in
terms of the inter- and intra-annual characteristics of dense currents and present differences
in dynamics behavior between the observation sites. The deep-water dynamics are charac-
terized by a predominant velocity field of weak intensity (<0.1 m s~1), which is interrupted
almost annually by increasing velocities due to episodic flow pulsations that can reach
velocities of more than 0.5 m s~1. The water masses that form these currents are colder, less
salty, and denser than during other months of the year. These currents flow downslope in
specific directions during a window of about 6 months, peaking between February and
May, and may extend into June, gradually weakening. DW cascading events have only
occurred in a few years (2012, 2013, 2017, 2018), and no specific temporal trend has been
identified to date. In contrast to hydrodynamic conditions, which show no temporal trends,
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thermohaline conditions recorded from 2010 to 2020 show positive trends in temperature
and salinity. There is increasing evidence that water masses in the Mediterranean Sea are
becoming warmer and saltier [59]. In particular, the deep southern Adriatic Sea shows
centennial warming (1911-2009, [60]), and periods of exceptionally high salinity have
recently been observed in the Adriatic basin [51]. The importance of this aspect requires
future dedicated studies.

The DW passage represents a very limited portion of the dataset. A quantitative
estimate of events with velocities greater than 0.2 m s~! yielded an average of 3.2 and
19.7 days per year for the FF and BB sites, respectively. These averages varied considerably
from year to year, ranging from a maximum of 40 (BB) and 15 days (FF) depending on the
duration of the cascading event. In addition to these general characteristics, the two sites
also exhibit site-specific dynamic characteristics that have never been defined before. The
current climate at BB exhibits a trimodality of flow directions that is dominant toward the
south, has greater velocity toward 110° N along the canyon axis, and has a third, smaller
component toward the northeast. The southerly flow is absent during calmer years and
months (November and December), and during this time the third northwesterly flow
along with the southeasterly flow dominates the hydrodynamic conditions, with very weak
currents moving along the canyon axis.

At the FF site, the current climate is dominated by constant southerly currents propa-
gating in a wide range of directions during periods characterized by a weak velocity field,
while during DW passage strong currents pulse in a narrow directional sector dominated
by southeasterly flow (140-150° N).

The BB site is generally characterized by a stronger velocity field than the FF site,
not in terms of the maximum velocity of currents, but in terms of the number of events.
However, analysis of cascading events at the BB site has shown that the frequency of flows
along the canyon directly related to the cascading process is the same (about 1%) as at the
FF site.

The variability in preconditioning factors observed in the fall and winter of each year
showed a clear relationship with the formation of DW in the northern Adriatic basin and
the subsequent cascading along the continental margin. The years when the cascading
process was clearly observed correspond to the years when the largest heat losses occurred
in the northern sector in combination with lower river inputs, showing that the combined
effect of preconditioning factors, together with their variability, is crucial for the dynamics
of the cascading process. DW plays a key role in water renewal in the northern Adriatic
and oceans in general, and deep-water dynamics and its link to atmospheric events and
hydrology, which are sensitive factors for extreme events, are sensitive issues in a global
change scenario. Future work can further investigate the dynamics of DW along the
Adriatic basin as a function of the combination of preconditioning factors using the time
series generated by observational activities between the northern and southern basins of the
Adpriatic Sea through multidisciplinary work that brings together the activity of different
research groups. Continuous observational activities over time are essential for observing
and analysing the climatological evolution of the phenomenon, which is difficult to capture
with only sporadic oceanographic surveys due to its elusive nature and impact on the
dynamics and equilibrium of marine ecosystems.
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