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?Institute for Adriatic Crops and Karst Reclamation, Split, Croatia

Due to orography-driven dynamics at a (sub-)kilometer scale (e.g., the bora wind)
and a complex ocean bathymetry that includes numerous channels, depressions
and ridges, the atmosphere-ocean dynamics within the semi-enclosed Adriatic
region is not well reproduced by the available regional climate models. The
Adriatic Sea and Coast (AdriSC) kilometer-scale atmosphere-ocean model was
thus specifically developed to accurately assess the Adriatic climate hazards
under both historical (1987-2017) and far-future (2070-2100) conditions. In this
study, we analyze the impact of climate change on the projected Adriatic trends,
variability and extreme events. In the atmosphere, our results mostly follow the
already published literature: strong land-sea contrasts, increased droughts and
extreme rainfall events, and decreased wind speeds in the coastal areas. In the
ocean, strong and constant rise in surface and intermediate temperatures is
associated with salinity decrease, except in surface during summer when salinity
rises in the coastal areas. At the bottom and for the ocean circulation, our results
exhibit strong contrasts. In the coastal areas, bottom temperature rises, and
bottom salinity decreases at the same rate than in surface while changes in
current speed are negligible. In the deepest part of the Adriatic, negative bottom
temperature trends result in a rise 2.5°C slower than in surface while bottom
salinity increases. Further, ocean currents accelerate in the surface and
intermediate layers but decelerate at the bottom. These ocean results suggest
a reduction of the dense water formation in the northern Adriatic, an
intensification and shrinking of the southern Adriatic cyclonic gyre, and a
strengthening of the vertical stratification in the deepest part of the Adriatic
probably linked to changes in the Adriatic-lonian water mass exchanges. Given
the potential impact of these changes on the Adriatic coastal communities and
marine life, this study highlights the need to increase the ongoing kilometer-
scale modelling efforts in the Adriatic region with the aim to implement policies
and adaptation plans better tailored to the local climate changes projected in this
specific region.
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1 Introduction

The Adriatic region (Figure 1), located in the northernmost part
of the Mediterranean Sea, experiences a unique and complex
climate characterized by strong atmosphere-ocean interactions
and contrasts. The coastal regions of the Adriatic region present a
Mediterranean climate, with hot, dry summers and mild, wet
winters. Conversely, regions like the Alps, Apennines, and
Dinarides extend their mountainous climate even to coastal areas
due to long coastal ridges such as Velebit Mountain, which
generates the downslope bora winds (Grisogono and Belusic,
2009). Moving further inland, the continental climate prevails
with greater precipitation during warm seasons compared to the
cold ones (Gajié—éapka, 1993). The strongest Adriatic winds, bora
and sirocco, significantly impact the local atmosphere-ocean
climate, leading to pronounced differences in weather conditions
across the region (Tojcic et al., 2023). Within the Adriatic Sea,
exchange of water masses with the saltier and warmer Ionian Sea,
persistence of substantial decadal oscillations driven by internal
processes and large-scale atmospheric circulation patterns are the
main drivers of the ocean circulation (Lionello et al., 2006;
Civitarese et al., 2023). In particular, the Adriatic thermohaline
circulation results from three main influences. The first is the
wintertime generation of dense waters during bora events (Pullen
et al., 2006; Janekovic et al., 2014; Licer et al., 2016) which can lower
the sea surface temperatures by up to 4-6°C (Denamiel et al,
2020a). The second is the Adriatic-Ionian Bimodal Oscillating
System (BiOS; Gacic et al., 2010; Mihanovi¢ et al., 2015;

- Palagruza Sill Transect
— Bora jets

FIGURE 1

AdriSC WRF 3-km domain and topography, AdriSC ROMS 1-km
domain and bathymetry, along with geographical features of the
region — Apennines, Dinarides, Pannonian plain, Velebit Mountain,
Kvarner Bay and Southern Adriatic Pit (SAP). Palagruza Sill Transect is
presented in red, along with bora jets presented as black lines.
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Denamiel et al., 2022) which greatly impacts the Adriatic salinity.
The third is the presence of major rivers (Raicich, 1996) which
produce a year-round decrease in salinity, particularly towards the
northern Adriatic (Artegiani et al., 1997; Lipizer et al., 2014).

The Adriatic region, similarly, to the other Mediterranean
regions, is a known hotspot in terms of multiple strong climate
hazards and high vulnerability under the on-going global warming
(IPCC, 2022). Air temperatures are already exhibiting increases in
the present climate, with more pronounced warming in summer
and less in winter (Ogrin, 2015; Radilovic et al., 2020). Precipitation
patterns are also shifting in various regions, with results by Gajic-
Capka et al. (2014) indicating generally weak trends in precipitation
extremes but reveal more significant annual and seasonal changes in
the mountainous and coastal hinterland regions. In the latter,
drying tendencies occur, especially during the summer season,
while the mainland experiences higher amount of precipitation.
In the ocean, sea surface temperatures are following seasonal
atmospheric trends but with somewhat higher rates, increasing at
approximately 0.4-0.5°C over recent decades, as observed through
in situ and satellite measurements (Pastor et al., 2018; Vilibic et al.,
2019; Bonacci et al., 2021). Recent trends at the Adriatic’s longest
surveyed transect, the Palagruza Sill (Figure 1), indicate weakened
thermohaline circulation and increased salinity in the surface and
intermediate layers (Vilibic et al., 2013). In terms of atmosphere-
ocean climate projections, until now, the regional climate models
(RCMs) developed over the entire Mediterranean Sea within the
Med-CORDEX initiative (e.g., Ruti et al, 2016) formed the
foundation for assessing the future Adriatic conditions under
global warming. However, the RCM horizontal resolution, of the
order of 10 km, has been proven to be insufficient to resolve the
complex Adriatic dynamics in both the atmosphere (Denamiel
et al, 2021a) and the ocean (Pranic et al., 2023). These RCMs
thus struggle to reproduce the Adriatic thermohaline properties
(Dunic et al., 2019) and many Adriatic coastal processes including
the extreme bora events (Denamiel et al,, 2021a) and the BiOS
(Dunic et al., 2018; Pranic et al., 2021).

Consequently, the first kilometer-scale atmosphere-ocean
climate model in the world, the Adriatic Sea and Coast (AdriSC)
climate model (Denamiel et al., 2019; Denamiel et al., 2021b) with
horizontal resolutions up to 3 km in the atmosphere and 1 km in the
ocean, was implemented to better represent the Adriatic coastal
dynamics. Till now, two 31-year long AdriSC simulations have been
performed, a historical run during the 1987-2017 period forced by
reanalysis products and an extreme warming run during the 2070-
2100 period for a Representative Concentration Pathways 8.5
(hereafter rcp8.5) greenhouse scenario downscaling a single
model of the Med-CORDEX ensemble. The AdriSC trends and
variability have already been quantified for the historical simulation

research is thus twofold. First, the AdriSC historical and extreme
warming runs are used to assess the far-future changes of the
Adriatic trends, variability and extreme events for the temperature,
humidity, wind and rainfall in the atmosphere as well as for the
temperature, salinity, and current in the ocean. Second, the
potential implications, for the atmosphere-ocean dynamics, of the
far-future changes projected by the AdriSC model, as well as, the
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limitations of the AdriSC results and their similarities and
differences with the EURO- and Med- CORDEX RCMs, are
thoroughly discussed.

The article is structured as follows. The AdriSC model set-up
and the methods used in this study are described in Section 2, while
the trends, variabilities and frequencies of extreme events are
analyzed in Section 3. The impact of these results on the Adriatic
region atmosphere-ocean dynamics and coastal communities is
then further discussed in Section 4, while major conclusions are
presented in Section 5.

2 Model and methods
2.1 AdriSC climate model

The Adriatic Sea and Coast (AdriSC) kilometer-scale
atmosphere-ocean climate model (Denamiel et al., 2019; Denamiel,
2021) has been specifically implemented to accurately represent the
Adriatic coastal dynamics under both historical (1987-2017) and
extreme warming (2070-2100; for a Representative Concentration
Pathways RCP 8.5 greenhouse scenario) conditions. It is based on the
Coupled Ocean-Atmosphere-Wave-Sediment Transport
(COAWST) modelling system developed by Warner et al. (2010)
which dynamically couples the Weather Research and Forecasting
(WREF; Skamarock et al., 2005) atmospheric model and the Regional
Ocean Modelling System (ROMS; Shchepetkin and McWilliams,
2009) ocean model. The AdriSC setup (Table 1) consists in (1) two
different nested grids at 15-km and 3-km resolution used in the WRF
model and covering respectively the central Mediterranean area and
the Adriatic-Ionian region and (2) two different nested grids at 3-km
and 1-km resolution used in the ROMS model and covering
respectively the Adriatic-Ionian region (similarly to the WRF 3-km
grid) and the Adriatic Sea only. For the atmospheric grids, a 1:5 ratio
is used to obtain slightly more accurate interpolation as the center of
gravity of the outer grid cells is preserved within the inner grid (Chow
et al,, 2019). In addition, in climate modelling, due to multi-decadal
runs, the 1:3 ratio is rarely used in order to preserve numerical
resources; some experimental climate models even use 1:11 and 1:15
ratios (Zhou and Chow, 2014; Munoz-Esparza et al., 2017; Wiersema
et al,, 2018). In the vertical, all the AdriSC grids rely on terrain
following coordinates: 58 levels refined in surface with a ratio of
3.62% of the height between the surface and 70 hPa (the top layer of
the WRF model; Laprise, 1992) and 35 levels refined near both the sea
surface and bottom floor for the ocean (Shchepetkin and

TABLE 1 Summary of the AdriSC climate model main features.

10.3389/fmars.2024.1329020

McWilliams, 2009). More details on the set-up of the AdriSC
modelling suite — which is installed and fully tested on the
European Centre for Middle-range Weather Forecast (ECMWEF)
high-performance computing facilities - can be found in Denamiel
et al. (2019); Denamiel et al. (2021b) and Pranic et al. (2021).

The AdriSC climate modelling strategy follows the Pseudo-
Global Warming (PGW) method developed by Schir et al. (1996) in
the atmosphere and recently extended to the ocean (Denamiel et al.,
2020b). Consequently, climatological changes are derived based on
the differences between future scenarios (here for the 2070-2100
period) with historical data (here for the 1987-2017 period). These
changes are obtained using the LMDZ4-NEMOMEDS regional
climate model, part of the Med-CORDEX ensemble (Hourdin
et al., 2006; Beuvier et al., 2010), forced by the IPSL-CM5A-MR
global climate model (simulations rlilpl). These projections are
imposed as forcing on top of the reanalysis products. Specifically,
ERA-Interim (Balsamo et al.,, 2015) for the atmosphere, and the
Mediterranean Forecasting System (MFS) MEDSEA v4.1 (Pinardi
etal,, 2003) for the ocean. The reanalysis products are the same ones
used to produce the historical run (Denamiel et al., 2020a; Denamiel
et al., 2020b).

The evaluation of the AdriSC climate model against an
extensive dataset composed of in-situ observations and remote
sensing products has shown that, for the 1987-2017 period, the
skills of the newly developed coupled atmosphere-ocean kilometer-
scale climate model outperform those of the RCMs implemented in
the Mediterranean Sea (i.e., EURO- and Med-CORDEX) in both
the atmosphere (Denamiel et al.,, 2021b) and the ocean (Pranic
et al., 2021).

2.2 Methods

In this study, the far-future trends and variabilities over the
entire Adriatic region as well as the number of extreme events are
extracted from the AdriSC extreme warming run (2070-2100) and
compare with the results of the historical run (1987-2017) already
analyzed in Tojcic et al. (2023). They are derived for the surface
WREF 3-km daily results - i.e., temperature at 2 m, rain, relative
humidity at 2 m and wind speed at 10 m - in the atmosphere, and
for the bottom, 100 m depth and surface ROMS 1-km daily results -
temperature, salinity, and current speed - in the ocean.

Variances and trends are derived over the entire Adriatic region
(WREF 3-km domain in the atmosphere and ROMS 1-km domain in
the ocean). Trends are calculated over the 31-year period of both

Atmosphere Ocean

Models WRF

Number of domains 2

ROMS

2

Resolution 15 km
Initial and boundary conditions

Frequency of outputs
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runs, with the Theil-Sen method (Mondal et al.,, 2012) and trend
significances are calculated with the Mann-Kendall test (Mann,
1945; Kendall, 1975; Gilbert, 1987). Only trends with significance
over 95% are taken into consideration and presented hereafter.
Variances are calculated from the detrended daily data. The impact
of climate change is calculated as percentages of trends/variances,
computed as the ratio (multiplied by 100) of the difference between
extreme and historical trends/variances and absolute value of
historical trends/variances. The results are presented as spatial
plots covering the whole studied areas. For convenience, the
obtained original trends are converted to decadal trends, which
are commonly used within the climate community.

The impact of climate change on the number of extreme events is
derived for selected sub-domains. In the atmosphere, the variables are
analyzed for the land and sea sub-domains in order to reflect the
differences in heat capacity and heat transfer mechanisms. Indeed, land
surfaces heat up and cool down more rapidly than sea masses, which
results in distinct temperature gradients and air pressure variations.
Consequently, local wind patterns, cloud formation, and precipitation
distribution can significantly differ between land and sea areas. The
ocean variables are analyzed for the deep and coastal sub-domains
which cover the Southern Adriatic Pit (Figure 1) and the deep areas
surrounding it, and the rest of the Adriatic with relatively shallow
depths, respectively. These sub-domains reflect the differences between
the shallow and nearshore areas which may experience more
significant temperature and salinity fluctuations in response to
extreme weather events, river discharges, tides, etc. and the more
stable deep areas less impacted by these processes. For each of the sub-
domains, monthly means are derived from the extreme warming and
historical AdriSC daily results. The monthly analysis is conducted
through two distinct approaches applied to each studied variable. First,
the difference between extreme warming and historical monthly
climatologies is computed, serving as a basic indicator of the
monthly changes in average conditions. Second, the 10" and 90™
percentiles of the historical monthly data are determined, serving as
minimum and maximum historical thresholds needed to calculate the
number of days within a month below or above these thresholds (i.e.,
the number of extreme low or high events). To quantify the change in
occurrences of extreme values under extreme warming conditions,
compared to the historical ones, the number of days in the historical
run with values below (or above) the minimum (or maximum)
historical thresholds are subtracted from the number of days in the
far-future climate. This represents approximately 3 days per month.
The monthly analysis of the extreme events is not performed both at
100 m depth for the coastal sub-domain, as only a few model grid
points in this domain fall below 100 m, and for the extreme low rain
events as the minimum threshold is 0 mm/day at almost all model
domain grid points.

3 Results
3.1 Atmosphere

Decadal temperature trends in the Adriatic region indicate that
significant warming continues during the 2070-2100 period (Figure 2,
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upper panels). Temperature trends at 2 m are higher over sea (up to
0.4-0.5°C per decade) than over land (up to 0.3°C per decade) similarly
to the trends found in the historical run (Tojcic et al, 2023). The
percentage of temperature trend shows that far-future warming is
generally expected to be less intense compared to the historical
conditions. This is particularly visible over most of the Adriatic Sea
(up to a 10% decrease) and the southern Italy and Dinarides (15%
decrease). However, trends are projected to increase in the southern
Pannonian plains (around 7%). Variance of temperature at 2 m above
35°C? is observed over land, with lower variability along the coast due
to the influence of the sea and roughly two times less variability over
the deep Adriatic Sea. Compared to the historical conditions, a general
5-10% increase in temperature variability is projected for this extreme
warming scenario. Monthly analysis of the change in number of
extreme air temperatures extreme events (Figure 2, lower panels)
aligns with the spatial analysis, indicating more significant changes
over sea, with over 20 more days per month over the historical
maximum threshold and not a single day below the historical
minimum threshold (i.e, about 3 less days per month than in the
historical run), than over land. In particular, July-August exhibits
nearly continuous extreme high temperatures over sea. Over land,
around 10 days per month are projected to exceed the historical
maximum threshold throughout the year, with over 20 days in July-
August while no day below the minimum historical threshold
is expected.

Relative humidity trends at 2 m (Figure 3, upper panels) are
negative over sea (-0.6% to -0.4% per decade) and positive over land
(0.3-0.5% per decade), mirroring present climate trends (Tojcic et al,
2023). These results probably originate from boundary condition
forcing, as negative trends in relative humidity have been previously
found in global analysis over most of the Mediterranean Sea (Vicente-
Serrano et al., 2018). Negative trends are expected to intensify over
the southern Adriatic Sea and most of the coastal areas but to
decrease over the middle Adriatic Sea. Mountainous regions, like
the Apennines and the Dinarides, exhibit patchy distributions,
reflecting local effects of mountain ridges on humidity trends.
Variability of relative humidity is expected to decrease in the far-
future climate, ranging from 5% over sea to 15% in the northern Italy,
Istria, and central Dalmatia coastal areas. Exceptions include
mountainous regions like the Apennines, Sicily, and southeastern
Dinarides. Monthly analysis for extreme relative humidity in the far-
future climate (Figure 3, lower panels) reveals a decrease (less than a
day per month) in dry days (below the minimum historical
threshold) over land in September-December. This decrease is
accompanied by an overall increase in mean relative humidity (up
t0 0.8%). Over sea, the decrease (less than one day per month) occurs
in January-March. Moist days (above the maximum historical
threshold) are expected to slightly decrease (less than a day per
month) during the warm season over both land and sea sub-domains.
The land-sea contrasts in terms of relative humidity are defined as
positive climatology differences over land and negative ones over sea,
except in May-August when both are negative.

Rain decadal trends in the far-future climate (Figure 4, upper
panels) are positive over sea and the coastal regions, except in the
Rijeka area where large negative trends are projected (below -0.2
mm/day per decade). Coastal regions along the eastern coast and
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the northern Adriatic present larger decadal rain trends (up to 0.2
mm/day per decade) than in the rest of the domain (around 0.1
mm/day per decade). South of the Adriatic, trends are lower and
mostly decreasing. Rain variance percentages indicate an overall
increase of more than 50% in variability. Monthly analysis of rain
(Figure 4, lower panels) reveals an increase in days with extreme
rainfall in the far-future climate, particularly in October-January.
The number of days with extreme rainfall decreases (up to a day per
month) during the warm season (May-September) over both land

Frontiers in Marine Science

and sea sub-domains, accompanied by an increase in mean rain
intensity over the land and sea sub-domains varying between 0.2
and 0.8 mm/day during the cold season (September-January).

For the wind speed at 10 m (Figure 5, upper panels), positive
decadal trends are mostly observed over the sea and coastal regions
(mostly between 0.05 and 0.1 m/s per decade), except along the bora
wind jets, where trends are slightly negative (between -0.025 and 0
m/s per decade). Mountainous regions and the Pannonian plains
show mostly negative trends (around -0.05 m/s per decade).
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FIGURE 3
Same as Figure 2 but for the relative humidity at 2 m.

Variability in wind speed is projected to decrease over most of the
domain, reflecting greater persistence of wind regimes. Exceptions
are mountainous regions, where variability is expected to increase
by approximately 10%. Highest total variances, reaching up to 25
m?s-?, in wind speed at 10 m are found along the Velebit mountain,
known for its strong bora wind events. Monthly wind speed analysis
(Figure 5, lower panels) indicates a decrease in strong wind events
throughout the year over the land domain, except in October-
November. Over sea, a decrease is noted between January and
March. Winter sees the most significant decrease in mean wind
speed over both land and sea domains (up to -0.3 m/s), while
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July-August experiences a small increase over sea. The decrease of
wind speed during winter, particularly in the northern part of the
domain, might suggest a decrease in bora winds and turbulent heat
flux, which might impact the northern Adriatic dense water
formation (see Section 4 for detailed explanation).

3.2 Ocean

Sea surface temperature trends (Figure 6) predominantly range
from 0.25 to 0.35°C per decade, with slightly higher values in the
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Same as Figure 2 but for the surface rain. The changes in the number of daily extreme events per month below the historical minimum threshold

equal to 0 mm/day are not presented.

southern than in the northern Adriatic and maximum values at the
perimeter of the Southern Adriatic Pit (SAP). Trend percentages
(Figure 6) indicate a decrease in sea surface temperature trends in
the far-future climate compare to the historical results, mostly around
30%, with higher values of approximately 50% in the central Adriatic
and along the western coastal current but lower values below 10% in
the SAP. Sea temperature trends at 100 m depth (Figure 7, upper
panels) show an increase of approximately 0.4°C per decade. The
Otranto Strait experiences the highest warming rates (around 0.5°C per
decade), while the SAP shows the lower values (about 0.35°C per
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decade). Trend percentages indicate a decrease in temperature trends of
25-40% in the central Adriatic and an increase of 25-50% in the SAP
and the Otranto Strait compare to the historical results. Decadal trends
of sea bottom temperature (Figure 8, upper panels) demonstrate
contrasting behavior between the SAP and the rest of the Adriatic
Sea. The SAP exhibits negative trends (0.1-0.2°C per decade), while
positive trends (up to 0.5°C per decade) are observed elsewhere, with
the highest values along the eastern coast and the Dalmatian islands.
Trend percentages indicate a general decrease in future sea bottom
temperature trends, with the lowest values in the central Adriatic and
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Same as Figure 2 but for the wind speed at 10 m.
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along the Dalmatian coast and islands, dropping below 20%. Higher
percentages are found in the SAP and the Otranto Strait, with trends up
to 200% lower than for the historical results. Far-future temperature
variability is expected to increase compare to the historical results, by
10-20% at the surface and up to 100% at 100 m in the SAP and the
Otranto Strait. Monthly analysis reveals significant changes in sea
temperature extremes in the far-future climate. Temperatures below
the minimum historical threshold in the historical run no longer occur
but temperatures above the maximum historical threshold persist in all
months, except May-June when 5-8 days do not exceed this threshold.
Differences in monthly climatologies show a sea surface temperature
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increase in the coastal Adriatic regions ranging from 3.4-3.5°C in
winter to 4.1-4.4°C in summer. At 100 m, the increase is of 3.4-3.6°C,
more pronounced in winter and less in spring and summer due to
seasonal conditions. At the bottom, temperature differences also vary,
with coastal areas experiencing similar values to those at 100 m, but
significantly lower values in the deep sub-domain, ranging from 0.9
to 1°C.

Surface salinity trends (Figure 9 upper panels) generally vary
around 0.1 per decade, with slightly lower values in the Kvarner Bay
and Dalmatian Island regions (0.05 per decade). Higher salinity trends
are observed off the Po River delta (exceeding 0.15 per decade) and in
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FIGURE 6
Trend, trend percentage, variance and variance percentage spatial plots (top panels) as well as changes in both monthly average conditions (black
line) and number of daily extreme events per month calculated below/above the historical minimum (10th percentile)/maximum (90th percentile)
thresholds (bar plots) over the coastal and deep sub-domains (bottom panels), for the sea surface temperature.

the Otranto Strait. Compared to the historical trends, salinity is
expected to increase by approximately 25% in the SAP and the
eastern side of the Otranto Strait. Lower salinity trend differences are
projected for the rest of the Adriatic, particularly along the Po River
plume, the Kvarner Bay coastal area, and the Neretva River delta. At a
depth of 100 m (Figure 10), salinity trends range between 0.05 and 0.1
per decade while, compare to the historical trends, far-future trends are
expected to decrease by approximately 20% in the western Adriatic
region but to increase in the eastern part, especially in the SAP.
Variability at 100 m is generally low but is expected to be much
larger than in the present climate. Bottom salinity trends (Figure 11
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upper panels) are positive, with lower values in deeper regions and
higher values in shallower areas, such as the northern Adriatic shelf.
Salinity trends decrease along the Po River plume, in the northern
Adriatic, and the Kvarner Bay, while they increase in the Southern
Adriatic Pit and the Otranto Strait. Bottom salinity variability is
projected to decrease in the Southern Adriatic Pit but increase in the
rest of the Adriatic. At the surface (Figure 9), differences in the number
of days of extreme high salinity events reveal positive changes during
summer (up to 3 and 2 days more in the coastal and deep domains,
respectively), but negative changes, associated with an average decrease
in salinity of up to 0.2, otherwise. At 100 m depth, all differences are
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FIGURE 7
Same as Figure 6 but for the sea temperature at 100 m. The monthly results for the coastal sub-domain are not presented.

negative throughout the year with at least 14 days more of extreme low
salinity events than under the historical conditions associated with a
decrease in salinity up to 0.15. This clearly indicates lower salinity in the
far-future climate, especially during the winter months. At the bottom,
differences are negative in the coastal sub-domain leading to at least 4
days more of extreme low salinity events, while in the deep domain,
they are positive leading to at least 18 days more of extreme high
salinity events. A detailed discussion about the potential impact of
climate warming on the salinity budget is presented in Section 4.
Far-future current speeds in the Adriatic Sea (Figures 12-14)
show positive trends across all depths, like it has been documented
for the present climate (Tojcic et al., 2023). At the surface
(Figure 12), trends range from 0.005 to 0.01 m/s per decade in
most areas, except for the SAP, where they reach up to 0.02 m/s per
decade in the inner part of the cyclonic gyre and around -0.005 m/s
per decade in its outer parts. Compared to historical trends, positive
changes are observed in the central SAP, transversely over the
northern Adriatic, and along the eastern and western coastal
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regions. At a depth of 100 m (Figure 13), current speed trends
are similar to surface trends, with positive values up to 0.005 m/s
per decade, primarily concentrated in the center of the SAP where
both trends and variability increase by more than 100%. At the
bottom (Figure 14), current speed trends remain generally low,
below 0.002 m/s per decade, with the lowest values in the SAP.
Compared to the historical trends, a strong increase in trends (more
than 100%) associated with a strong decrease in variability (up to
100%) is expected in the SAP and the Otranto Strait. Monthly
analysis of surface current speeds indicates a significant increase in
the deep domain during wintertime, while summer months show
lower increases. Consequently, the number of days with extreme
high surface current speeds will double or triple in the deep domain
in the far-future climate, while weak surface current events will be
decrease by half. At 100 m depth, mean current speeds will increase,
particularly in January-May, with almost half of the month
characterized by extreme high current speeds. At the bottom, the
deep domain will experience a weakening of the currents,
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particularly in summer when up to 11 days more of extreme weak
events per month are expected to occur compared to the historical
conditions. In the coastal domain, the changes in current speed are
mostly negligible.

4 Discussion

In this study, the kilometer-scale historical and extreme
warming climate runs of the AdriSC model were compared. The
AdriSC model has already been proven to successfully capture the
fine-scale dynamics in both the atmosphere (e.g., the bora wind,
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Denamiel et al., 2021a) and the ocean (e.g., surface cooling, dense
water generation, BiOS regimes, Denamiel et al., 2020a; Denamiel
et al,, 2022; Pranic et al., 2023) under the historical conditions
(1987-2017). However, our study is the first to analyze the AdriSC
far-future projections which should capture the impact of climate
change on extremes events (e.g., convective storms, dense water
formation) not well represented in regional climate models with
coarser resolutions. The following discussion is thus presenting the
relevance of our results with the aim to, first, explain their potential
implications for the Adriatic atmosphere-ocean dynamics, and
second, compare them with the Mediterranean regional
climate models.
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FIGURE 9
Same as Figure 6 but for the sea surface salinity.

4.1 Implications for the atmosphere-
ocean dynamics

The presented AdriSC results reveal several changes that can impact
the atmosphere-ocean dynamics across the Adriatic region. These
changes, summarized in Table 2, are presented below for four different
categories: (1) heatwaves, extreme rainfalls, and droughts, (2) dense water
formation, (3) salinity budget and (4) Southern Adriatic dynamics.

4.1.1 Heatwaves, extreme rainfalls, and droughts
In the atmosphere, our findings suggest much warmer climate
during the 2070-2100 period (with positive trends up to 0.5°C per
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decade) which leads to at least 10 more days per month of extreme
heat over land than under the historical conditions. This suggests an
increase in the number of heatwaves - as defined in the present
climate by Robinson (2001) — which will be particularly intense and
prolonged during July-August with 20 more days of extreme heat
associated to an average increase in temperatures of 4.3°C. Over the
sea, not only the air but also the ocean temperatures are warming at
an even faster rate than inland. This leads to at least 20 more days per
month of extreme heat than under the historical conditions from the
surface to the bottom of the Adriatic Sea, with an average temperature
increase ranging from 0.9-1°C at the bottom of the deepest part of the
Adriatic to more than 4°C at the surface in the coastal areas. Under
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Same as Figure 6 but for the sea salinity at 100 m. The monthly results for the coastal sub-domain are not presented.

these conditions, marine heatwaves — as defined in the present
climate by Hobday et al. (2016) — would be nearly continuous. In
addition to the heatwaves, the warming conditions projected by the
AdriSC model show an increase in rain variability of over 50% across
the entire studied region, and up to 100% along the eastern Adriatic
coast, compared to the historical conditions. Further, in average, the
number of extreme precipitations projected with the AdriSC model
will be reduced by up to 33% in May-July, associated with a decrease
in relative humidity of 0.2-0.4%, and increased by up to 25% in
October-December, associated with an increase in relative humidity
of up to 0.8%. As lower relative humidity makes rainfall less likely to
occur (Denson et al, 2021), these results go in the direction of
expected increases in extreme rainfall in winter (Zittis et al., 2021)
and droughts in summer, since in a warmer world, the hydrological
cycle will intensify (Allen and Ingram, 2002; Giorgi et al., 2019).

4.1.2 Dense water formation

In the Adriatic, the primary driver of the dense water formation
is the cooling of surface waters during the winter season by cold
northerly bora winds. These winds enhance surface heat loss and
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evaporation, causing surface waters to cool rapidly and sink to the
deeper layers (Pullen et al., 2006; Janekovic et al., 2014; Licer et al.,
2016). The AdriSC far-future results project less intense and less
frequent winds over the entire Adriatic region with both a decrease
in speed (up to 0.18 m/s over land and 0.3 m/s over sea) and a
decrease in the number of extreme high events over the sea (up to
25%) during January-April which is the period during which strong
bora events occur. However, several other factors also influence the
dense water formation. First, warmer waters during the winter
season may slow down the cooling required for dense water
formation, potentially reducing the intensity of the process. In the
coastal areas of the Adriatic Sea, the AdriSC results show an
increase in sea surface temperatures above 4°C during February-
March when the dense water formation is known to occur under the
historical conditions. Second, new precipitation patterns and river
discharges due to climate change may affect the surface salinity
values. During January-April, the AdriSC results show an increase
in both precipitations over sea (ranging from 2.6 to 3.4 mm/day)
and river discharge forcing (compared to the historical conditions,
increase by 40-50% in January-February, no increase in March and
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Same as Figure 6 but for the sea bottom salinity.
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decrease by less than 10% in April; see Figure 4 in Denamiel et al.,
2020b). Providing that the extreme bora events occur during the
same period for historical and far-future conditions, the sea surface
salinity is thus likely to be largely decreased during the far-future
bora events which is confirmed by the increase (decrease) of
extreme low (high) sea surface salinity events in the coastal areas
by up to 5 days (2 days) per month during this period.
Consequently, the density of the dense waters generated by sea
surface cooling will also decrease. Third, a decrease in relative
humidity during bora events can produce an increase in latent heat
losses despite the decrease in bora wind speeds (Denamiel et al.,
2020a). The AdriSC results, however, show an increase of the
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relative humidity over sea by up to 0.8%. Consequently, following
these preliminary results the dense water formation within the
Adriatic Sea is likely to be largely reduced under far-future extreme
warming conditions.

4.1.3 Salinity budget

Noticeable changes in salinity are seen in the AdriSC far-future
projections. The increase in salinity in the surface and intermediate
layers during summer (up to 0.2 associated with 3 more days per
month of extreme high salinity events) signals the prevalence of
evaporation over precipitation and river runoft. This phenomenon
is already observed in the present climate as surface saline “lakes”
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Same as Figure 6 but for the sea surface current speed.
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(Mihanovic et al., 2021). Further, strong surface salinity trends
(more than 0.11 per decade) and variability (more than 20) are
expected in the vicinity of the Po and Drini river plumes which have
the highest discharges in the Adriatic Sea. Finally, within the coastal
sub-domain, surface salinity is expected to decrease in October-
April when the river discharge forcing has been increased by 10-
50% under RCP8.5 conditions and when there is an increase in
precipitations over land and sea. As the northern Adriatic is
strongly influenced by local freshwater discharges (Raicich, 1996),
the salinity budget in this region is mostly following the imposed
changes in river discharges in the AdriSC model extreme
warming run.
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4.1.4 Southern Adriatic dynamics

Over the SAP, the AdriSC results show a decrease in salinity by
at least 0.13-0.15 and an increase in temperatures by 3.4-3.6°C of
the intermediate waters associated with higher current speeds (up to
0.08 m/s and at least 14 more days per month above the extreme
high speeds compared to historical conditions) particularly during
the January-May period. These results, which contrast with the
coastal areas of the Adriatic Sea, suggest the intensification and
shrinking of the southern Adriatic cyclonic gyre in the middle of
which, under the historical conditions, upwelling of deep waters can
occur (Gacic et al., 2002). Further, at the bottom, the increase in
salinity by 0.08-0.09 and the increase in temperatures by 2.5°C less
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Same as Figure 6 but for the current speed at 100 m. The monthly results for the coastal sub-domain are not presented.
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than in the intermediate layer associated with far less variability
than under historical conditions (up to 200%) suggest a
strengthening of the vertical stratification over the SAP. As the
same patterns are observed over the Otranto Strait, this
strengthening of the vertical stratification may result from the
Adriatic-Tonian exchanges. This weakening and shallowing of the
Adriatic-Tonian thermohaline circulation has also been simulated
with coarse atmosphere-ocean models (Somot et al., 2006) and
likely results from an increase stratification and a decrease in dense
water production in the southern Adriatic (Parras-Berrocal et al.,
2023). The peculiar behavior of the SAP compared to the coastal
areas of the Adriatic could also be linked to boundary issues.
However, the AdriSC open boundary is positioned well south of
the strait of Otranto and the AdriSC historical simulation didn’t
exhibit such behavior. Further, the regional climate model used in
the PGW approach, the LMDZ4-NEMOMEDS8 model, doesn’t
display systematic issues and is regularly used in the Med-
CORDEX ensembles. The SAP behavior might thus be the
consequence of an excessive warming of the Adriatic Sea
compared to the central Mediterranean under the far-future
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climate conditions but the sensitivity to the density interplay at
the strait of Otranto should be further studied to reach any
firm conclusion.

All the processes discussed above need to be further investigated
as trends, variability and extreme events averaged over large
subdomains are not appropriate methodologies to understand the
atmosphere-ocean dynamical properties.

4.2 Comparison to previous studies
and limitations

Two different ensembles of regional climate models (RCMs)
projecting climate change under RCP8.5 conditions are available in
the Mediterranean region. The EURO-CORDEX ensemble
(Coppola et al., 2021) at 0.11° resolution with 14 different RCMs
driven by 8 CMIP5 global climate models (i.e., 68 members in total),
is mostly composed of atmospheric models (few coupled with ocean
models). The Med-CORDEX ensemble (Ruti et al., 2016) mostly
composed of atmosphere-land-ocean models is formed of 17
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FIGURE 14
Same as Figure 6 but for the sea bottom current speed.

Atmosphere RCMs at 10-50 km resolution, 8 Ocean RCMs at 7-8
km resolution, 4 Land-Surface RCMs and 14 Fully coupled RCMs at
about 10 km resolution, driven by at least one of the 8 different
CMIP5 global climate models use in EURO-CORDEX. As trends
and variability are generally well reproduced by RCMs, these
ensembles can thus be used to perform a comparative evaluation
of the far-future AdriSC projections (see Table 2).

Ivusic et al. (2021) analyzed the EURO-CORDEX ensemble
precipitations over the Adriatic region for the far-future period
(2071-2100) with respect to the historical period (1971-2000). They
found a considerable reduction of the total precipitations during the
summer months associated with a decrease of the number of rainy
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days over the entire region and strong south-north gradients
particularly during the winter months when the precipitation
intensity could increase. Baronetti et al. (2022) analyzed both
EURO- and Med- CORDEX simulations in northern Italy for the
same periods and also found a north-south spatial gradient as well
as an intensification of the droughts. As in EURO- and Med-
CORDEX simulations, under the far-future AdriSC projections, the
number of days with extreme precipitations is also expected to
decrease during summer and to increase during winter over both
the land and sea domains. In terms of south-north gradients, the
most intense positive precipitation trends are mostly located over
the Adriatic Sea and below 44°N of latitude, while the negative
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TABLE 2 Summary of the AdriSC model projections compared to the
EURO- and Med-CORDEX RCP8.5 scenario ensembles.

EURO- and

Med- CORDEX

Increased heatwaves Increased heatwaves

Increased extreme Increased extreme

winter rainfall winter rainfall

Atmosphere . .
Increase in summer droughts Increase in summer droughts
Decrease of bora events Decrease of bora events
- Increase of sirocco events
Increased marine heatwaves Increased marine heatwaves
Decreased dense Decreased dense
water formation water formation
Increased salinity in surface
(summer) and deep layers, Increased salinity
decrease in salinity elsewhere
Ocean

Strengthening of the
vertical stratification

Strengthening of the
vertical stratification

Intensification and shrinking
of the SAP gyre

Decrease and a regime shift in
o 8 Decrease of deep Adriatic and
deep Adriatic and Otranto .
i Otranto Strait flows
Strait flows

trends cover the Pannonian plain mostly above 44°N of latitude.
However, following the trends and variability analyses, the land-sea
contrasts also highlighted in Coppola et al. (2021) are much more
pronounced than the south-north gradients in the AdriSC results.

Belusic Vozila et al. (2019) used two members of the EURO-
CORDEX ensemble to analyze the far-future near-surface winds
over the Adriatic region. They found a reduction in the number of
bora events, an increase in the number of sirocco events in the
northern Adriatic during the winter season, and a decrease of the
intensity of both bora and sirocco events, except in the northern
Adriatic for the bora events. The AdriSC far-future results also
project a decrease in the intensity of the wind speeds over the entire
Adriatic region particularly during winter time as well as a decrease
in the number of extreme events above the maximum historical
threshold over the sea sub-domain particularly during January-
April which is the period during which strong bora events occur.
The increase in sirocco events cannot be seen in the presented
AdriSC results which average the wind speed conditions over the
entire sea sub-domain.

Parras-Berrocal et al. (2023) analyzed the REMO-OASIS-
MPIOM model results (Sein et al., 2015) of the Med-CORDEX
ensemble and found that the projected dense water formation could
be reduced by 75 % in the Adriatic Sea (84 % in the Aegean Sea,
83 % in the Levantine Sea) by the end of the century due to
hydrographic changes in surface and intermediate water that
strengthen the vertical stratification, hampering vertical mixing
and thus convection. As documented by Soto-Navarro et al.
(2020), the changes will manifest in an increase of temperature
over the whole water column, more at the surface and less in deep
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layers, while most Med-CORDEX models are projecting an increase
in salinity of the whole Adriatic for the RCP8.5 scenario. The
AdriSC results are mostly aligned with these findings. First, the
northern Adriatic dense water formation is expected to be reduced
due to local changes (increased sea surface temperatures, decreased
sea surface salinity, decreased wind speeds). Second, the changes in
properties of the intermediate (decreased salinity and increased
temperatures) and bottom (increased salinity and increased
temperatures by 2.5°C less than in the intermediate layer) layers
over the SAP seen by the AdriSC model also confirm a
strengthening of the vertical stratification potentially linked to the
Tonian-Adriatic exchanges.

Finally, the limitations of the AdriSC far-future projections are
twofold. First, the PGW method uses the same synoptic forcing in
both historical and extreme warming runs which implies that
potential changes in intra- and interannual variability might be
missed. Second, as the results of only one RCM are used in the
AdriSC PGW approach, the climate uncertainty, derived by
running ensembles of simulations forced by multiple global
climate models under multiple warming scenarios (Semenov and

Stratonovitch, 2010), is ignored.

5 Conclusions

The AdriSC projections of the far-future Adriatic climate indicate
several extreme changes: (1) strong land-sea contrasts in the
atmosphere, (2) intensification of the heatwaves and most likely of
the extreme rainfalls and droughts, (3) dense water formation in the
northern Adriatic likely to be strongly reduced, (4) potential
intensification of the surface saline lake effect in during summer, (5)
southern Adriatic cyclonic gyre likely to be shrinking and intensified,
and (6) strengthening of the vertical stratification over the SAP.

Some of these changes have already begun to manifest in the
recent years, like substantially higher temperatures, causing more
frequent and prolonged heatwaves during the summer months
(Climate Risk Profile: Croatia, 2021). The AdriSC climate model
also suggests that the Adriatic region may experience some changes
in precipitation patterns. Changes in timing and intensity of rainfall
events could lead to increased risk of droughts or floods in different
parts of the region. Precipitation extremes in the Adriatic region are
a subject of interest and concern due to their impact on the
environment, society, and economy (Krvavica et al, 2023).
Droughts pose serious threats to agriculture, water resources, and
ecosystems. They lead to reduced crop yields, and increased
demand for irrigation, put pressure on water resources, affecting
water availability for drinking, industrial purposes, and hydropower
generation. In summer of 2022, in Istria, Croatia, water reduction
measures were implemented due to severe drought (Turisticka
zajednica Istarske zupanije, 2022). Conversely, the Adriatic region
is also experiencing extreme rainfall events, characterized by intense
and heavy precipitation over short periods. These events can pose
significant threats to people and infrastructure. In July 2023,
Slovenia, Eastern Croatia and city of Zagreb area experienced
extreme storms, associated with strong winds and heavy rain, that
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took three human lives and caused substantial infrastructural
damages (Deskovic, 2023). Further, in the Adriatic Sea, higher
salinities, temperatures and marine heatwaves may also impact
marine life, fisheries and aquaculture production (Pranovi et al.,
2013), affecting the distribution and abundance of various species
(Kinne, 1964; Einarson, 1993), and influencing migration patterns,
in which species of cold seas like shrimps (Nephrops norvegicus,
Canu et al., 2021) have bad perspective, although having nursery
ground in the coldest deep part of the Adriatic Sea, the Jabuka Pit.

Given the negative impact of these climate events for humans, and
for various economic sectors, including agriculture, tourism, fisheries,
and infrastructure, understanding, and predicting these changes is
crucial for policymakers and local communities to develop effective
adaptation and mitigation strategies. Consequently, the AdriSC
experiment should now be generalized by implementing and
running more kilometer-scale atmosphere-ocean models forced by
more regional models under more climate scenarios in the Adriatic
region. This ensemble of simulations could then be used to derive
robust climate hazard assessments at the local scale, with higher
reliability of reproduction of extreme values and more reliable
quantification and projections of the most extreme events in both
atmosphere and ocean (e.g., coastal flooding, flashfloods, droughts,
wildfires, etc.) than the available ensembles of coarser resolution
Mediterranean models.
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