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Abstract

The North Adriatic Dense Water (NAddW) — the densest Mediterranean water generated by extreme cooling during wintertime
hurricane-strength winds — drives the thermohaline circulation, ventilates the deep layers, and changes the biogeochemical
properties of the Adriatic Sea. However, modelling the dynamical properties of such dense water at the climate scale has been
a challenge for decades due to the complex coastal geomorphology of the Adriatic basin not properly reproduced by existing
climate models. To overcome these deficiencies, a 31-year-long simulation (1987-2017) of the Adriatic Sea and Coast (AdriSC)
kilometre-scale atmosphere-ocean model is used to analyse the main NAddW dynamical phases (i.e., generation, spreading and
accumulation). The study highlights four key results. First, during winter, the NAddW densities are higher in the shallow
northern Adriatic shelf than in the deeper Kvarner Bay — where 25-35% of the overall NAAAW are found to be generated —
due to a median bottom temperature difference of 2°C between the two generation sites. Second, the NAddW mass transported
across most of the Adriatic peaks between February and May, except along the western side of the Otranto Strait. Third, for
the accumulation sites, the bottom layer of the Kvarner Bay is found to be renewed annually while the renewal occurs every 1-3
years in the Jabuka Pit and every 5-10 years in the deep Southern Adriatic Pit. Fourth, the NAddW cascading and accumulation

is more pronounced during basin-wide high-salinity conditions driven by circulation changes in the northern Ionian Sea.
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Key Points:

e The kilometre-scale dense water generation, spreading and accumulation is quantified in
the Adriatic Sea during the 1987-2017 period

e About a third of the dense water is generated within the Kvarner Bay which is deeper and
warmer than the well-studied main generation site

e The bottom layer renewal of the accumulation sites is annual in the Kvaner Bay and up to
decadal in the deepest Adriatic pits
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Abstract

The North Adriatic Dense Water (NAddW) — the densest Mediterranean water generated by
extreme cooling during wintertime hurricane-strength winds — drives the thermohaline
circulation, ventilates the deep layers, and changes the biogeochemical properties of the Adriatic
Sea. However, modelling the dynamical properties of such dense water at the climate scale has
been a challenge for decades due to the complex coastal geomorphology of the Adriatic basin not
properly reproduced by existing climate models. To overcome these deficiencies, a 31-year-long
simulation (1987-2017) of the Adriatic Sea and Coast (AdriSC) kilometre-scale atmosphere-
ocean model is used to analyse the main NAddW dynamical phases (i.e., generation, spreading
and accumulation). The study highlights four key results. First, during winter, the NAddW
densities are higher in the shallow northern Adriatic shelf than in the deeper Kvarner Bay —
where 25-35% of the overall NAddW are found to be generated — due to a median bottom
temperature difference of 2°C between the two generation sites. Second, the NAddW mass
transported across most of the Adriatic peaks between February and May, except along the
western side of the Otranto Strait. Third, for the accumulation sites, the bottom layer of the
Kvarner Bay is found to be renewed annually while the renewal occurs every 1-3 years in the
Jabuka Pit and every 5-10 years in the deep Southern Adriatic Pit. Fourth, the NAddW
cascading and accumulation is more pronounced during basin-wide high-salinity conditions
driven by circulation changes in the northern lonian Sea.

Plain Language Summary

The densest water in the Mediterranean Sea known as the North Adriatic Dense Water (NAddW)
forms during severe winter wind events in the northern Adriatic. This phenomenon which brings
oxygen-rich waters to the sea bottom, plays a vital role in sustaining life in the Adriatic Sea.
However, due to the complex geography of the Adriatic, accurate representation of NAddW is
very challenging and requires fine-resolution atmosphere-ocean models such as the Adriatic Sea
and Coast (AdriSC) model. Here, the AdriSC historical simulation is used to study NAddW
generation, spreading and accumulation. The findings reveal that about a third of NAddW is
produced in the Kvarner Bay which is a deeper and warmer than the Northern Adriatic shelf.
Further, it is found that NAddW spreads over most of the Adriatic between February and May
bringing dense waters to the bottom of the accumulation sites, which are renewed annually in the
northern Adriatic, up to every 3 years in the middle Adriatic pit, and up to every decade in the
Southern Adriatic Pit. Lastly, the study highlights that NAddW spreading and accumulation are
significantly enhanced during periods of higher salinity across the Adriatic, a phenomenon
driven by water exchanges with the lonian Sea.
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1 Introduction

The Adriatic Sea is a semi-enclosed basin located in the northernmost part of the central
Mediterranean Sea (Fig.1). Its diverse and complex geomorphological characteristics (i.e.
orography, bathymetry and coastline) influence a wide variety of atmospheric and oceanic
processes ranging from long-term dynamics on larger spatial scales (e.g. thermohaline
circulation) to short-term phenomena on smaller spatial scales (e.g. extreme wind events, dense
water generation, river plume dynamics). One of the main processes driving the Adriatic
thermohaline circulation is the formation of North Adriatic Dense Water (NAddW; Zore-
Armanda, 1963) that occurs, in winter, over the northern Adriatic shelf and the Kvarner Bay
during extreme bora events — i.e., downslope winds strongly influenced by the complex north-
eastern Adriatic coastal orography and associated with hurricane-strength gusts up to 50 m s™
(Belusi¢ and Klai¢, 2004). In the last 40 years, the Adriatic dense water dynamics has mostly
been derived from observations (Artegiani and Salusti, 1987; Gaci¢ et al., 2002; Vilibi¢ and
Mihanovié, 2013; Querin et al., 2016; Foglini et al., 2016; Paladini de Mendoza et al., 2022) and
has been summarized in the review study of Vilibi¢ et al. (2023) as follows. First, the NAddW
formation is known to be preconditioned by three main factors: the bora-induced surface heat
losses, the northern Adriatic river fresh water influxes, and the advection of more saline water
masses from the lonian Sea. Second, the generated dense water is known to spread towards the
Strait of Otranto along the western Adriatic coast at the sea bottom beneath the Po River plume
and the Western Adriatic Current. Then, along this path, dense water is known to be partly
collected within the ~280-m-deep Jabuka Pit and cascading, mostly through the Bari Canyon,
into the ~1230-m-deep Southern Adriatic Pit (SAP). Finally, jointly with the Adriatic Deep
Water (AdDW) generated in the SAP through open ocean convection, the remaining part of the
NAddW leaves the Adriatic basin through the Strait of Otranto towards the northern lonian Sea.
Additionally, both NAddW and AdDW have been documented to strongly influence the
Adriatic-lonian thermohaline circulation and regime changes as well as the biogeochemistry of
the Adriatic Sea (Boldrin et al., 2009; Bensi et al., 2013; Gaci¢ et al., 2010; Batisti¢ et al., 2014;
Jasprica et al., 2022).

In terms of numerical modelling, till recently, three different types of approaches have
been used to study the Adriatic dense water dynamics. First, short-term simulations (up to 1-2
weeks) have been performed with fine-resolution ocean models using different types of
atmospheric forcing (e.g., Dorman et al., 2007; Licer et al., 2016). Then, longer simulations (up
to 8 years) were implemented with the aim to investigate the interannual variability of the
Adriatic dense waters (e.g., Mantziafou and Lascaratos, 2008; Oddo and Guarnieri, 2011;
Mihanovi¢ et al., 2018). Compared to the short-term simulations, they used either much coarser
(horizontal and vertical) resolutions in the ocean and/or much coarser atmospheric forcing such
as the ERA40 or ERAGS reanalyses from the European Centre for Middle-range Weather Forecast
(ECMWEF). Some of these simulations also imposed an inappropriate freshwater climatology in
the northern Adriatic basin. Finally, the multi-decadal NAddW dynamics has also been
investigated with the Mediterranean Coordinated Regional Downscaling Experiment Regional
Climate Models (Med-CORDEX RCMs; Ruti et al., 2016) for the 1980-2012 period (Duni¢ et
al., 2019). However, due to their insufficient horizontal resolution in both the ocean (order of 10
km) and the atmosphere (order of 25 to 50 km), these RCMs were not capable of properly
reproducing dense water formation in the northern Adriatic shelf which resulted in a noticeable
ocean temperature overestimation within the NAddW accumulations sites (Jabuka Pit and SAP).
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The kilometre-scale atmosphere-ocean Adriatic Sea and Coast (AdriSC) climate model
has thus been recently implemented by Denamiel et al. (2019) with the aim to provide a better
representation of the Adriatic dynamics and quantify the impacts of climate change. First, the
added value of the kilometre-scale approach has been tested with short-term simulations
demonstrating that the AdriSC climate model was better suited to represent the complex Adriatic
atmosphere-ocean dynamics during extreme events than coarser models (Denamiel et al., 2020a,
b, 2021a). Then, two 31-year-long simulations were performed with the AdriSC climate model:
one during the historical period (1987-2017) and one during the future period (2070-2100) for a
Representative Concentration Pathways (RCP) 8.5 scenario. Finally, the historical AdriSC
simulation was successfully evaluated against in situ and remote-sensing products in both
atmosphere (Denamiel et al., 2021b) and ocean (Prani¢ et al., 2021). Compared to the state-of-
the-art Mediterranean and Adriatic models, the AdriSC climate model was demonstrated to not
only reduce atmosphere-ocean biases but also to better reproduce the Adriatic Sea dynamics,
including the quasi-decadal salinity and current oscillations (Denamiel et al., 2022) driven by the
Adriatic-lonian Bimodal Oscillating System (BiOS; Gaci¢ et al., 2010; Civitarese et al., 2023),
the NAddW dynamics in 2015 (Prani¢ et al., 2023) and the 31-year atmosphere-ocean trends and
variability (Toj¢i¢ et al., 2023).

Following the studies demonstrating the skills of the AdriSC climate model, the aim of
this research is to investigate, for the first time, the multi-decadal Adriatic dense water dynamics
during the 1987-2017 period, based on climatological analyses of the AdriSC dense water results
at 1-km horizontal resolution. The article is structured as follows. The AdriSC model and the
methods used for the climatology analyses are described in Section 2 while the results for the
generation, spreading and accumulation of the dense waters are presented in Section 3. The main
findings of the study are further discussed in Section 4.

2 Model and Methods
2.1 Adriatic Sea and Coast (AdriSC) model

The kilometre-scale atmosphere-ocean Adriatic Sea and Coast (AdriSC; Denamiel et al.,
2019) climate model is based on the Coupled Ocean—Atmosphere—Wave—Sediment Transport
(COAWST) modelling system (Warner et al., 2010). It consists of the Weather Research and
Forecasting (WRF; Skamarock et al., 2005) atmospheric model used with two nested grids at 15
and 3 km of horizontal resolution, respectively, one-way coupled with the Regional Ocean
Modelling System (ROMS; Shchepetkin and McWilliams, 2009) ocean model, also used with
two nested grids at 3 km and 1 km resolution, respectively. Both models use terrain following
coordinates in the vertical with 58 levels refined near the land in WRF (Laprise, 1992) and 35
levels refined near the surface and bottom of the ocean in ROMS. More detailed descriptions of
the AdriSC model, as well as the evaluation of the AdriSC climate simulation against
observations, can be found in Denamiel et al. (2019, 2021b) and Prani¢ et al. (2021).

Importantly for the Adriatic dense water dynamics, Denamiel et al. (2022) demonstrated
that the AdriSC salinity and ocean current speed signals can be explained (except in the deepest
part of the SAP) by the BiOS-driven Adriatic phases — up to 61% and 9% (respectively) in the
intermediate layer and up to 37% and 31% (respectively) at the bottom. These phases
approximately present a 2-year lag compared to the BiOS signal in the lonian Sea and are
anticyclonic for the 1990-1999 and 2007-2011 periods and cyclonic for the 1987-1989, 2000—
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2006 and 2012-2017 periods. Denamiel et al. (2022) also pointed out that, due to the influence
of extraordinary Eastern Mediterranean Transient (EMT; Roether et al., 2007) conditions in the
1990s, the strongest anticyclonic BiOS-driven phase in the AdriSC model occurred during the
1990-1999 period. Further, Toj¢i¢ et al. (2023) analysed the AdriSC atmosphere-ocean trends
and variability for the 1987-2017 period and found positive salinity trends over the entire
Adriatic Sea — particularly strong in the intermediate layer over the Jabuka Pit and at the bottom
of the dense water generation sites — associated with a shallowing of the advection of the saline
Levantine Intermediate Water inflow into the Adriatic, a decrease of the AADW outflow, and a
shrinking plus weakening of the Southern Adriatic Gyre at the centre of the SAP.

In this study, the daily bottom potential density anomalies (PDAS) are calculated with the
daily bottom temperature and salinity extracted from the 1-km ocean results of the 31-year
AdriSC historical simulation (1987-2017), and the function available within the NCAR
Command Language (NCL) library (Levitus et al., 1994a, 1994b; Dukowicz, 2000;
https://www.ncl.ucar.edu/). Further, throughout the analyses, dense water is considered, in the
Adriatic Sea, for PDAs equal to or larger than 29.2 kg m based on previous NAddW research
(e.g., Mantziafou and Lascaratos, 2008; Janekovic et al., 2014; Vilibi¢ et al., 2018).

2.2. Climatological analysis

The climatological analyses are performed for the three main dynamical phases of the
dense water dynamics: generation, spreading and accumulation. The analyses of the dense water
generation are carried out for the two generation sites — northern Adriatic (NA) and Kvarner Bay
(KB; Fig. 1). The results are presented in the form of daily time series of subdomain averaged
bottom PDA, temperature and salinity for the whole time period of the simulation. The
maximum bottom PDAs are calculated for each point of the subdomains in January, February
and March (JFM). Also, the day of the year (DOY) in which the maximum PDA value occurred
is considered. The results are presented as: 1) probability density functions (PDFs) derived with
a kernel-smoothing method for the maximum bottom PDAs as well as bottom temperature and
salinity during the DOY's of maximum PDAs, and 2) box plots of yearly maximum PDA and
associated DOY, as well as bottom temperature and salinity during these DOYs (in Supplemental
Material). A kernel-smoothing method (Bowman and Azzalini, 1997) is used to calculates the
probability density estimate based on a normal kernel function and is evaluated for 100 equally
spaced points.

Concerning the spreading phase, the analyses are performed for nine transects (T1, T2,
T3, T4, Tha, T5b, T6, T7, T8) which are defined along the known dense water pathways. The
outward dense water flow rates are calculated only for the bottom layer and are obtained by
multiplying the bottom velocities normal to the transect by the bottom PDAs along each transect.
The results are shown as monthly time series of cumulative dense water mass transported
outward through the transects — i.e., monthly sum of the outward dense water flow rates. The
obtained quantity is defined as positive in the northwest direction for all transects except T2, for
which it is positive in the northeast direction. Additionally, the climatology of the monthly
bottom dense water mass transported outward is also presented as bar plots for all transects.
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Figure 1. Bathymetry of the AdriSC 1-km model domain with indicated geographical terms, as
well as the subdomains and transects (red lines) used to study the Adriatic dense water multi-
decadal dynamical properties during the 1987-2017 period.

To quantify the dense water accumulation for the whole simulation period, several
analyses were conducted for three accumulation sites (subdomains) — deep Kvarner Bay (DKB)
with depths above 80 m, Jabuka Pit (JP) with depths above 200 m and deep Adriatic (DA) with
depths above 1000 m encompassing the SAP (Fig. 1). The JP and the SAP are well-known and
well-researched dense water accumulation sites (e.g., Zore-Armanda, 1963; Querin et al., 2016),
while dense waters generated in the Kvarner Bay are gravitationally attracted in DKB which is
much deeper than the adjacent open northern Adriatic shelf. Firstly, an mp4 animation of the
spatial daily results of the bottom PDA over the Adriatic Sea and the time series of subdomain-
averaged bottom PDAs (Movie S1) as well as the time series of subdomain-averaged bottom
temperature and salinity are analysed. Then, the maximum bottom PDA and associated DOY as
well as the bottom temperature and salinity during these DOY's (in Supplemental Material) are
presented as box plots. Lastly, the monthly-averaged bottom PDAs as well as bottom
temperature and salinity (in Supplemental Material) are presented as box plots (without outliers).

3 Results
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3.1 Dense water generation

The process of dense water generation is investigated first by analysing the daily time
series of averaged bottom PDA, temperature and salinity for the NA and KB subdomains (Fig.
2). The seasonal variability of all three variables in NA is larger compared to KB. In particular,
bottom PDAs in NA vary between 27.0 and 30.0 kg m™3, while in KB they range from 27.7 to
29.9 kg m® (Fig. 2a). Also, PDA maximums are often smaller in KB than in NA (by 0.1-0.4 kg
m~3). The time series of PDA in NA reveals a sharp increase during winter reaching a peak in
February, followed by a sharp decrease until the end of summer when the PDA minimums are
produced. In KB, a smaller secondary peak in PDA is present during summer, associated with
dense water accumulation in the deepest KB sections. In autumn, the larger PDA simulated in
KB compared to NA indicates delayed mixing of the entire water column due to the greater
depths within KB. Dense waters with PDA equal to or larger than 29.2 kg m are generated
throughout most of the years, except for 2014 in NA and 1990, 1994-1997, 2007 and 2014 in
KB. The years with the strongest dense water generation (indicated by a PDA maximum larger
than 29.5 kg m™>) are 1989, 1991, 1999, 2000, 2002—2006, 2008, 2012, 2013 and 2017 in NA,
and 1987, 1989, 1993, 1999, 2000, 2002, 20042006, 2008, 2012, 2013 and 2017 in KB.
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Figure 2. Daily time series of bottom (a) PDA, (b) temperature and (c) salinity for the northern
Adriatic and Kvarner Bay subdomains during the 1987-2017 period. Probability density
functions of (d) maximum bottom PDA, as well as bottom (e) temperature and (f) salinity for the
DOY with maximum PDA in the northern Adriatic and Kvarner Bay subdomains during the JFM
seasons of the 1987-2017 period.

Bottom temperature varies between 6.5 and 21.0 °C in NA and between 8.0 and 17.0 °C
in KB (Fig. 2b). Temperature peaks are mostly reached in late autumn in KB, while in NA they
occur in summer, reacting faster to changes in surface heat flux due to its shallower depth. The
lowest temperatures were produced during the extreme winter of 2012 in both subdomains.
Bottom salinity values are overall larger in KB than in NA (Fig. 2c). In the 1987-1999 period,
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salinity varies between 37.6 and 38.4 in NA and between 38.0 and 38.4 in KB. Larger salinities
are simulated in the 2000—2008 period in both subdomains, followed by a decrease until 2011.
Then, a steep increase occurred leading to large salinities in the 2012-2013 period. Notably, in
2012, salinity in KB reached a peak larger than in NA (by more than 0.1), while the temperature
was higher by approximately 2.5 °C. Consequently, very close extreme values of PDA were
simulated in the two generations sites. Similarly, in 1987, substantially larger salinity in KB
resulted in larger PDAs compared to NA. However, even though 1987 has been documented to
have strong dense water formation events (Vilibi¢ and Orli¢, 2001), these AdriSC results should
be considered with caution due to possible influence of the initial conditions imposed only 2
months before January 1987 during the short spin-up period. Further, a slight salinity decrease
occurred after 2013 in both subdomains, followed by an average increase and peaking at 38.7 in
2017. Finally, for both generation sites, positive trends (Toj¢i¢ et al., 2023) and influence of the
quasi-decadal BiOS-driven phases (Denamiel et al., 2022) are noticeable in the AdriSC bottom
salinity time series.

In order to examine the differences in the behaviour of thermohaline parameters between
the two generation sites, the PDFs of maximum bottom PDA, as well as bottom temperature and
salinity for the DOY with maximum PDA during the winter (JFM) seasons of the 1987-2017
period, are also presented in Fig. 2. Maximum PDAs are generally larger in NA where the
highest probabilities are obtained for the PDAs around 29.7 kg m 3, while in KB the most
probable PDAs range between 29.3 and 29.6 kg m™3 (Fig. 2d). Temperatures are generally higher
in KB, with the highest probabilities for values around 10-11 °C, whereas in NA, around 9 °C
(Fig. 2e). Conversely, the salinity PDFs are very similar in both subdomains, with salinities
mostly distributed between 37.8 and 38.8 (Fig. 2f). Slightly higher probabilities are found for
salinities around 38.4 in KB and below 38.3 in NA. Hence, dense water generated in NA is
denser compared to KB mainly due to its lower temperatures, while the salinity difference
between the two formation sites remains small. It should be noticed that despite the maximum
heat losses occurring over KB during the dense water generation (e.g., Dorman et al., 2007;
Janekovi¢ et al., 2014; Denamiel et al., 2021a), the lowest bottom temperatures are found in NA
which is 3 times shallower than the deepest part of the KB.

The annual climatology of maximum bottom PDA and associated DOY of maximum
PDA during the JFM season between 1987 and 2017 is presented in the form of box plots for
both subdomains (Fig. 3 and 4). In NA, the years with the smallest maximum PDAs (median of
maximum PDAs < 29.5 kg m ) and therefore the weakest dense water generation are: 1988,
1997, 1998, 2001, 2007, 2009 and 2014 (Fig. 3a). The years with the strongest dense water
generation (median of maximum PDAs > 30.0 kg m™®) are: 2002, 2005, 2012 and 2017. The
remaining majority of the years belongs to the moderate category with maximum PDAs between
29.5 and 30.0 kg m>. In KB, distributions of maximum PDAs are generally smaller than those
in NA (Fig. 3b). Median maximum PDAs larger than 30.0 kg m™> are produced only in
February—March 2012, which is confirmed by sparse observations in that area indicating a
maximum PDA of around 30.0 kg m3 (Mihanovi¢ et al., 2013; Raicich et al., 2013). In one half
of the remaining years, PDAs range between 29.5 and 30.0 kg m™>, while in the other half, they
are smaller than 29.5 kg m™.

The median of the DOY of maximum PDA in NA varies between 25 and 70, revealing
the interannual differences in the timing of the dense water generation. For example, in 2002, the
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major dense water generation event occurred in January without further increases in PDA
afterward. Conversely, in 2011, the highest PDA is produced in March, indicating substantial
late-winter cooling. Further, some years have a wide range in the distributions of the DOY of the
maximum PDA, suggesting the occurrence of either several presumably weak dense water events
in different parts of NA or a slow transport of dense water in the bottom layers of the northern
Adriatic shelf (Vilibi¢ et al., 2008). The box plots of the DOY in KB are similar to those for NA
but with a slight prevalence of the later part of the JFM period. Also, years with wider range in
distributions of the DOY are present in KB which indicates the existence of several cooling
events.
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Figure 3. Box plots of maximum bottom PDA and DOY of maximum PDA for the (a, ¢)
northern Adriatic (NA) and (b, d) Kvarner Bay (KB) subdomains in the 1987—-2017 period. The
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red line inside each box plot denotes the median of the distribution. The orange dotted line
connects the mean values of the distributions.

3.2. Dense water spreading

The spreading of dense water is analysed along different transects across the Adriatic Sea
(Fig. 1). First, the time series of monthly bottom dense water mass transported outward through
the nine transects are presented in Fig. 4. At T1, located on the southern edge of the northern
Adriatic, indicating the dense water outflow solely from the northern Adriatic, the transported
dense water mass mostly varies around -10.0-10" kg, slightly surpassing this value in 2003 and
2017. The largest mass of dense water is transported through T1 in February 2012, sharply
peaking at -20.0-10" kg. The amounts of transported dense water mass through T2, marking the
boundary between the open sea and the northern half of the Kvarner Bay and indicating dense
water mass outflow from the Kvarner Bay only, mostly vary around -5.0-10*" kg and
exceptionally to -6.8-10*" kg in February 2012. A comparison between T2 and T1 bottom dense
water mass outflow, suggests that the outflow from the Kvarner Bay is 2—3 times lower than the
outflow from the northern Adriatic, attributing 25-35% of the total generated dense waters to the
Kvarner Bay. This estimate is smaller than the previously quantified contribution of the Kvarner
Bay to the total dense water formation during winter 2012 found to be around 40% by Janekovié¢
et al. (2014). This might be linked to differences in methodology (mass vs. volume transports)
but also to the fact that 2012 was an exceptional year for dense water generation with a very dry
preconditioning resulting in higher than usual salinities and, hence, PDAs in the coastal Kvarner
Bay (Mihanovi¢ et al., 2013).

Further southeast, at T3 in the middle Adriatic, the bottom dense water mass varies
around -1.0-10™ kg, while larger values around -2.0-10*" kg are obtained in 2003, 2006 and
2012. The decrease possibly reflects enhanced mixing between dense waters and ambient waters
known to occur in this region (Vilibi¢ and Mihanovi¢, 2013) and strongly modify the dense
water outflow. The T4 transect, located north of the Jabuka Pit in the middle Adriatic, shows
mostly smaller amounts of transported dense water mass except in 1988, 2000 and 2012 (near -
2.0-10" kg or larger).

Significant differences are evident between the two transects, T5a and T5b, located in the
Palagruza Sill and divided by the island of Palagruza. Until the mid-1990s, the monthly
transported dense water mass is much larger at T5b (reaching -6.0-10*" kg) than at T5a (reaching
-2.0-10™ kg), after which there is a period of reduced dense water transport until 1999. From
2000 to 2017, a reversal occurs with the transported dense water mass being larger at T5a
(reaching -3.0-10™ kg) compared to T5b (> -1.0-10™ kg). This may indicate a major change in
dense water dynamics over the northern Adriatic shelf — e.g., due to circulation changes or
differences between dense water and the ambient water densities and potential shallowing of the
dense water outflow — as the dense water arriving through T5b cascades initially to the Jabuka
Pit before being transported along the deepest sections of the Palagruza Sill (Vilibi¢ et al., 2004).
In contrast, dense waters arriving through T5a are directly coming from the northern Adriatic
shelf, detouring the Jabuka Pit along the western shelf.

At T6, in the northwestern part of the southern Adriatic, very large amounts of dense
water mass are transported in specific years (1989, 2000, 20022006, 2008, 2012, 2013 and
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2017), with the largest mass transported in April 2005 reaching -70.0-10™ kg. This time series
resembles the one at T5a, indicating that most of the dense waters are transported downslope
along the western sections of the SAP towards its deeper layers (e.g., Gondola Slide, Bari
Canyon, Foglini et al., 2016; Langone et al., 2016).
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Figure 4. Time series of monthly bottom dense water mass transported outward at transects: T1,
T2, T3, T4, T5a, T5b, T6, T7 and T8 for the 1987—2017 period.

For transects T1-T6, the AdriSC bottom dense water mass outflows present strong quasi-
decadal variations which, as demonstrated in Denamiel et al. (2022), are linked to both the EMT
substantially lowering the Adriatic salinities in the 1990s, and the BiOS-driven phases
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influencing bottom salinity and ocean current speed variations across the Adriatic basin (e.g.,
larger dense water mass outflow during the 2000-2006 strong cyclonic BiOS-driven phase).

The remaining transects, T7 and T8, are located in the Strait of Otranto, where T7 is a
full-length transect and T8 is a shorter transect covering the shelf on the western coast. The time
series reveal completely different dynamics at T7 and T8 compared to the other transects: the
dense water transport at T7 is predominantly driven by open-ocean convection in the SAP (e.g.,
Bensi et al., 2013; Querin et al., 2013), while dense water transport at T8 is also strongly
influenced by the properties of the dense water coming over the Palagruza Sill. At least around -
5.0-10™ kg is transported each month through T7 (-15.0-10*" kg on average), with a few
exceptional peaks of -47.0-10™ kg. At T8, the monthly bottom dense water mass is about -
0.5-10™ kg. In some few years, such as 2012, the values reach -1.0-10"" kg at the beginning of
the year. Notably, the substantial bottom dense water mass outflow in 2012 at T6 and T7
indicates massive dense water production in the northern Adriatic during the winter, being
capable to sustain both the strong downslope currents along the western SAP of its denser
fraction and strong bottom current along the shelf of its lighter fraction, extending up to the Strait
of Otranto. Indeed, a rapid BiOS reversal has been demonstrated after massive dense water
outflow in 2012 (Gaci¢ et al., 2014). The same refers to 1987, which is also recognized as a year
when massive dense water production was observed (Vilibi¢ and Orli¢, 2001). However, in
certain years (1992-1993) the dense water outflow at T8 occurs in summer or autumn, indicating
that some other mechanism than bottom density current is responsible for transport of these
waters.

The monthly climatology of the bottom dense water mass transported outward at the nine
transects is examined for the 1987-2017 period (Fig. 5). At T1, the largest amounts of dense
water mass are transported from January to April and range from -2.9-10"* kg (January) to -
5.1-10™ kg (March). Similar distribution is obtained at T2 but with smaller values ranging from -
1.8-10" to -2.6-10™ kg. At T3, the transported dense water mass is the largest from February to
May, ranging from -0.2-10* kg to almost -0.5-10" kg, while T4 shows smaller amounts,
reaching almost -0.3-10*" kg.

At T5a, the largest values are obtained in March (approximately -0.8-10™ kg) and they
further decrease until June. The neighbouring transect T5b, shows its largest transported dense
water mass in March and May (down to -0.2-10™ kg), generally having smaller values than T5a.
This double maximum may be related to direct outflow over the deepest parts of the Palagruza
Sill occurring simultaneously in March, with the outflow along southern sections of the sill
(T5a), and a delayed outflow of dense water originating either from old waters residing in the
Jabuka Pit or from a spillover of new dense water that first cascade into the pit and then overflow
the deepest parts of the Palagruza Sill (May).

Further southeast, at T6, the distribution peaks in March and April, reaching around -12.0
.10™ kg, while in May, it reaches -4.0-10"! kg, resembling the seasonality reproduced at T5a.
Indeed, a delay between bottom dense water mass outflow at T1 and other transects reveals the
average time needed for the dense water to travel until it cascades into the SAP. On average, it
rapidly reaches the northwestern perimeter of the Jabuka Pit in less than a month, but the Jabuka
Pit serves as an obstacle and collector of the densest water, after which the dense water requires
an additional month to be transported downslope to the deep SAP (if having sufficiently high
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373  PDA). These modelling results agree with times derived from in situ observations (Vilibi¢ and

374 Orli¢, 2001).
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376  Figure 5. Climatology of monthly bottom dense water mass transported outward at transects: T1,
377 T2, T3, T4, T5a, T5b, T6, T7 and T8 for the 1987-2017 period.

378 At T7, the transported dense water mass remains large throughout the year, increasing

379 from January to March, when it reaches -20.0-10 kg, and then decreasing slowly until August
380  down to -8.2-10™ kg, after which it increases to -17.8-10" kg in December. These two maxima
381  may resemble the outflow of dense water after its generation (the March maximum), while the
382  December maximum could result from enhanced circulation and exchange of water masses in the
383  Strait of Otranto, known to occur in late autumn/early winter (e.g., Mihanovi¢ et al., 2021).

384  Undoubtedly, the general circulation and water mass exchange between the SAP and the

385  northern lonian Sea is a driver of the dense water outflow throughout the year, considering the
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average capacity of the SAP to accumulate dense water is about two years (Vilibi¢ and Orli¢,
2002). Finally, at T8, the bottom dense water mass outflow values remain around -0.10-10*" kg
from January to March, decreasing until May. Larger values are obtained in July and August,
reaching down to -0.14-10" kg, while the largest transported dense water mass is produced in
November (-0.16-10** kg) and December (-0.13-10™ kg).

3.3. Accumulation sites

The accumulation of dense water during the 1987-2017 period is first investigated by
analysing, in the DKB, JB and DA subdomains, both the animation (Movie S1) of daily time
series of bottom PDA and the time series of bottom temperature and salinity (Fig. 6). The general
pattern in DKB involves a sharp increase in PDA at the beginning of the year when the dense
water generation is occurring and temperatures can drop to 8.5 °C due to consistent wintertime
heat losses and cooling events (e.g., Artegiani et al., 1997). It is then followed by a sharp
decrease at the end of the year when vertical mixing of the whole water column is occurring in
late autumn (e.g., Vili¢i¢ et al., 2009) and temperatures can reach 17.5 °C. The years with the
largest PDAs (> 29.6 kg m™) and lowest winter temperatures (< 10 °C) are: 1993, 2000, 2002,
2004-2006, 2012 (up to 30.0 kg m®) and 2017. Two PDA peaks are frequently occurring during
a year, the first in February—March when the dense water formation is occurring, and the second
a few months later, during the summer months. The second maximum may resemble either the
post-generation spreading of dense water inside the Kvarner Bay associated with a thermohaline
circulation due to the dense water sinking from the shallow to the deepest parts of the Kvarner
Bay as a slow bottom density current, or the advection of dense water from the northern Adriatic
shelf. The bottom salinity variations demonstrate a completely different behaviour as they are
mostly driven by the EMT and the BiOS-driven phases as demonstrated in Denamiel et al.
(2022): salinities within the 37.9-38.4 range are produced during the 1987-1999 period,
followed by a period of larger salinities in the 38.2—38.7 range from 2000—2008 and, after 2008,
a short period of smaller salinities occurred from 2009-2011. In 2005, 2012 and 2017, very large
salinities surpassing 38.7 coincided with very low temperatures (down to 9 °C), indicating the
accumulation of extremely dense waters. Further, the sharp temperature increase in late autumn
typically coincides with an increase in salinity, revealing the advection of higher salinity open
Adriatic waters in autumn. Salinity is generally dropping during dense water generation,
indicating that the generated and advected waters to DKB are coming from shallower regions
with more pronounced cooling effects. Finally, as seen in previous studies (Janekovic et al.,
2014; Prani¢ et al., 2023), the dense waters reside within the DKB for about a year.

In JP, PDA time series exhibits a “saw-tooth” pattern with large changes occurring every
1-3 years, previously detected in shorter ocean simulations (Mihanovi¢ et al., 2018) and
observations (Artegiani et al., 2001). This pattern is mostly driven by the temperature variations.
During some years (e.g., 2002, 2012), the bottom temperatures present large late-winter decrease
resulting from colder dense water cascading into the pit. Conversely, in years lacking this
cascading phenomenon (e.g., 2001, 2014), the temperature tends to continue rising. The bottom
temperatures mostly vary between 10.5 and 13.5 °C and present the largest drops in 2002 and
2012. In all years except 2012, drops in temperature are associated with drops in salinity,
indicating that the dense water generated in the northern Adriatic has lower salinity than the
residing waters in the Jabuka Pit. Notably, in 2012, a sharp salinity increase is associated with a
sharp decrease in temperature, indicating the arrival of highly saline waters in the northern



430
431
432
433

434

435
436

437
438
439
440
441
442
443
444
445
446
447
448
449

Journal of Geophysical Research: Oceans

Adriatic during autumn 2011, reaching dense water sites in winter 2012. As previously
demonstrated, the AdriSC bottom salinity variations within the JP mostly follow the BiOS-
driven quasi-decadal oscillations and the influence of the EMT (Denamiel et al., 2022) but also
longer positive trends (Tojci¢ et al., 2023).
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Figure 6. Daily time series of bottom temperature and salinity in the (a) deep Kvarner Bay
(DKB), (b) Jabuka Pit (JP) and (c) deep Adriatic (DA), during the 1987-2017 period.

In DA, during the 19892000 period PDA generally decreased to 29.23 kg m 2 with
smaller annual variations. After 2000, the PDA slowly increased each year until 2005, when a
very sharp rise to 29.30 kg m 2 occur. The next sharp increase in the DA bottom PDA values
occurred during 2012, reaching slightly less than 29.30 kg m . Another smaller peak of bottom
PDA can be noticed in 2017, restricting the dense water cascading during this event just in the
Jabuka Pit, with much lower intensity in the Southern Adriatic Pit. Convincingly, it can be seen
that the PDA time series in DA also exhibits a “saw-tooth” pattern already measured by near-
bottom sensors at the E2-M3A buoy (Querin et al., 2016), while the AdriSC climate model
results indicate large PDA changes occurring there every 5-10 years. Interestingly, the
associated bottom temperature and salinity exhibit similar “saw-tooth” patterns. The temperature
generally ranges between 12.3 and 13.2 °C, with the largest drops occurring in 2002, 2005 and
2012 when it decreased by slightly more than 0.2 °C during winter. Salinity ranges between
38.60 and 38.73, with several larger jumps such as during 2001-2002, in 2005 and during 2011
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2012. In 2012, in contrast with JP, the decrease in temperature at the bottom of DA is associated
with a decrease in salinity.
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Figure 7. Annual courses of monthly box plots of bottom PDA for the (a) deep Kvarner Bay
(DKB), (b) Jabuka Pit (JP) and (c) deep Adriatic (DA) subdomain in the 1987-2017 period. The
red line inside each box plot denotes the median of the distribution. The orange dotted line
connects the mean values of the distributions.

The monthly climatology of bottom PDA for the DKB, JP and DA subdomains is
presented in Figure 7, while the corresponding temperature and salinity plots may be found in
Supplemental Material (Fig. S5 and S6). In DKB, PDAs are the largest from February to May,
peaking in March at around 29.22 kg m3 (Fig. 7a). Then they decrease until May and keep
constant values for almost 3 months. This behaviour may result from either a slow dense water
spreading from the shallower parts of KB or the advection of dense water from the northern
Adriatic shelf. After September, a steep decrease in PDA occur and a minimum of around 28.24
kg m 3 is reached in November when the whole water column is mixed. The temperature follows
the PDA distributions but in an inverse manner, with a minimum in March down to 10.5 °C and
a maximum in November up to 15.7 °C. Salinity shows its largest values in January and
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February (around 38.39), after which it decreases, reaching a minimum in October of
approximately 38.26, followed by a sharp increase until December and largest variability in
November.

In JP, the smallest PDAs are produced in January around 29.3 kg m™3, after which there is
an increase until April, when they reach around 29.35 kg m2 (Fig. 7b). Therefore, the dense
water cascading into the JP lasts from February to April on average. Subsequently, from May to
December, PDAs slowly decrease to around 29.23 kg m™, due to the slow mixing with the
warmer and more saline intermediate waters. Temperature distributions are very similar to PDA
distributions but inversed. Minimum temperatures are reached in April down to 11.7-12.0 °C,
after which they increase. Salinities are larger in January and February (around 38.56-38.57)
followed by a sharp decrease until May down to 38.52, after which they increase until December,
indicating a lag of one month after the temperature changes.

Monthly box plots in DA reveal relatively small variations (Fig. 7c). PDAs slowly
increase from February to peak around 29.26 kg m~ in April and May, after which they slightly
decrease until the end of the year. Indeed, these distributions indicate the possibility of dense
water cascading reaching in average the bottom of the SAP between late February and May.
Temperature and salinity have similar behaviour, decreasing until April and May and then slowly
increasing until December. The monthly variations in median temperature and salinity are
approximately 0.5 °C and slightly larger than 0.01, respectively.

4 Discussion

This paper, for the first time, analyses and quantifies the Adriatic multi-decadal bottom
dense water dynamics coming from kilometre-scale ocean simulations. For that, the 31-year-long
AdriSC atmosphere-ocean historical climate simulation (1987-2017) with horizontal resolution
of 1 km has been used. Hereafter, three key results are further discussed and a basic classification
of the Adriatic dense water events is proposed.

4.1 Dense water generation in the Kvarner Bay

The AdriSC model is the first model to properly simulate the multi-decadal dense water
generation within the Kvarner Bay. In particular, in this study, it was found that the differences
in maximum PDA during winter months between the open northern Adriatic shelf and the
Kvarner Bay dense water generation sites are primarily influenced by a median difference of 2°C
in temperature while the salinity difference is neglectable. The difference in temperature between
the two generation sites is explained by much larger ocean depths in the Kvarner Bay, so that the
cooling rates during severe bora outbreaks — simulated to reach their maximum in the Kvarner
Bay by the AdriSC model (Denamiel et al., 2020a, b, 2021a) — are found to be less important for
the temperature decrease (and thus, for the PDA increase) than the volume of the ocean to be
cooled. However, the fact that no major salinity difference exists between the two generation
sites contrasts with previous modelling results. Indeed, the other modelling study spanning over
several years — that analysed the results of a ROMS ocean model with a 2 km horizontal
resolution forced by 8 km atmospheric fields extracted from the Aladin/HR hydrostatic weather
prediction model — found that dense waters generated in the Kvarner Bay were less salty than the
dense waters generated on the northern Adriatic shelf (Mihanovi¢ et al., 2018). The reason for
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the difference in salinity between the two models can be attributed to the several times higher
water exchanges between the Kvarner Bay and the open sea reproduced by the AdriSC model
(Denamiel et al., 2020b), resulting in faster advection of saline waters from the open sea to the
Kvarner Bay. Precisely, it was found during the NAdEx experiment (Vilibi¢ et al., 2018) that the
Aladin/HR—-ROMS modelling system used by Mihanovi¢ et al. (2018) underestimated the
transport from and towards the Kvarner Bay by 50% to even 80%, while the evaluation of the
AdriSC climate model against available in situ observations revealed no substantial biases in the
Kvaner Bay (Prani¢ et al., 2021). Further, previous numerical studies from Denamiel at al.
(2021a) and Prani¢ et al. (2023) demonstrated that, for proper quantification of the dense water
generation and water exchanges in the Kvarner Bay, both nonhydrostatic atmospheric models
with a maximum resolution of few kilometres and ocean models with at least 1 km resolution
should be used in the Adriatic Sea.

The other interesting features of the dense water generation in the Kvaner Bay simulated
with the AdriSC model are that it only contributes ca. 25-35% to the overall dense water mass
outflow and that a smaller secondary peak in PDA is often found during summer, which is
mostly linked to the dynamical behaviour of the deepest Kvarner Bay area as further discussed in
section 4.3.

4.2 Adriatic basin vs. Otranto Strait mass transports

In the AdriSC historical simulation, the monthly distributions of dense water mass peak
in March across most of the Adriatic basin. This result is aligned with previous observational
studies that demonstrated that the dense waters generated in the northern Adriatic can travel ca.
200 kilometres southward over 2-3 weeks (Vilibi¢ and Mihanovi¢, 2013) and can influence the
thermohaline circulation over the whole Adriatic (Orli¢ et al., 2007).

In contrasts with the rest of the Adriatic basin dynamical behaviour, the dense water mass
transported along the western side of the Otranto Strait (transect T8) presents two maxima in
July-August and November-December. The November-December peak is also present along the
full Otranto Strait transect (transect T7) and most likely results from enhanced circulation and
exchange of water masses in the Strait of Otranto. However, the particular behaviour in July-
August is well-illustrated with the animation of the spatial distribution of the PDASs over the
Adriatic Sea (Movie S1) that reveals the presence of dense waters (with PDAs >29.4 kg m™ in
most years) in July-August along the southwestern Adriatic coast which are fast transported
towards the Otranto Strait. This surprising result was never reported in previous observational
studies and needs further investigation to understand whether it is linked to a numerical artefact
within the AdriSC simulation or realistic dynamical features.

4.3 Dynamical behaviour of the accumulation sites

The analysis of the AdriSC model highlights that the dense waters accumulated in the
deepest parts of the Kvarner Bay are ventilated annually as the whole bay is regularly mixed
during late autumn and winter, while the dense waters accumulated at the bottom of the Jabuka
Pit and the Southern Adriatic Pit exhibit “saw-tooth” patterns and are renewed every 1-3 years
and every 5-10 years, respectively.
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First, the dynamical behaviour of the Kvarner Bay as an accumulation site is primarily
linked to its particular geomorphology. Outside of the nearshore areas, most of the depths within
the bay are ranging from 60 to 80 m except for a 110-m pit forming the deep Kvarner Bay
accumulation area (see the domain outreach in Fig. 1). Consequently, weak bottom density
currents are likely to transport the denser waters generated over the shallower regions of the bay
towards this pit. As the differences in depth and density between the pit and the rest of the
Kvarner Bay are small, this transport is also likely to occur for several weeks or even few months
which could explain the presence of a summer peak in the PDA time series extracted over the
full Kvarner Bay subdomain. Additionally, dense waters generated over the open northern
Adriatic shelf are also being spread towards the Kvarner Bay through connecting channels and
may also accumulate in the deepest part of the bay (Vilibi¢ et al., 2018). Second, within the
Jabuka Pit accumulation site, the complete ventilation of the whole water column was previously
reported to rarely occur (e.g., Bergamasco et al., 1999) which explains the “saw-tooth” pattern
simulated with the AdriSC model. Further, new oxygenized waters are almost exclusively
coming from dense waters generated yearly in the northern Adriatic (Nof, 1983; Emms, 1997,
Artegiani and Salusti, 1987). This explains the synchronization of the year-by-year
presence/absence of dense waters within the deep Kvarner Bay and the Jabuka Pit (See Movie
S1). Finally, within the Southern Adriatic Pit, dense waters rarely reach the deepest areas of the
pit and the renewal of the bottom waters seems to follow the BiOS phases. It is more frequent
during the cyclonic BiOS phases (e.g., during the 2000-2006 period as simulated by the AdriSC
model; Denamiel et al., 2022) when the advection of more saline waters from the lonian Sea
increases the NAddW density but also lower the stability of the water column and, hence,
enhances the AdDDW generation (Cardin et al., 2020). In contrast, during the anticyclonic BiOS
phases renewal is almost absent (e.g., during the 2007-2011 period as simulated by the AdriSC
model; Denamiel et al., 2022) indicating that circulation in the northern lonian Sea is key for the
renewal of the deepest parts of the Adriatic.

4.4 Classification of the dense water events

A basic classification of the dense water events was derived from the results of maximum
bottom PDA in the northern Adriatic generation site presented in Figure 3, where three
catogeries were defined for the box plots: strong (median of maximum PDAs > 30.0 kg m®),
moderate (median of maximum PDAs >= 29.5 kg m~ and <= 30.0 kg m®) and weak (median of
maximum PDAs < 29.5 kg m™>). Spatial distributions of median of the maximum bottom PDAs
in the whole Adriatic for the three categories, are shown on Figure 8.
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Figure 8. Spatial distribution of median maximum bottom PDA for categories of years with (a)
strong, (b) moderate, and (c) weak dense water formation, based on the classification of
maximum PDA in the northern Adriatic during the JFM period (Figure 3).

In the first category with strong dense water events (Fig. 8a), maximum PDA values
surpass 30.0 kg m™ in the whole northern Adriatic and reach up to 30.0 kg m™ in the Kvarner
Bay and middle Adriatic. Large PDAs are also present in the Jabuka Pit and along the western
coast towards the SAP, where an inflow of bottom dense water with PDA up to 29.4 kg m™ can
be noticed, cascading to the bottom SAP layers and forming the near-bottom cyclonic gyre. As
the near-bottom dense waters need about a month to encircle the SAP (Movie S1), their speed
may be estimated to ca. 15 cm s™ before fully filling the SAP bottom. The second category with
moderate dense water events (Fig. 8b), is characterized by maximum PDAs up to 29.8 kg m™ in
the northwestern part of the northern Adriatic and up to 29.7 kg m™ in the southeastern part of
the northern Adriatic and along the western side of the middle Adriatic. In the Kvarner Bay, the
values are mostly between 29.5 and 29.6 kg m™, while in the Jabuka Pit they reach up to 29.5 kg
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m™. Here, an outflow of dense water is still present along the western coast, while the PDA in
the SAP reaches up to 29.3 kg m with little to no dense water cascading reproduced by the
model. The third category of years with weak dense water formation (Fig. 8c) shows larger
maximum PDAs only in some parts of the northern Adriatic (up to 29.6 kg m™), while in the
Kvarner Bay and middle Adriatic values mostly reach up to 29.5 kg m™. There is some transport
along the western side of the middle Adriatic, while in the Jabuka Pit and SAP the values are
mostly uniform up to 29.3 kg m™ as no dense water cascading occurs in both accumulation sites.

The classification of dense water generation events exhibits common spatial patterns in
bottom maximum PDA, while mainly differing in magnitude. To obtain more details on the
similarities and differences in the dense water outflow, additional research should be performed
using not just bottom density data but also currents over the whole water column.

5 Conclusions

In this study, the AdriSC climate model has been used to numerically assess, for the very
first time, the Adriatic dense water multi-decadal dynamical properties at 1-km horizontal
resolution. In contrast with previous numerical simulations used in the Adriatic Sea, the
presented results have been demonstrated to be aligned with the known literature mostly relying
on observational studies. Consequently, the AdriSC far-future RCP 8.5 climate simulation (2070
2100 period) can now be used to assess the impact of extreme climate warming on the Adriatic
thermohaline circulation. An analysis of trends, variability and extreme events based on this
AdriSC far-future simulation (Toj¢i¢ et al., 2024) has already demonstrated that the dense water
formation in the northern Adriatic is likely to be reduced while the southern Adriatic cyclonic
gyre is likely to intensify and shrink, and the vertical stratification in the deepest part of the
Adriatic is likely to strengthen. As similar results were also found by Parras-Berrocal et al.
(2023) using one member of the Med-CORDEX ensemble (Ruti et al., 2016), further analyses of
the kilometre-scale atmosphere-ocean AdriSC far-future climate simulation must now be
performed and might provide a new vision of the Adriatic dense water dynamical properties
under extreme warming.
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Figure 5.



Climatology of monthly bottom dense-water mass transported outward (10" kg)
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