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The Northern Adriatic region and the Orbetello lagoon, although limited in size with respect to the
Mediterranean region, perfectly summarize the complexity often observed in the area. They are in
fact characterized by complex land-distribution, by the presence of several important human and
industrial settlements, high biodiversity and several hot-spots for fisheries, significant air-sea
interaction and freshwater input from the inland. Due to the complexities of the areas under
investigation, a proper assessment of the future evolution of the climate and marine ecosystems of
the regions under different emission scenarios requires the adoption of modeling tools with a fine
spatial resolution (both vertical and horizontal) that consider and solve the interaction among the

different compartments of the climate system.

In this task, we introduce newly developed configurations of state-of-the-art climate and
biogeochemical modeling tools able to simulate the dynamics of the atmosphere, rivers, ocean and

marine ecosystems of the Northern Adriatic region and Orbetello lagoon.

The newly climate and biogeochemical projections dataset produced for the Northern Adriatic region
shows a significant warming in the area of both inland and ocean compartments. Moreover, climate
simulations project drier conditions over the region, lower river discharges as well as a dramatic
increase in the intensity of the rainy events, in particular in the coastal areas between Veneto and
Friuli Venezia Giulia. The remarkable warming of the region will also affect the marine ecosystem
dynamics: the high-resolution projections of the Northern Adriatic biogeochemistry shows in the
future a significant deoxygenation, acidification and decline in the phosphate content of the euphotic
layer of the basin. On the other hand, an increase in the nitrate concentration has been observed in

some areas of the basin like the Gulf of Trieste, probably related to the changes in local circulation.

For the Orbetello lagoon, the model shows interesting capabilities of describing, with high temporal
and spatial resolution, the evolution of key parameters related to the lagoon's trophic state and it is

proposed as a decision support tool for lagoon management under climate change conditions.

As already observed on the Mediterranean scale, climate change will dramatically affect the coastal
areas and lagoons with significant effects on marine ecosystems and, possibly, on related ecosystem

Services.



N Finanziato #%, Ministero . W
MRS dall'Unione europea ( » dell’Universita l Italiadomani
e NextGenerationEU :};}'{i e del Ia Ricerca L PIANG NAZIONALE

DI RIPRESA E RESILIENZA

Figure 1- The Northern Adriatic region (red box, left panel) and the Orbetello lagoon (panel on the right), with

topography and bathymetry (both in m), location and naming conventions for measuring stations.

Figure 2- Simulated by RegCM5srp 2 m Temperature (in °C) and 10 m wind fields (in m/s) on February, 4th 2012 (left
panel) and August, 2nd 2003 (right panel). Initial and boundary conditions come from ERAS.

Figure 3- Simulated by RegCM5srp 2 m Temperature in summer (in °C) under GLW1.5 (left panel) and projected changes
under GLW3 (central panel) and GLW4 (right panel) under emission scenario SSP3-7.0. Initial and boundary conditions
come from EC-EARTH3-Veg.

Figure 4- Simulated by MITgcmsrp -BFM Sea Surface Temperature ((in °C), Salinity, Dissolved oxygen (DO, in mmol/m?),
pH, phosphate (Nlp, in mmol/m®) and nitrate (N3n, in mmol/m’) in the period 1996-2005(left panel) and projected
changes in the period 2041-2050 (right panel) under emission scenario RCP8.5. Atmospheric initial and boundary
conditions come from HadGEM?2-ES.

Figure 5- First row: Simulated by RegCM5srp daily precipitation (in mm) under GLW1.5 (left panel) and projected
changes under GLW3 (central panel) and GLW4 (right panel) under emission scenario SSP3-7.0. Second row: as the
first row but for rl10mm (in number of days). Initial and boundary conditions come from EC-EARTH3-Veg.

Figure 6- Relative frequency of daily values of 2 m temperature (in °C, left panel) and precipitation (right panel, in log
scale mm) simulated by RegCM5srp under GLW1.5 (cyan), GLW3 (red) and GLW4 (blue) under emission scenario SSP3-
7.0. Initial and boundary conditions come from EC-EARTH3-Veg.

Figure 7- Yearly r20mm according to EURO4M dataset (left panel, in number of days), minimum biases between
simulated r20mm and the observations (central panel) and the added value (in %, see the text for the definition) in the

period 1989-2003. The contour line represents the minimum bias equal to zero.

Figure 8- River discharges biases in (%) between station-based observations (dots) and CHyMsrp (left) and CHyMcpr
(right panel) in the period 1989-2003

Figure 9 First row: DO concentrations (in mg/l) simulated with the numerical model and measured in the lagoon at
Levante?2 station for the year 2021 (left) and zoom on the period 16-31/08/2021- Second Row: — IN (left) and IP (right)
concentrations (in mg/l) simulated with the numerical model and measured in the lagoon at the location of MAS-088

sampling point for the year 2021.

Figure 10 — Maps of minimum DO concentration (in mg/l) simulated with the ecological model for the month of August
2021, in the present scenario (a), for the natural circulation (no pumps at the inlet) with the obstruction of grids and
gates for fishing activities (b), for the natural circulation without obstructions in the inlets (c) and for the scenario with

channels excavated in the bottom (d).
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Coastal and open ocean areas of the Mediterranean Sea are experiencing significant changes such as

warming, eutrophication, deoxygenation and acidification (MedECC, 2020; IPCC, 2022).

Although relatively small within the context of the Mediterranean, the Northern Adriatic region and
the Orbetello Lagoon encompass the area’s characteristic environmental complexity. Both systems
feature intricate land-sea configurations, substantial urban and industrial development, high
biodiversity and key fisheries hotspots, and are strongly shaped by pronounced air—sea interactions
and freshwater inputs from inland. Moreover, the Northern Adriatic region is widely identified as a
regional hot-spot for climate change in the Mediterranean area since climate projections have shown
significant warming and increase in the intensity of the precipitation events over the region in the

future (Lazoglou et al., 2024).

Due to the complexities of the areas under investigation, a proper assessment of the future evolution
of the climate and marine ecosystems of the regions under different emission scenarios requires the
adoption of modeling tools with a fine spatial resolution (both vertical and horizontal) that consider

and solve the interaction among the different compartments of the climate system.

In this task, we introduce newly developed configurations of state-of-the-art climate and
biogeochemical modeling tools able to simulate the dynamics of the atmosphere, rivers, ocean and
marine ecosystems for the Northern Adriatic region and Orbetello lagoon. Moreover, we show some
results of the analysis of the hindcasts and climate projections for the inland and ocean compartments

that have been produced by using these modeling tools (see section 5.1.3).

The Northern Adriatic region is a continental area formed by part of Northern East Italy and part of
Croatia and Slovenia surrounding a relatively shallow basin, namely the Northern Adriatic Sea. The
area 1s characterized by strong environmental gradients due to the complex orography surrounding
the basin, the presence of strong air-sea interactions, and deep-water formation processes associated
with Bora wind episodes in the Northern Adriatic Sea. Moreover, the presence of the Northern
Adriatic Sea significantly affects the location and magnitude of several weather events (Miglietta and

9
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strongly influenced by the presence of the Po river that is one of the major sources of freshwater and
nutrients in the Mediterranean Sea. Moreover, the basin is characterized by the presence of coastal
lagoons, such as the Venice Lagoon and the Marano-Grado Lagoon, which offer nursery and refuge
area for several marine organisms and seabirds, thus supporting lively ecosystems. In the framework
of the Return project the Northern Adriatic has been identified as Proof-of-Concept by Spoke 8 WP2
(Figure 1, red box in the left panel).

The Orbetello Lagoon (Figure 1, right panel) consists of two partially connected coastal brackish
basins, known as the Ponente Basin (to the northwest) and the Levante Basin (to the southeast), with
a total surface area of approximately 27 km?. The lagoon is heavily exploited for the extensive farming
of euryhaline species, which constitutes the area's most important economic resource (Lenzi, 1992,
Cocchi et al, 2005; Lenzi et al., 2003). Three artificial inlets, each about 2 km long, connect the lagoon
to the sea: Nassa and Fibbia inlets in the Ponente Basin and Ansedonia inlet in the Levante Basin
(Figure 1, right panel). These inlets have a limited cross-sectional area relative to the total volume of
the lagoon (15-25 m in width and 1.3-1.8 m in depth), and are partially obstructed by grates, gates,
and fish traps that fully occupy some of their cross sections, used for fishing activities. As a result,
water exchange with the sea is limited and strongly influenced by wind direction and water level
variations due to large-scale atmospheric phenomena. To enhance water renewal, two pumping
stations are typically activated during spring and summer to increase seawater inflow from the Nassa
and Fibbia inlets (in the Ponente Basin), leaving the Ansedonia inlet in the Levante Basin as the only

outflow point (Zannella et al., 2025).

Domain elevation in m

iaintet |e Meteorologicat station
|# water tevel station
|

|2 water

0 250 500 750 1000 1250 1500 1750 2000

Figure 1- The Northern Adriatic region (red box, left panel) and the Orbetello lagoon (panel on the right), with

topography and bathymetry (in m), location and naming conventions for measuring stations.
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In this task we developed a series of high-resolution configurations for several climate and

biogeochemical modeling tools that have been then used to produce hindcasts and climate projections

datasets for the Northern Adriatic region and the Orbetello lagoon. For both areas, these

configurations come from the synergistic efforts within the Return project among participants of the

spoke VS4 and between spoke VS4 and DSS8, in collaboration with the PNRR project TeRABIT and

the computational resources of the ICSC — Centro Nazionale di Ricerca in High Performance

Computing, Big Data and Quantum Computing — Spoke 4 Earth and Climate.

In particular here we considered for the Northern Adriatic region:

the Regional Climate Model RegCM v5 (hereafter RegCMS5g4, Giorgi et al., 2023) with a
horizontal resolution of 3 km and 41 vertical levels (convection permitting). Furthermore, the
model adopts CLMU as an urban climate model. The model has been employed to produce
convection permitting hindcast for the period 1987-2020 by using ERAS as initial and
boundary conditions and climate projections for three 10-years windows (under emission
scenarios SSP3-7.0) corresponding timely to three different levels of Global warming (GLW),
namely 1.5°C (2005-2014, present climate), 3°C (2053-2062) and 4°C (2072-2081). For the
latter initial and boundary conditions derive from a previous downscaling at 12 km of the

CMIP6 model EC-EARTH3-Veg (Doescher et al., 2022; also produced by RegCM544).

the Cetemps Hydrological Model CHyM (hereafter CHyM;w, Coppola et al., 2007) with a
horizontal resolution of approximately 1 km. The model has been employed to produce high-
resolution hindcasts and climate projections for the same GLWs windows considered before

by using as input the total runoff from RegCM 5.

The ocean-biogeochemical model MITgemstp-BFM (Cossarini et al., 2017; Marshall et al.,
1997 a,b; Vichi et al., 2023) with a horizontal resolution of approximately 700 m and 27
vertical levels. The model has been employed to simulate the dynamics of the basin in two
10-years windows (1995-2005 and 2041-2050) under RCPS8.5 emission scenario. The
MITgemstp-BFM is forced offline by precomputing fields derived from a previous
downscaling of the CMIP5 HadGEM2-ES model (Jones et al., 2011) made by using RegCM
v4.7 in convection permitting configuration (Pichelli et al., 2021). Initial and Boundary
conditions for the ocean physics and biogeochemistry have been derived from Reale et al.,

(2022).

11



Finanziato #%, Ministero
dall'Unione europea ( ;w dell’Universita
NextGenerationEU %3%> e della Ricerca

e the Regional Earth System Model RegCM-ES (Reale et al., 2020) that uses RegCMS5 (Giorgi

. I Italiadomani

PIAND MAZIONALE

DI RIPRESA E RESILIENZA

et al., 2023) with a horizontal resolution of 3 km and 41 vertical levels (convection
permitting), CHyM (Coppola et al., 2007) with a horizontal resolution of approximately 1 km
and MITgcm (Marshall et al., 1997a,b) with a horizontal resolution of approximately 700 m
and 59 vertical levels. The modeling tool has been used to produce an hindcast for the period
1987-2003 by using as initial and boundary conditions ERAS5 for the atmosphere and

Copernicus Marine Service Physical Reanalysis for the ocean compartment.

For the Orbetello lagoon, models from the MIKE suite developed by the Danish Hydraulic Institute
(DHI) were used (Li et al, 2024). The model solves the fully nonlinear depth-averaged shallow-water
equations and includes simulations of the operation of the pumping systems installed at each inlet and
heat exchange processes between the lagoon and the atmosphere. It employs an unstructured grid
composed of triangular and quadrangular elements with sizes ranging from 2 m to 250 m, to
accurately discretize the lagoon inlets while keeping computational time to acceptable values.
Regarding the ecological component, the model uses twenty-five state variables to describe the
nutrient cycle, the growth and decay of phytoplankton, zooplankton, and detritus, rooted vegetation,
and macroalgae, as well as the nitrogen and phosphorus cycles in sediments, all through mass balance
equations. The model also simulates dissolved oxygen (DO) dynamics. As boundary conditions the
model uses the hourly value of solar radiation, wind from meteorological station, hourly water levels,
temperature, and salinity data extracted from the Mediterranean Sea Physics Analysis and Forecast
database of Copernicus Monitoring Environment Marine Service (CMEMS) (Clementi et al., 2021).
The marine-coastal waters (MAR) database (with sampling points MAR-SS, MAR-AL, MAR-AS)
of the Environmental Information System of the Tuscany Region (SIRA-ARPAT, n.d.) was the main
source of data for providing initial and boundary conditions to the ecological model (for

phytoplankton, chlorophyll-a, inorganic nitrogen, inorganic phosphorus, DO).

The advantages of using a high-resolution modeling tool for the Northern Adriatic region is clearly
shown in Figure 2. The figure shows the simulated 2 temperature and wind field at 10 m in two rather
(from a meteorological point of view) extreme situations: the cold wave of February 2012 (left panel)
and the heatwave of August 2003 (right panel). The high resolution of the modeling tool allows for
example to detect the stripes over the marine waters associated with the Bora wind flowing over the
Northern Adriatic Sea or the anomalous 2m temperatures in the Po Valley associated with the

heatwave.

12
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(b) Feb,4th 2012 daily 2 m temperature wind 10 August,2nd 2003 daily 2 m temperature wind 10 m

46.5°N

Figure 2- Simulated by RegCM5srp 2 m Temperature (in °C) and 10 m wind fields (in m/s) on February, 4th 2012 (left
panel) and August, 2nd 2003 (right panel). Initial and boundary conditions come from ERAS.

On the other hand, Figure 3 shows the simulated 2 m in the present climate (GLW1.5, left panel)
during the summer season and the projected changes in the GLW3 (central panel) and GLW4 (right
panel) under emission scenario SSP3-7.0. In the present climate RegCM5sa captures well the spatial
pattern of the temperature in the region with the clear signature of the presence of the mountains:
colder/warmer over the mountains/in the Po Valley. As expected, with the increase of the GLW values
the simulations show a dramatic warming of the area. In particular, the Po valley will be experiencing
an increase of the temperature of about 4-5 °C with a peak in the areas between Italy and Slovenia

and in the coastal areas of Croatia.

JAdaily t2m RegCM5-GLW1.5 JA RegCM5-GLW3minus GLW1.5 JA RegCM5-GLW4minus GLW1.5

Figure 3- Simulated by RegCM5srp 2 m Temperature (in °C) in summer under GLW1.5 (left panel) and projected
changes under GLW3 (central panel) and GLW4 (right panel) under emission scenario SSP3-7.0. Initial and boundary
conditions come from EC-EARTH3-Veg.

The warming of the area will not only affect the land compartment of the region but also the ocean

domain and the marine ecosystems. Figure 4 shows the simulated by MITgcmstp-BFM sea surface
13
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changes in the period 2041-2050 under emission scenario RCP8.5 (right panel). First, the high
resolution of the ocean model captures the spatial gradient in all the variables between coastal and
open ocean areas driven by the bathymetry (black lines) and the presence of the rivers, in particular
the Po. Then the projections show a more dramatic change in both physics and biogeochemistry of
the coastal areas with respect to the open ocean areas: in particular although the entire basin will be
affected by a significant warming, salinification, deoxygenation, acidification and decline in
phosphate availability these changes will be stronger in the coastal areas. It is interesting to note that
the concentration of nitrate will increase in the Northern Eastern part of the basin, likely driven by

changes in the ocean circulation of the area.
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Figure 4- Simulated by MITgcmsrp -BFM Sea Surface Temperature (in °C), Salinity, Dissolved oxygen (DO, in
mmol/m®), pH, phosphate (N1p, in mmol/m?) and nitrate (N3n, in mmol/m3) in the period 1996-2005 (left panel) and
projected changes in the period 2041-2050 (right panel) under emission scenario RCPS.5. Atmospheric initial and

boundary conditions come from HadGEM2-ES.

Figure 5 shows the simulated daily precipitation in the present climate (GLW 1.5, left panel/first row)
during the autumn season (the wettest season over the area) and the projected changes in the GLW3
(central panel) and GLW4 (right panel) under emission scenario SSP3-7.0. The second row shows
the projected changes for the r10mm. The latter measures the number of days when the daily
precipitation is greater than 10 mm and is used as an index to measure changes in extreme
precipitation events. In the present climate RegCMS5q captures well the spatial pattern of the
precipitation with higher values over the mountains and drier conditions in the Po Valley. With the
increase of the GLW values the simulations show drier conditions for the region over both mountains
and planes. On the other hand, something different happens for the extreme precipitation events: some
areas (for example Veneto and Friuli Venezia Giulia) will experience an increase in the frequency of
these extremes. This means that the coastal region of the Northern Adriatic will experience drier

conditions but more concentrated intense precipitation events.

16
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Figure 5- First row: Simulated by RegCM5srp daily precipitation (in mm) under GLW1.5 (left panel) and projected
changes under GLW3 (central panel) and GLW4 (vight panel) under emission scenario SSP3-7.0. Second row: as the
first row but for r10mm (in number of days). Initial and boundary conditions come from EC-EARTH3-Veg.
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Figure 6- Relative frequency of daily values of 2 m temperature (in °C, left panel) and precipitation (right panel, in log
scale mm) simulated by RegCM5srp under GLW1.5 (cyan), GLW3 (red) and GLW4 (blue) under emission scenario
SSP3-7.0. Initial and boundary conditions come from EC-EARTH3-Veg.

The changes in the temperature and precipitation regime under increasing GLWs are shown in Figure
6. The left panel shows a clear shift of the relative frequency of daily temperature towards hotter
temperatures in function of the GLW considered. The right shows the same but for the daily
precipitation. In particular for the daily precipitation the pdf (in log scale) shows the extreme
precipitation will be “more” extreme in the GLW3 than in GLW4. This behaviour could be explained

by the fact that the intensity of precipitation events is not a function of the thermodynamics of the
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event but also the circulation: thus, GLW4 will be likely associated with changes in the circulation of

moisture that will further dampen the intensification of rainy events.

Figure 7 shows the r20mm according to the EURO4M dataset (Isotta et al., 2014, first panel on the
left), the minimum biases between the simulated r20mm by RegCMS5stp and RegCM-ES (central
panel) and the added value (AV, panel on the right) defined as:

100*abs(BIASstp)-abs(BIAScpr)/abs(BIASstp) (1)

where STD and CPL are respectively RegCM5stp and RegCM-ES. Where AV is greater than 0, the
coupled model improves the simulation of r20mm. This index, similarly to r10mm, measures the
number of days when the daily precipitation is greater than 20 mm and is used as an index to measure
changes in extreme precipitation events. It is clear that the models overestimate (underestimate) the
r20mm over the Alps (Po Valley). On the other hand, the AV is positive along the coastal areas of
the Northern Adriatic Sea, that are the areas under the direct influence of the coupling between
atmosphere and ocean, showing that coupling improves the simulation of the precipitation in the

coastal areas of the Northern Adriatic.
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Figure 7- Yearly r20mm according to EURO4M dataset (left panel, in number of days), minimum biases between
simulated r20mm and the observations (central panel) and the added value (in %, see the text for the definition) in the

period 1989-2003. The contour line represents the minimum bias equal to zero.

Figure 8 shows the analysis for the simulated river discharge by CHyMsrp (left panel) and CHyMcpL
(right panel). Each dot represents the location of a station measuring the discharge of a river. Each
station is compared with the simulated river discharge by the model and colors represent the bias (in

%) between model and observations. Once again comparing CHyMsrp (left panel) and CHyMcpL
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(right panel) it is clear that, in particular, around the Adriatic area the coupling also improves the
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simulation of river discharges.
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Figure 8- River discharges biases (in %) between station-based observations (dots) and CHyMsrp (left) and CHyMcpr
(right panel) in the period 1989-2003

Figure 9 shows the hourly values of simulated DO, IN (total nitrogen) and IP (total phosphorus) in
the Orbetello lagoon during the year 2021. The comparison with measurements collected at the
Levante2 water quality monitoring station (Fig.1, right panel) and ARPAT at the MAS sampling
points demonstrates a significant agreement between the simulated data and the measured values. For
example, for DO an RMSE of 1.12 mg/l and a determination R? of 0.76 has been found. Moreover,
the model captures well the seasonality of the oxygen in the lagoon. For example, the minimum in
DO during the warm season is mainly determined by two factors: the catabolic activity of macroalgae
(cellular respiration) and bacterial oxidation of organic matter in the sediment (the major component).
Other contributions to consumption, such as from phytoplankton, zooplankton, and detritus, are
quantitatively smaller. In the cold season, the lower temperatures inhibit both algal growth
(production) and bacterial activity (consumption), leaving reaeration as the main factor for minimal

oxygen consumption.
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Figure 9 First row.: DO concentrations (in mg/l) simulated with the numerical model and measured in the lagoon at
Levante? station for the year 2021 (left) and zoom on the period 16-31/08/2021- Second Row: — IN (left) and IP (right)
concentrations (in mg/l) simulated with the numerical model and measured in the lagoon at the location of MAS-088

sampling point for the year 2021.

The model can provide the parameters of interest for each point in the lagoon. Figure 10 illustrates,
for July 12th, the spatial and temporal variations of DO across the entire lagoon at two moments of
the day (6:00 AM and 6:00 PM), confirming, in presence of high temperatures, the significant daily
fluctuations of DO typical of eutrophic lagoons. The utility of this model is clear in terms of
supporting the management of the lagoon. As an example of the possible application of the model
toward this aim, we discuss the impact of various intervention scenarios on DO levels in the lagoon.
As aforementioned, in each of the inlets connecting the lagoon to the sea, there are structures designed
to capture fish during their migration towards the sea, consisting of concrete basins, metal grids and
gates. These obstructions reduce water flow in and out of the lagoon, significantly increasing the
hydraulic water residence time (WRT). With reference to the environmental conditions of 2021, the
natural circulation with partially obstructed inlets would result in a reduction in minimum DO levels
during the summer compared to the current management scenario. On the other hand, the removal of

obstructions in the inlets, still under natural circulation conditions (pumps off), would result in a
20
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general improvement in minimum DO levels during the summer due to increased water circulation
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and greater exchange between the sea and the lagoon (Fig. 10 a-c).
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Figure 10 — Maps of minimum DO concentration (in mg/l) simulated with the ecological model for the month of August
2021, in the present scenario (a), for the natural circulation (no pumps at the inlet) with the obstruction of grids and
gates for fishing activities (b), for the natural circulation without obstructions in the inlets (c) and for the scenario with

channels excavated in the bottom (d).
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A series of high-resolution configurations of state-of-the-art climate and biogeochemical models have
been built and then used to produce hindcasts and climate projection for the Northern Adriatic region
(Proof-of-Concept WP2 Spoke 8) and the Orbetello lagoon. All these new datasets are characterized
by a relatively high temporal and spatial resolution and thus they are suitable to provide a robust
representation of tendencies and variability of the physical and biogeochemical processes in coastal

and open ocean areas.

The climate projections' datasets estimate a significant warming of the Northern Adriatic region and
of the coastal areas of the Adriatic Sea with respect to the open ocean areas under different emission
scenarios. Moreover, climate simulations project drier conditions over the region as well as a dramatic
increase in the intensity of the rainy events with respect to the present, in particular in the coastal
areas between Veneto and Friuli Venezia Giulia. The considerable warming of the region will also
affect the marine ecosystem dynamics of the area: the high-resolution projections of the Northern
Adriatic biogeochemistry shows a significant deoxygenation, acidification and decline in the

phosphate content of the euphotic layer of the basin.

Regarding the Orbetello lagoon, the calibrated model shows interesting capabilities of describing the
evolution of key parameters related to the lagoon's trophic state, thanks to its temporal and spatial
high resolution. Therefore, it can be a powerful decision support tool for lagoon management,
addressing the need for modelling tools capable of simulating the overall ecological response of the
system in the medium to long term and providing qualitative insights into the impact of various stress

factors and intervention actions (Simonetti et al., 2024).

The analysis of climate simulations has shown that climate change will play a crucial role, strongly
affecting the shallow coastal areas of the Mediterranean Sea where local factors will likely amplify
the effects of global warming. Adverse impacts of climate change on shallow water ecosystems of
the Mediterranean Sea have already been reported (e.g., Bertolini et al., 2021), and are expected to
exacerbate under likely scenarios of climate change evolution threatening sea life, particularly
organisms with reduced motility that are unable to move toward more suitable habitats (Galli et al.,
2017). The degradation of marine ecosystems and biodiversity loss will in turn likely hamper the

capability to provide essential ecosystem services.

22



dall'Unione europea : dell’Universita

Finanziato ( 2% Ministero
I S
NextGenerationEU x},«*, e della Ricerca

l' Italiadomani

rrrrrrrrrrrrrrrr
DI RIPRESA E RESILIENZA

Bertolini, C., & Pastres, R. (2021). Tolerance landscapes can be used to predict species-specific
responses to climate change beyond the marine heatwave concept: Using tolerance landscape models
for an ecologically meaningful classification of extreme climate events. Estuarine, Coastal and Shelf
Science, 252 (February), 107284. https://doi.org/10.1016/j.ecss.2021.107284

Clementi, E., Aydogdu, A., Goglio, A.C., Pistoia, J., Escudier, R., Drudi, M., Grandi, A., Mariani,
A., Lyubartsev, V., Lecci, R., Creti, S., Coppini, G., Masina, S., Pinardi, N., 2021. Mediterranean Sea
Physical ~ Analysis and  Forecast = (CMEMS MED-Currents, = EAS6 system):
MEDSEA ANALYSISFORECAST PHY 006 013.

https://doi.org/10.25423/CMCC/MEDSEA ANALYSISFORECAST PHY 006 013 EAS6

Coppola, E., Tomasetti, B., Mariotti, L., Verdecchia, M., & Visconti, G. (2007). Cellular automata
algorithms for drainage network extraction and rainfall data assimilation. Hydrological Sciences
Journal, 52(3), 579-592. https://doi.org/10.1623/hysj.52.3.579

Cossarini, G., Querin, S., Solidoro, C., Sannino, G., Lazzari, P., Di Biagio, V., and Bolzon, G.:
Development of BFMCOUPLER (v1.0), the coupling scheme that links the MITgecm and BFM
models for ocean biogeochemistry simulations, Geosci. Model Dev., 10, 1423-1445,
https://doi.org/10.5194/gmd-10-1423-2017, 2017.

Doscher, R., Acosta, M., Alessandri, A., Anthoni, P., Arsouze, T., Bergman, T., Bernardello, R.,
Boussetta, S., Caron, L.-P., Carver, G., Castrillo, M., Catalano, F., Cvijanovic, I., Davini, P., Dekker,
E., Doblas-Reyes, F. J., Docquier, D., Echevarria, P., Fladrich, U., Fuentes-Franco, R., Groger, M.,
v. Hardenberg, J., Hieronymus, J., Karami, M. P., Keskinen, J.-P., Koenigk, T., Makkonen, R.,
Massonnet, F., Ménégoz, M., Miller, P. A., Moreno-Chamarro, E., Nieradzik, L., van Noije, T.,
Nolan, P., O'Donnell, D., Ollinaho, P., van den Oord, G., Ortega, P., Prims, O. T., Ramos, A., Reerink,
T., Rousset, C., Ruprich-Robert, Y., Le Sager, P., Schmith, T., Schrédner, R., Serva, F., Sicardi, V.,
Sloth Madsen, M., Smith, B., Tian, T., Tourigny, E., Uotila, P., Vancoppenolle, M., Wang, S.,
Wirlind, D., Willén, U., Wyser, K., Yang, S., Yepes-Arbos, X., and Zhang, Q.: The EC-Earth3 Earth
system model for the Coupled Model Intercomparison Project 6, Geosci. Model Dev., 15, 2973-3020,
https://doi.org/10.5194/gmd-15-2973-2022, 2022.

Galli, G., Solidoro, C., & Lovato, T. (2017). Marine Heat Waves Hazard 3D Maps and the Risk for
Low Motility Organisms in a Warming Mediterranean Sea. Frontiers in Marine Science, 4(136), 1—
14. https://www.frontiersin.org/article/10.3389/fmars.2017.00136

Giorgi, F., Coppola, E., Giuliani, G., Ciarlo’, J. M., Pichelli, E., Nogherotto, R., et al. (2023). The
fifth generation regional climate modeling system, RegCMS5: Description and illustrative examples
at parameterized convection and convection-permitting resolutions. Journal of Geophysical
Research: Atmospheres, 128, €2022JD038199. https://doi.org/10.1029/2022JD038199

IPCC, 2022: Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working
Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [H.-O.
23


https://doi.org/10.1016/j.ecss.2021.107284
https://doi.org/10.1623/hysj.52.3.579
https://www.frontiersin.org/article/10.3389/fmars.2017.00136
https://doi.org/10.1029/2022JD038199

Finanziato #%, Ministero
dall'Unione europea ( % dell’'Universita
NextGenerationEU %% > e della Ricerca

Portner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S.
Langsdorf, S. Loschke, V. Moller, A. Okem, B. Rama (eds.)]. Cambridge University Press.

Cambridge University Press, Cambridge, UK and New York, NY, USA, 3056 pp.,
doi:10.1017/9781009325844.

l' Italiadomani

rrrrrrrrrrrrrrrr
DI RIPRESA E RESILIENZA

Isotta, F.A., Frei, C., Weilguni, V., Per¢ec Tadi¢, M., Lassegues, P., Rudolf, B., Pavan, V.,
Cacciamani, C., Antolini, G., Ratto, S.M., Munari, M., Micheletti, S., Bonati, V., Lussana, C., Ronchi,
C., Panettieri, E., Marigo, G. and Verta¢nik, G. (2014), The climate of daily precipitation in the Alps:
development and analysis of a high-resolution grid dataset from pan-Alpine rain-gauge data. Int. J.
Climatol., 34: 1657-1675. https://doi.org/10.1002/joc.3794

Jones, C. D., Hughes, J. K., Bellouin, N., Hardiman, S. C., Jones, G. S., Knight, J., Liddicoat, S.,
O'Connor, F. M., Andres, R. J., Bell, C., Boo, K.-O., Bozzo, A., Butchart, N., Cadule, P., Corbin, K.
D., Doutriaux-Boucher, M., Friedlingstein, P., Gornall, J., Gray, L., Halloran, P. R., Hurtt, G., Ingram,
W. J., Lamarque, J.-F., Law, R. M., Meinshausen, M., Osprey, S., Palin, E. J., Parsons Chini, L.,
Raddatz, T., Sanderson, M. G., Sellar, A. A., Schurer, A., Valdes, P., Wood, N., Woodward, S.,
Yoshioka, M., and Zerroukat, M.: The HadGEM2-ES implementation of CMIP5 centennial
simulations, Geosci. Model Dev., 4, 543-570, https://doi.org/10.5194/gmd-4-543-2011, 2011.

Lazoglou G, Papadopoulos-Zachos A, Georgiades P, Zittis G, Velikou K, Manios EM,
Anagnostopoulou C. Identification of climate change hotspots in the Mediterranean. Sci Rep. 2024
Nov 30;14(1):29817. doi: 10.1038/s41598-024-80139-1. PMID: 39616216; PMCID: PMC11608228.

Lenzi, M., 1992. Experiences for the management of Orbetello Lagoon: eutrophication and fishing,
in: Marine Coastal Eutrophication. Elsevier, pp. 1189—1198. https://doi.org/10.1016/B978-0-444-
89990-3.50102-4

Lenzi, M., Palmieri, R., Porrello, S., 2003. Restoration of the eutrophic Orbetello lagoon (Tyrrhenian
Sea, Italy): water quality management. Marine Pollution Bulletin 46, 1540-1548.
https://doi.org/10.1016/S0025-326X(03)00315-1

Lenzi, M., Gennaro, P., Franchi, E., Marsili, L., 2019, Assessment of Fish-Farms Wastewaters
Synergistic Impact on a Mediterranean Non-Tidal Lagoon, HSOA Journal of Aquaculture &
Fisheries3, 1-10. https://doi.org/10.24966/AAF-5523/100021

Li, W., Wang, J., Chen, C., Xia, J., Niu, Y., Yu, Z., Qu, S., Jia, J., 2024. Advancements and trends in
ecological models for lake ecosystems: A bibliometric analysis (2002-2022). Ecohydrology 17,
€2655. https://doi.org/10.1002/ec0.2655

Marshall, J., Adcroft, A., Hill, C., Perelman, L., & Heisey, C. (1997a). A finite-volume,
incompressible Navier Stokes model for studies of the ocean on parallel computers. Journal of
Geophysical Research, 102(C3), 5753-5766. https://doi.org/10.1029/96JC02775

Marshall, J., Hill, C., Perelman, L., Heisey, C., & Adcroft, A. (1997b). Hydrostatic, quasi-hydrostatic
and nonhydrostatic ocean modeling. Journal of Geophysical Research, 102(C3), 5733-5752.
https://doi.org/10.1029/96JC02776

MedECC (2020) Climate and Environmental Change in the Mediterranean Basin — Current Situation
and Risks for the Future. First Mediterranean Assessment Report [Cramer, W., Guiot, J., Marini, K.
(eds.)] Union for the Mediterranean, Plan Bleu, UNEP/MAP, Marseille, France, 632pp, ISBN 978-
2-9577416-0-1, doi: 10.5281/zenodo.4768833

24


https://doi.org/10.1002/joc.3794
https://doi.org/10.1016/B978-0-444-89990-3.50102-4
https://doi.org/10.1016/B978-0-444-89990-3.50102-4
https://doi.org/10.1016/B978-0-444-89990-3.50102-4
https://doi.org/10.1016/S0025-326X(03)00315-1
https://doi.org/10.1016/S0025-326X(03)00315-1
https://doi.org/10.1016/S0025-326X(03)00315-1
https://doi.org/10.24966/AAF-5523/100021
https://doi.org/10.24966/AAF-5523/100021
https://doi.org/10.1002/eco.2655
https://doi.org/10.1029/96JC02775
https://doi.org/10.1029/96JC02776
https://zenodo.org/record/4768833

Finanziato : '"‘sf;:.‘ﬁ Ministero
dall'Unione europea % dell'Universita
NextGenerationEU %% > e della Ricerca

l' Italiadomani

rrrrrrrrrrrrrrrr
DI RIPRESA E RESILIENZA

Miglietta, M. M., & Davolio, S. (2022). Dynamical forcings in heavy precipitation events over Italy:
lessons from the HyMeX SOP1 campaign. Hydrology and Earth System Sciences, 26(3), 627-646.

Migliore, G., Alisi, C., Sprocati, A.R., Massi, E., Ciccoli, R., Lenzi, M., Wang, A., Cremisini, C.,
2012. Anaerobic digestion of macroalgal biomass and sediments sourced from the Orbetello lagoon,
Italy. Biomass and Bioenergy 42, 69—77. https://doi.org/10.1016/j.biombioe.2012.03.030

Reale, M., Cossarini, G., Lazzari, P., Lovato, T., Bolzon, G., Masina, S., Solidoro, C., and Salon, S.:
Acidification, deoxygenation, and nutrient and biomass declines in a warming Mediterranean Sea,
Biogeosciences, 19, 4035-4065, https://doi.org/10.5194/bg-19-4035-2022, 2022.

Simonetti, 1., Lubello, C., Cappietti, L., 2024. On the use of hydrodynamic modelling and random
forest classifiers for the prediction of hypoxia in coastal lagoons. Science of The Total Environment
951, 175424. https://doi.org/10.1016/j.scitotenv.2024.175424

Vichi M., Lovato T., Butenschon M., Tedesco L., Lazzari P., Cossarini G., Masina S., Pinardi N.,
Solidoro C., Zavatarelli M. (2023). The Biogeochemical Flux Model (BFM): Equation Description
and User Manual. BFM version 5.3. BFM Report series N. 1, Release 1.3, February 2023, Bologna,
Italy, http://bfm-community.eu, pp. 104

Zannella, A., Simonetti, 1., Lubello, C., Cappietti, L., 2025. Hydrodynamics, transport time scales
and water temperature dynamics in heavily anthropized eutrophic coastal lagoon. Estuarine, Coastal
and Shelf Science 109146. https://doi.org/10.1016/j.ecss.2025.109146

25


https://doi.org/10.1016/j.biombioe.2012.03.030
https://doi.org/10.1016/j.biombioe.2012.03.030
https://doi.org/10.1016/j.ecss.2025.109146
https://doi.org/10.1016/j.ecss.2025.109146

