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The Adriatic Sea, characterized by unique local features in comparison to the

broader Mediterranean Sea, stands out as a highly susceptible region to climate

change. In this context, our study involves a focused climate downscaling

approach, concentrating on the Adriatic water cycle. This encompasses

integrated modeling at the mesoscale, covering the atmosphere, hydrology,

and marine general circulation. The study period spans from 1992 to 2050,

considering the high emission scenario RCP8.5. We aim at evaluating how

the river release projection a�ects the local density stratification and the sea

level rise. Indeed, the river release is found to decrease by approximately 35%

in the mid-term future and condition the stratification of the water column

with di�erences between the Northern and Southern sub-basins. The projected

runo� decrease has a major impact on the Northern sub-basin, where the

stratification is haline-dominated and the foreseen salinization prevails on the

heating through the whole water column. Conversely, the runo� decrease

has a lower impact on the Southern sub-basin, where the future changes of

other mechanisms may play a major role, e.g., the changing properties of the

Mediterraneanwater entering theOtranto Strait and the foreseen heating prevails

on the salinization from the intermediate to deep water column. The study

provides the first evidence of how the decreasing river discharge locally reduces

the density stratification, increases the dense water, and mitigates the sea level

rise in the Northern Adriatic Sea, thus acting in the opposite direction to the

global warming. To minimize uncertainty in coastal ocean projections around

the world, it is essential that the climate downscaling integrates high-resolution

hydrology and hydrodynamics models to correctly reproduce the link between

surface buoyancy and stratification and the resulting dynamics.

KEYWORDS

limited area climatemodeling, physical downscaling, integratedmodeling of local water

cycle, Adriatic dilution basin, river release projection, river role on water stratification,

river role on sea level rise, local dense water formation

1 Introduction

The state-of-the-art Global Climate Models (GCMs), provide the primary source of
information to understand and investigate the climate change at the global scale. However,
they cannot provide a reliable representation of the global coastal ocean and of the local
climate impacts due to the coarseness of their time and space resolution, lacking in the
representation of physical processes and simplified or neglected links among the Earth
system components (Holt et al., 2017).
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FIGURE 4

Comparison of driving MedCordex RCM (black), downscaled AdriaClim LAM (blue), and CMEMS Reanalises (red). Average day-of-year over the

historical time slice 1992–2011 for: sea surface temperature, sea surface salinity, total sea level, and mixed layer depth.
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FIGURE 5

Seasonal change between projection (2031–2050) and historical (1992–2011) ranges for (A) the 2m air temperature (degC), (B) the relative humidity

(%), (C) the total rainfall (mm).

in precipitation is observed with the only exception of the western
side in autumn.

The seasonal change in the latent heat flux in the Adriatic

Sea (negative defined in the downward direction, see Figure 6)

shows an increasing heat loss by evaporation in the mid term

which is coherent with the near surface air temperature and relative

humidity trends (while no relation with the seasonal changes in

the near surface wind provided as Supplementary material), but
its seasonal change is less homogeneous and reduces or even
reverses sign in the areas of freshwater influence, where the density
stratification is expected to reduce (see the next section results),
and it may occur that the local seasonal trend of the sea surface

temperature is less pronunced than the ones of air temperature and
relative humidity.

The future changes in the riverine release may play a key role
in modulating the response of a coastal basin to the changing
climate. The top panel of Figure 7 depicts the average-day-of-year
for the total river discharge throughout the historical and projected
timeframes. It indicates that this freshwater input is expected to
decrease by 2050 of approximately 37% on an annual basis, with
the most substantial reduction occurring during winter and spring.
Specifically, the Po River, contributing nearly one-third of the total
discharge, is expected to reduce its flow by approximately 35%
(bottom panel of Figure 7) (all rivers ending into the Adriatic basin
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FIGURE 6

Seasonal change between projection (2031–2050) and historical (1992–2011) ranges for the Latent Downward Heat flux (Wm−2).

FIGURE 7

River release (m3/s) into the Adriatic Sea. (Top) Total river release, (Bottom) Po river release. Black (blue) line is the average day-of-year over the

historical (projection) time slice.

show negative trends, and the rivers on the eastern side have a
slightly lower one. The related dataset is available on the AdriaClim
public repository on ERDDAP server).

3.2 Future changes in the Adriatic
stratification and dynamics

Seasonal changes in sea surface temperature and salinity in the
mid term future (Figure 8) show positive trends through all seasons.
The sea surface temperature changes are quite homogeneous
over the entire basin and resemble the ones of the near surface
atmospheric fields with no relevant differences among the sub-
basins (Figure 8A), while the variations of the sea surface salinity
are heterogeneous with the highest increase, more than 2 psu, in

the regions of freshwater influence as a result of the reducing river
discharge (Figure 8B).

The seasonal variations of the maximum Brunt Vaisala
Frequency N2

=
g
ρ0

∂ρ
∂z in the top 100 m are shown in Figure 8C.

The future changes in the Adriatic stratification resemble the
ones on SSS with local differences and the strongest effect in
the Northern sub-basin. The loss of stratification affects the
entire basin in summer and autumn, while in winter and
spring, it is relevant on the shelf areas influenced by the main
river discharge.

Looking at the regions of freshwater influence, a strong
connection can be noticed between lowering stratification at the
top of the water column (i.e., the high negative N2) and growing
salinity, particularly in winter and autumn. Here, river influence
plays a key role, making salinization to prevail on heating under
lowering runoff projection.
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FIGURE 8

Seasonal change between projection (2031–2050) and historical (1992–2011) ranges for (A) the sea surface temperature (degC), (B) the sea surface

salinity (psu), (C) the maximum brunt vaisala frequency over the top 100 m depth (s−2).

Conversely, the inner basin in the Middle and Southern regions
exhibits a less prominent decline in stratification during summer
and autumn. It even shows a slight local increase in stratification
during winter and spring, coinciding with the period of the most
substantial evaporation rise (as indicated by the dark blue patch in
Figure 6). This implies that heating outweighs salinization in the
upper 100 meters of the water column. One contributing factor is
the lower sensitivity of the inner basin of the Southern Adriatic to
runoff changes. Additionally, alternative stratification mechanisms
may take precedence. Thus, we extend the stratification analysis to
the entire water column by looking also at the effect on dense water
formation, and we investigate the future changes in the properties
of the MLIW entering into the eastern side of the Otranto Strait.

The profiles of the mean N2 in the NAd (panels of Figure 9)
confirm the high loss of stratification through all seasons and the
whole column.

Similarly, the panels of Figure 10 display the seasonal profiles
in the SAd: here, the spatially average N2 profile hints a lowering
stratification through all seasons up to 100 m depth. Looking at the
intermediate to deep water column, the stratification of the SAd is
expected to increase especially in winter, meaning the heating effect
prevails on salinization.

We analyzed dense water formation by computing the
volume of water in each sub-basin with the potential density
anomaly, PDA, equal to or larger than a threshold value,
i.e., 29.0kgm−3. The top panels of Figures 11, 12 indicate
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FIGURE 9

Seasonal stratification of the Northern Adriatic water column. Historical (black) and projection (blue) profiles of the mean Brunt Vaisala Frequency

(s−2).

FIGURE 10

Seasonal stratification of the Southern Adriatic water column. Historical (black) and projection (blue) profiles of the mean Brunt Vaisala Frequency

(s−2).

that the volume rate of dense water formation is expected
to increase in the NAd by 2050 and decrease in the SAd.
Percentages of +150% and −24% are found respectively.
If we consider a more restrictive PDA threshold for the
NAd dense water volume, 29.2kgm−3 based on previous
studies (Artegiani et al., 1997b; Mantziafou and Lascaratos,
2004; Vilibićet al., 2016), the percentage increase is even
higher, i.e., +200%.

It is interesting to notice that both NAd and SAd deep waters
are expected to be saltier (Figures 11 bottom, 12 bottom) and
warmer (Figures 11 middle, 12 middle).

To the best of our knowledge, this is the first study showing
an increase in the Northern Adriatic dense water in the mid-term
future. Previous studies are conditioned by a number of limitations
preventing a faithful representation of the Adriatic thermohaline
properties, especially in the Northern sub-basin, e.g., the coarse
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FIGURE 11

Dense water formation in the Northern Adriatic sub-basin. (Top) Volume rate (km3/day), (Middle) Temperature, and (Bottom) Salinity. Black (Blue)

line is the average day-of-year over the historical (projection) time slice 1992–2011 (2031–2050).

spatial resolution of the ocean model and its driving atmospheric
forcings (Dunić et al., 2019, 2022) and the misrepresentation of the
future riverine release which is based on a statistical approach or
derived by a simplified and coarse resolution dynamical approach
(Tojc̆ić et al., 2024).

We tried to explain why the future changes on N2 and dense
water formation differ between the NAd and SAd and derive some
straightforward conclusion on the future thermohaline circulations
of the Adriatic sub-basins. In the NAd sub-basin, where most of the
Adriatic river release is located, the foreseen runoff decrease and a
slight increase in the surface heat loss by evaporation (Figure 6) are
found to reduce stratification of the whole water column, especially
in the areas of freshwater influence, enhancing water sinking and
local dense water volume rate. The NAd Dense Water is found to
become saltier but also warmer in the mid term, supporting the
conclusion that the river release plays a major role in determining
the local thermohaline circulation and the future changes in the
NAd stratification (Figure 9) are haline-driven.

Vice-versa in the SAd sub-basin, the runoff decrease and
the evaporation increase (particularly high in the SAd in winter
time, see Figure 6 left) are found to reduce stratification in the
mid-term future till 200 m depth. Moreover, the intensifying
Southern Adriatic gyre (see seasonal maps of surface circulation in
Supplementary material) enlarges the potential surface where the
increasing heat losses may trigger vertical convection. In contrast,
a stratification increase is observed in the deeper water column
(Figure 10), especially in winter time.

Thus, we speculate that the future lowering of water
sinking and dense water formation in the SAd are
mainly driven by the projected change in the salt MLIW
entering into the Eastern flank of the Otranto strait during
summer and autumn.

Model results indicate that the water inflowing through
the Otranto strait at intermediate depth will be confined at
approximately 100 m depth, warmer (see Supplementary material)
and less salty (Figure 13).

Frontiers inClimate 12 frontiersin.org

https://doi.org/10.3389/fclim.2024.1368413
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Verri et al. 10.3389/fclim.2024.1368413

FIGURE 12

Dense water formation in the Southern Adriatic sub-basin. (Top) Volume rate (km3/day), (Middle) Temperature, and (Bottom) Salinity. Black (Blue)

line is the average day-of-year over the historical (projection) time slice 1992–2011 (2031–2050).

Overall, the projected decrease in river release affects the SAd
stratification only at the top of the water column (Figure 10).
However, the changes in the deep water stratification and dense
water formation are thermal-driven and conditioned by the
changing properties of the Mediterranean waters entering at the
Otranto channel.

The haline contraction and the thermal expansion of the
Adriatic water column, which are driven by the sea surface
salinization and heating, respectively, act in the opposite way on
the resulting density stratification and, consequently, the Total Sea
Level (TSL) changes.

In details, the TSL is defined as the sum of an incompressible
or mass component, i.e., the sea surface height SSH solved by
the ocean models under the incompressible assumption, and
the compressible or steric component that accounts for the
thermosteric (i.e., the thermal expansion due to temperature
variations) and halosteric (i.e., the haline contraction due to salinity
variations) contributions (Pinardi et al., 2014).

An additional contribution to the TSL is the vertical land
movement, i.e., the glacial isostatic adjustment and the land

subsidence, which can be relevant at local scales (Galassi and Spada,
2014; Piecuch et al., 2018b; Zanchettin et al., 2021), but they are
neglected within this study.

We found that the magnitude of the Adriatic sea level rise by
2050 is driven by the steric components with differences among
sub-basins.

Our results hint that the mass component (SSH) is expected to
decrease in the mid term through all seasons (Figure 14B), and we
found this is the result of the surface loss of freshwater volume flux
owing to the slightly lowering precipitation, the highly lowering
runoff, and the increasing evaporation rate. Indeed, the highest
reduction of the SSH is up to 10cm in the Northern Adriatic Sea.
Moreover, a local minimum is found in the core of the Southern
Adriatic cyclonic gyre, and it is explained with the intensifying
SAd cyclonic gyre which favors the local upwelling and divergence
(Figure 14B).

Looking at the water exchange at the Otranto strait, the net
outflow over the historical range is consistent with the literature,
i.e., −3 ∗ 10−3Sv (Mantziafou and Lascaratos, 2004; Verri et al.,
2018), while it reduces over the projection range, −0.7 ∗ 10−3Sv,
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FIGURE 13

Seasonal change between projection (2031–2050) and historical (1992–2011) ranges for the Salinity at the Otranto channel (i.e., 40◦N).

meaning more water will enter the Adriatic basin through the
Otranto Strait but not enough to balance the freshwater volume
losses at the sea surface.

We diagnosed the TSL by adding the steric components. Our
results on the seasonal changes suggest that the TSLwill rise at basin
scale through all seasons, with a mean annual rate of approximately
+3mm/year by 2050 (Figure 14A) and local rate up to+5mm/year

in the SAd where the thermal expansion prevails.
A mitigated TSL rise is found in the NAd, i.e., −0.7mm/year,

as it is mostly influenced by the lowering freshwater release which
reduces the incompressible component and increases the haline
contraction making it prevailing of the thermal expansion. As
stated above, the TSL results presented here are limited by the
lack of land subsidence, which has not been considered but may
play a key role at local scale (Piña-Valdés et al., 2022), e.g., by
contributing to the local Sea Level Rise (SLR) in the Venice
lagoon of approximately 50% (Zanchettin et al., 2021). Moreover,
we argue that the contribution of the Terrestrial Ice Melting is
underestimated as it mainly enters as remote effect through the
barotropic transport at the ocean model open boundary located at
south of the Otranto Strait, and thus, it depends on the quality of
the regional climate forcing.

The main result of our study is the first depiction of the spatial
variability of the Adriatic SLR, owing to a prognostic representation

of the riverine release into the Adriatic Sea till 2050 (more than
70 rivers with hourly frequency are considered), which allows that
concluding the SL incompressible component reduces through all
basin with the highest effect on the Northern Adriatic Sea, and
the haline contraction prevails on the thermal expansion in the
Northern Adriatic and vice-versa in the Southern one.

4 Conclusion

The kilometer-scale and integrated climate downscaling we
proposed over the Adriatic Sea is one of the first attempts to
provide a comprehensive and high resolution climate modeling of
the coastal water cycle which prognostically solves all the major
catchments ending into the Adriatic basin.

This study demonstrates that the decrease of river runoff,
along with the enhancement of evaporation, is a major
mechanism for the projected salinity increase in the Adriatic
basin till 2050.

The mid-term scenario provides evidence of the competition
between the runoff decrease and the sea surface temperature
increase for determining a haline-driven or a thermal-driven
stratification: a haline-driven stratification is found to prevail in
the NAd where the decreasing runoff is found to weaken the
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FIGURE 14

Seasonal change between projection (2031–2050) and historical (1992–2011) ranges for (A) the Total Sea Level (cm) and (B) the Sea Surface

Height (cm).

local stratification and enhance the local dense water formation,
vice-versa the future changes in the properties of water entering
the Otranto Strait are found to strongly contribute to increase
the stratification of the intermediate to deep water column in
the SAd, thus reducing the local water sinking and the dense
water formation.

Moreover, the projection of the riverine release into the Adriatic
Sea till 2050 allowed us to capture the spatial variability of the
Adriatic SLR and conclude that the haline contraction prevails on
the thermal expansion in theNorthernAdriatic Sea, with a resulting
modulating effect on the total SLR. In the Southern Adriatic Sea,
the steric contribution to the total SLR is driven by the thermal
expansion.

These detailed projections on the physics of the Adriatic
Sea can be employed to properly support the projection of the
biogeochemical dynamics, Mentaschi et al. (2024) (submitted), and
hyper-resolution coastal vulnerability studies, e.g., the shoreline
evolution (Mannarini et al., 2024) (submitted) and the salinization
of inland water (Verri et al., 2024) (submitted).

The main lessons of the climate downscaling exercise proposed
in this study can be summarized as follows:

• The future changes in the near-surface atmosphere and the
thermohaline properties of the Adriatic Sea show different
behaviors under global warming. The former is quite
homogeneous, and the latter is more heterogeneous and

mainly affected by the reducing river release in the Northern
sub-basin and the changing properties of water flows through
the Otranto Strait in the Southern sub-basin.

• A decrease of the river release in coastal and marginal
seas acts in the opposite direction to the global heating
by weakening the density stratification, increasing the dense
water formation, and reducing the total sea level rise.

Hence, the overall insight is that the new generation
climate downscaling benefits from high space and time
resolutions and a more comprehensive representation of the
local water cycle.

Finally, our climate LAM has been nested within a single Med-
CORDEX RCM, and a single climate scenario has been carried out
thus with no possibility to quantify the climate uncertainty. To
get more robust information on future changes under a climate
scenario, an ensemble of downscaled systems is necessary. While
the building of a reliable Med-CORDEX ensemble with the last
generation CMIP6 projections is ongoing, most datasets produced
within Med-CORDEX and other regional climate downscaling
initiatives have been only partially stored, thus they are not suitable
for further local downscaling. The AdriaClim project aims at
contributing to shed light on the importance of defining best
practices and shared rules for the new generation regional-to-local
climate downscaling to provide trustable scenarios with very high
time and space details.
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Tojc̆ić, I., Denamiel, C., and Vilibić, I. (2024). Kilometer-scale trends, variability,
and extremes of the Adriatic far-future climate (RCP 8.5, 2070-2100). Front. Mar. Sci.
16, 907–926.

Verri, G., Furnari, L., Gunduz, M., Senatore, A., Costa V. S., De Lorenzis, A., et al.
(2024). Climate projections of the Adriatic Sea: the role of river release. Front. Clim.
6:1368413. doi: 10.3389/fclim.2024.1368413

Verri, G., Mahmoudi Kurdistani, S., Coppini, G., and Valentini, A. (2021).
Recent advances of a box model to represent the estuarine dynamics: time”?variable
estuary length and eddy diffusivity. J. Adv. Model. Earth Syst. 13:e2020MS002276.
doi: 10.1029/2020MS002276

Verri, G., Pinardi, N., Bryan, F., Tseng, Y.-H., Coppini, G., and Clementi, E. (2020).
A box model to represent estuarine dynamics in mesoscale resolution ocean models.
Ocean Modeling 148:101587. doi: 10.1016/j.ocemod.2020.101587

Verri, G., Pinardi, N., Oddo, P., Ciliberti, S., and Coppini, G. (2018). River
runoff influences on the central mediterranean overturning circulation. Clim. Dyn. 50,
1675–1703. doi: 10.1007/s00382-017-3715-9

Vichi, M., Lovato, T., Butenschön, M., Tedesco, L., Lazzari, P., Cossarini, G., et al.
(2020). The Biogeochemical Flux Model (BFM): equation description and user manual.
BFM version 5.2. BFM Report series N. 1, 89–109.

Vichi, M., Pinardi, N., and Masina, S. (2007). A generalized model of pelagic
biogeochemistry for the global ocean ecosystem. part I: theory. J. Mar. Syst. 64, 89–109.
doi: 10.1016/j.jmarsys.2006.03.006
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