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Abstract
Measures to adapt to climate change (CC) might have secondary adverse effects. In Venice, the hotly
debated MOSE system will prevent the flooding of the city, but also the water renewal of the lagoon, and
since the frequency of the closures will increase with CC, concerns are raised on the fate of the lagoon
ecosystem1,2,3. Nonetheless, a systematic downscaling of the cumulative impact of CC on the Venice
lagoon under multiple emission scenarios and with or without the associated MOSE closures was not
presented yet. Here we show that the systematic implementation of MOSE closures will efficiently buffer
the CC impact on sea level rise, but not on temperature, and in any case at the cost of a significant
increment in the lagoon water renewal time. However, results also emphasize that the future is not given,
and a combination of more conservative emission scenarios and MOSE might be able to save both
Venice and its lagoon. Model projections suggest that at the end of the century, under the RCP8.5
scenario the lagoon will stay close for about 260 days/year, lagoon water will exceed 30°C for more than
4 months, marine heat waves will dramatically increase, the average water renewal time will triplicate and
more than 35% of the lagoon will need more than 20 days to renew its water. Those impacts will be much
less severe, and possibly much less challenging for marine organisms, under the RCP4.5 scenario.
Results emphasize the necessity of combining global mitigation and local adaption but stress the need
of site-specific carefully planned adaptation measures. They also show that the future is not written, and
we are still in time to adopt choices able to protect our environment.

Introduction
The Venice Lagoon, its ecosystems, and its human socioeconomic activities are highly sensitive to the
expected cumulative impacts of climate change and related adaptation measures. The lagoon has been
inhabited for centuries, during which the Venetians grew into a major economic and maritime power and
one of the longest-lived republics ever. During this time, the lagoon has been continuously subjected to
natural and anthropogenic changes, and extensive efforts have been made to stabilize and preserve its
morphological and ecological features4. The relationships between the city of Venice and its lagoon, and
among man-land-and-sea have been at the heart of a carefully nurtured, delicate, and extremely fertile
balance, which must now also consider the rapidly growing effects of a changing climate. This
combination of factors makes the Venice Lagoon a relevant, particularly interesting, and highly
appropriate site for analyzing the combined impacts of climate and adaptation measures.

Climate change is now unequivocal and is expected to trigger severe changes on any coastal marine
ecosystems5. Direct impacts such as the increment in temperature, sea level, ocean acidification, and
frequency of extreme events (including precipitation and heat waves) are already being observed, and
model projections indicate that future marine ecosystems will differ significantly from the present ones,
with the intensity of the divergence depending on the extent to which humanity will be able to choose and
adhere to emissions scenarios less impacting than the business-as-usual one. The Mediterranean region,
including the northern Adriatic Sea and its lagoons, will be particularly affected6,7 and several studies
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show how direct impacts will cascade to biogeochemistry8,9,10, biodiversity11, ecosystem functioning12,
and associated ecosystem services13,14,15,16.

Understanding and projecting the potential magnitude of changes is critical for supporting adaptation
and mitigation strategies and identifying gaps in existing strategies. Tools to support the assessment of
the climate related direct impacts on people and ecosystems are particularly needed in the areas where
human activities are most concentrated, such as coastal and lagoon systems. However, the specificity of
these coastal systems - along with the need to assess and address potential impacts that are also of
economic interest – requires very high-resolution and site-specific models, capable of capturing local
processes and of accounting for specific local inputs and spatial and temporal variability and
heterogeneity.

The Venice Lagoon is one of the largest lagoons (about 500 km2) in the Mediterranean. It hosts a rich
diversity of habitats and biological communities and a densely inhabited area, with many co-existing
economic activities, often somehow related to the ecological state of the lagoon. In this lagoon, over the
last century land subsidence and the effects of climate change have already resulted in a relative sea
level rise of 26 cm17, which is expected to increase in the coming decades due to climate change.

Since the city of Venice was periodically inundated by seawater (“high tide phenomena"), mobile barriers
(the "MOSE” system) have been built at the lagoon inlets, to interrupt the exchange between the lagoon
and the sea when sea level is expected to exceed a predetermined threshold1. However, due to climate
change and associated sea level rise, the frequency and duration of closures is expected to increase in
the coming decades17 and there are concerns about the potential ecological impacts of these repeated
closures on the lagoon ecosystem2,3. Indeed, changes in water circulation and residence time have
relevant impacts on the spatial and temporal variability of physical and biogeochemical properties and
contribute to (re)shape and change the different water bodies characteristics, states, and the associated
ecosystem structures, functions and services18,19,20.

However, and surprisingly enough, so far only few studies exist that provide site-specific projections of
the state of the lagoon at the end of the century. Additionally, most of them focus only on sea level
rise21,17, few on changes in biogeochemical or biological properties related to changes in precipitation
regimes and associated variation in timing of riverine loading10,22,23, but none, to our knowledge, focus
on base physical and hydrodynamical properties - such as water temperature, residence time, frequency
of occurrence of extreme events- with the exception of a study24 that report an estimate of averaged
values of temperature, salinity, and residence time under a single climate scenario, as part of a
comparative numerical experiment on 10 lagoons. None of the above studies, however, also consider the
effects of the massive and already implemented adaptation measure, i.e., the repeated closure of the
inlets.

Here, we updated, validated, and applied a finite element model for the Venice Lagoon in order to project
changes in the hydrodynamic properties of the lagoon (sea level rise, salinity, temperature, water
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residence time) expected at the end of the century (2100) under two different climate scenarios, and also
considering the repeated closures of the barriers (MOSE) at the lagoon inlets to prevent city floodings.

The simulations were performed using the community finite element model SHYFEM25, which is
especially suited to reproduce the geometry and hydrodynamics of complex shallow water basins such
as the Venice Lagoon, with its narrow channels and small islands. The model was developed starting
from a previous application in the Venice Lagoon 26, 27 by updating the bathymetry in agreement with
recent survey data and refining the computational grid accordingly. The lagoon model was validated
against measurements and then integrated in a coherent modelling system in which the lagoon model is
forced by meteorological and boundary conditions provided by other models, as commonly done in
downscaling studies 28 (Fig. 1).

The modelling system was then validated against present data and, finally, used to project water levels,
water temperature, salinity, and water residence times (WRT) at each vertex of the finite element mesh, for
two future climate scenarios representing a high (RCP-8.5), and an intermediate (RCP-4.5) emissions
scenario.

The analysis of the results focuses on the impacts of these scenarios and of the consequent MOSE
closures on the key hydrodynamic properties of the Venice Lagoon that have potentially relevant
cascading effects on ecosystem structures, functions, and services.

Model corroboration

The model responses show a good agreement with the observed physical and chemical values (0.6 and
0.7 for salinity, and 0.76 and 0.97 for water levels). The comparison against water level observations
made at the 11 ISPRA monitoring stations is satisfactory in terms of both phase and intensity, with a bias
of about 0.02 m, and R2 values ranging between 0.97 and 0.98. The comparison with salinity and
temperature in the 9 SAMANET stations is also good (R2 between 0.6 and 0.7 for salinity and between
0.97 and 0.98 for temperature), and highlights the capability of the model to describe the main physical
processes and water properties in all the different areas of the lagoon, but for a modest underestimation
of winter temperature in two of the 9 stations. Globally the temperature bias is of about 0.5°C in the three
years, and lower than that, if the two stations ve3 and ve5 are not considered. Figures 1SM, 2SM, 3SM,
4SM, and 5SM in the supplementary material depict the data model comparisons for each of the
stations.

Climate projections

The climate projections were made for two climate scenarios, RCP-4.5 and RCP-8.5, with and without
MOSE to assess the changes directly associated to climate and those induced by the consequent
repeated closure of the lagoon inlets. A total of 5 simulations were run over a century: reference
simulation Ref; RCP-45_No_Mose; RCP-4.5; RCP-8.5_No_Mose; RCP-85. Results are summarized in Fig. 2,
which compares the frequency distributions of the monthly values of salinity, temperature and WRT for
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the different scenarios, in Fig. 3, that shows the yearly averaged WRT maps, and in Fig. 4, giving the
spatial distribution of far future monthly temperature anomalies, computed as differences between future
and reference states.

The tables 3SM, 4SM and 5SM, show the basin averaged values of climate change anomalies.
Table 6SM in the Supplementary Materials summarizes changes in number of closures, sea levels,
residence time, temperature, and marine heat waves frequency and intensity for the different scenarios.

Closures. Adopting the procedures and sea level thresholds currently used for operating MOSE closures
(see Supplementary Materials), under the RCP8.5 scenario the mobile gates are expected to be closed for
30 full days per year (8% of the total annual time) in the mid-future and 260 days (70% of the total) in the
far future. Under the RCP4.5 scenario, the expected closure times are 19 days (5%) and 150 days (40%)
for 2050 and 2100, respectively.

Water level in the lagoon rises in both scenarios according to the sea level rise at the inlets. The projected
mean water level at the end of the century rises by 0.72 m in scenario RCP-8.5 and by 0.52 m in scenario
RCP-4.5. The application of MOSE closures constrains the mean water level rise to 0.48 m in the RCP 8.5
scenario and to 0.42 m in the RCP 4.5 scenario. Note that these changes refer to the present level.

WRT WRT presents a spatial variability (Figs. 2 and 3), with lower values close to the marine boundaries
and the main channels, and higher values toward the mainland. On average, water residence times will
increase in the climate scenarios, in agreement with previous studies24. Differences are well evident in the
maps of yearly averaged WRT (Fig. 3), and in the frequency distributions of monthly WRT values
computed at each grid site and month (Fig. 2). In the mid-future, the increase is not very large, but it is
possible to see that WRT is slightly, but systematically, longer under RCP-8.5 than RCP-4.5, which in turn
is higher than the present condition. In the far future, however, the differences become extremely large,
and relevant. While in the present condition the WRT averages about 9 days, and virtually there are no
monthly WRT greater than 20 days, in the RCP-8.5 far future, even without MOSE closures, about 10% of
the monthly WRT are greater than 20 days and 1% exceed 30 days. However, the situation becomes even
more extreme when MOSE closures are considered (red dotted line Figure D), with 37% and 12% of the
monthly WRT values greater than 20 and 30 days, respectively, and almost 5% even larger than 40 days.
Inspection of Fig. 3 highlights for the future a strengthening of the internal gradients between the
mainland and the sea and an increase in extreme values. In the area closer to the inlets, the projected
WRT future values are similar to those presently observed in the intermediate area, while the inner and
more restricted area reach unprecedented values. Under the more conservative RCP-4.5 scenario the
situation is less extreme, but the combination of RCP-4.5 and MOSE closures results in a situation similar
to the RCP-8.5 scenarios without MOSE operations.

Salinity shows small absolute variations between present and future scenarios, in the range of few
salinity points (-1.2/+ 2.4). As can be seen from Table 4SM and Figure, (A and B) the MOSE closures tend
to buffer and further reduce the climate change effects on salinity.
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Water temperature shows a mean increase of about 1.1°C (mid future) and 2.5°C (far future) in the RCP-
4.5 scenario, but about 1.4°C (mid future) and over 5°C (far future) under RCP-8.5. The increments are
even more extreme in the summer months, with spatially averaged monthly values of 8°C higher than
present conditions, and even higher values in specific areas and times, and consequent significant
thermal stress even for the most tolerant species. Figures 2 and 4 show a general increase of the
temperature in all scenarios, higher in RCP-8.5 than RCP-4.5, but as already remarked the warming is
particularly large in specific moments and areas. The MOSE closures have a limited effects on
temperature, observable mainly in the areas closer to the freshwater inputs. It is worth to stress that for 4
months (June to September) the absolute value of temperature is larger than 30°C, and reaches 33°C in
July and August.

Marine Heat Waves

The analysis also indicates that marine heat waves (MHW) will occur more frequently and last longer.
Consistently with the definition in Hobday et al.29 we identified MHW as prolonged episodes with
temperatures above the 90° percentile of the climatological values ( ), defined as MHW4 events in

which the temperature was larger than T90th + 4°C, and MHW4x4 the MHW4 lasting more than 4 days.
Similarly, MHW5x5 are events 5°C warmer than T90th for more than 5 days. Climatology was computed in
10 sites evenly distributed in the lagoon (the SAMANET stations), in which 18 years long time series of
daily observations are available (Figs. 6SM and 7SM). Model projections for the same site are then
compared to the climatologies.

The inspection of results show as the frequency and severity of heat waves is expected to dramatically
increase. The four scenarios do not show large differences in projected value up to the mid future, but
significantly diverge during the second half of the century, with projected changes much larger under
RCP8.5 than RCP4.5, and only modest differences because of MOSE operations, which seems to lightly
reduce warming.

Under the RCP8.5, at the end of the century water temperature will exceed the present day climatological
90th percentile T90th in each of the 10 samanet station, for about 270 days/year (average value over the
10 stations), will be 4 degrees warmer than T90th for 98 days/year, 5 degrees larger than T90th for 60
days/year. Furthermore there will be an average of 10 MH4W4 and 6 MH5W5 heatwaves per year in each
of the stations.

Discussion
Climate change will alter the functioning of ecosystems and significantly affect related human activities.
In addition to global strategies to mitigate climate change, local adaptation measures are needed,
especially along the coasts and where human activities are more concentrated. However, specific
adaptation measures can be effective in mitigating impacts on some environmental features, while being
less effective on others and may even have adverse cascading effects on others. Therefore, a careful and

T
90th
day,site
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site-specific assessment of the potential cumulative impacts of climate change and adaptation measures
can be helpful in defining adaptation strategies. This is particularly true for coastal areas, as these
systems often experience a range of concurrent and overlapping activities with multifaceted
interdependencies on environmental properties, and for lagoons, as in semi-enclosed systems the effects
of environmental changes unfold in a relatively short period of time.

Such an assessment could be even more interesting for the Venice lagoon, because of its historical,
cultural, environmental, and socio-economic values and vulnerability, its century long tradition of careful
environmental management, and also because the MOSE system is a relevant, much debated and first-of
-its-kind adaptation measure, selected and implemented after very long and enflamed discussions.

Furthermore, coastal areas are exposed to multiple pressures and, in order to reduce the risks associated
with marine hazards, sustained efforts must be made to set up observation and forecasting systems and
provide stakeholders with scenario simulations to enable them to make more informed decisions.

Sharing environmental data, information and results from downscaled simulations of climate change
scenarios has several advantages 28. First, they can help to improve our understanding of climate-related
processes and complex features such as the spatial distribution of change and the temporal response of
the lagoon system to change. Second, they can support the ecological and/or economic assessment of
potential climate change-related hazards for specific objectives such as shellfish farming 23,30,31, or for
conservation objectives and promote risk assessment studies 32. In addition, they can provide
information on adaptation strategies, such as the redefinition of uses in the lagoon, and support the
definition of monitoring, regulation, and control measures33. Finally, they can contribute to the growth of
ocean literacy and promote innovative and sustainable applications for coastal solutions/services 34.

Here we used a coherent hierarchy of state-of-the-art models to estimate the future state of the Venice
Lagoon under two climate scenarios, also considering the MOSE repeated closures specifically
associated with each scenario. Downscaling experiments for the Venice Lagoon had already been
conducted, but they focused mainly on the effects of changes in precipitation regime and seasonality on
biogeochemical properties, without assessing the direct effects on water temperature or the
consequences of sea level rise on water circulation and residence time. The lagoon model used for these
studies22,23, was not able to adequately account for changes in transport processes. In addition, none of
the studies considered the cumulative effect of climate change and MOSE closures, i.e., the fact that
climate change will also lead to an increase in the number and frequency of lagoon closures, with the
corresponding consequences for physical properties. Conversely, we address these issue systematically,
by conducting and analyzing the impacts of both a high and a medium climate scenario with and without
MOSE. The novelty of this work therefore is that it provides the first dynamic downscaling of physical
properties performed by coherently integrating a set of state-of-the-art models, validated specifically for
this region, with respect to two alternative climate scenarios, and considering MOSE closures.
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The model is used to calculate several variables from which we can derive environmental arrays for
hazards, such as salinity, water temperature, and WRT, which are important for the characterization of
lagoon habitats, their limitation, and their suitability for maintaining ecosystem structure and function,
and their evolution under changing climatic forcings.

WRT is a measure that characterizes the time required for a basin to renew its waters and it is of
paramount importance in shaping the characteristics of biological communities. Indeed, areas
characterized by a shorter renewal time host biological communities closer to the marine communities
and different from those normally found in the inner and more confined areas where the renewal time is
longer19. WRT is also an important factor in assessing the health and sustainability of a lagoon
ecosystem, as it determines the rate at which pollutants and nutrients are removed and replaced by new
water. There are several slightly different indicators that can be used to assess these characteristics (e.g.,
residence time, renewal time, confinements, water age, see Monsen et al. 36or Melaku Canu et al. 37 for a
discussion on differences in interpretation and methodology), but in all cases the rate of water exchange
is influenced by several factors, including inlet shape, tidal range, and wind regime, which all contribute to
the velocity of water in the inlets and the rate of water exchange. In the case of the Venice Lagoon, also
the artificial closure of the system due to MOSE operation can have a very relevant impact on WRT. Our
results show that under the influence of climate change WRT in the lagoon will increase even without
MOSE closures, especially in the inner area closer to the mainland. MOSE closures will exacerbate this
trend and cause even higher internal gradients in WRT, especially in the far future RCP-8.5 scenario. From
an ecological perspective, this would imply that the area classified as suitable for "inner/confined"
communities will increase, while the habitat for "marine" communities will decrease, which is some ways
in contrast with the process of marinization recently observed in the lagoon. However, these changes will
not fully match with the expected changes in salinity, which shows little absolute variations. Furthermore,
as the WRT changes have a seasonal component, the habitat suitability of the biological communities in
the lagoon will also change with the seasons, possibly causing stress to low mobility organisms with life
span longer than one season.

Water temperature shows an average increase ranging from about 2.5°C to 5°C at the end of century,
depending on the climatic scenario considered, but with seasonal and spatial variability. Spatially
average monthly increment for the basin can be as high as 7–8°C in the summer months, i.e temperature
absolute values of 30°C and more, which already is a rather stressful conditions for even the most
tolerant species, but some areas will reach even higher values, as high as 40°C. Conversely, winters will be
less cold, which can also be stressful for the life cycle of some species. In general, we observe an
increase in the frequency and magnitude of extreme conditions in the future scenarios. The analysis of
daily model outputs for specific sites shows that intense and prolonged heat wave will occur everywhere
and with increasing frequency, up to nearly year-round in the far future scenario.

The analysis of the model projections shows that the operation of the mobile barriers will lead to a further
increase in WRT values, but to modest changes in salinity and temperature, which will be slightly higher
and lower, respectively, than the values without MOSE operation.
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In summary, the future of the Venice lagoon ecosystem is at risk, as in less than a century it might be
exposed to unprecedented environmental condition. During the coming decades the MOSE system can
buffer the effects of climate change on sea level rise, but not on temperature, and in any case at the cost
of a very significant increase in the residence time of the lagoon water. MOSE can therefore protect the
city of Venice from flooding for around 50 years, but not the lagoon ecosystem from global warming.

However, despite such negative outlook, it is important to emphasize that the future is not a foregone
conclusion. Under the more conservative climate scenario RCP-4.5, the projected impacts in terms of
temperature, sea level rise and residence time is much smaller, about half as large as under RCP-8.5.
Systematic implementation of MOSE closures under RCP-4.5 will further increase water residence time,
but globally the impacts appear to be much less severe than under RCP-8.5, indicating that the choice of
a different emissions policy and system pathway is still possible and can be very effective.

A combination of local adaptation and global mitigation measures still seems to have the potential to
save both Venice and its lagoon. But we need to be able to implement both efficiently.

The model results are freely available to enable further analysis and support a comparative ecological
and/or economic assessment of the potential hazards related to climate change and water regulation.

Methods
The SHYFEM model

The SHYFEM numerical model solves the 3-D transport equations using a finite element approach for
spatial discretization and a semi-implicit algorithm for temporal integration.

The model includes a hydrodynamic module for current computations, a transport module for advection
and diffusion module of heat, salt, and the biogeochemically active tracers, and a radiation module for
heat fluxes at the water surface. The atmospheric input data drive the computation of heat fluxes at the
air-water interface, lagoon surface temperature, and wind stress. The hydrodynamic module accounts for
tidal, atmospheric, and density-driven forcing, and the bottom friction follows the Strickler formulation.
Vertical sub-grid turbulence effects are calculated in accordance with GOTM schemes 38, while the
horizontal turbulent diffusion relies on the Smagorinsky (1993)39 scheme. The model uses constant
depth vertical levels with partial bottom cells and includes wet-and-dry processes to account for the low
tides effects causing momentaneous drying of the shallowest elements of the grid. The model simulates
heat and tracers transport and diffusion at each node of the high-resolution domain. More details on the
model equations and their solution are given in 25 Umgiesser et al. (2004).

Inlet closures for the scenarios with MOSE was implemented using the approach of Melaku Canu et al.
(2001) 26 and Umgiesser (2020) 17.

The grid
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The quality of the results of finite element hydrodynamic simulations is highly dependent on the precision
and spatial resolution of the bathymetric information and grid design, which determines not only the local
water column depth, but also information on bed roughness and the incorporation of specific structures
and features that affect water and sediment transport dynamics. Bottom conditions are dynamic and can
change due to natural processes and human activities. In facts, the bathymetry of the Venice lagoon is
subject to constant modifications due to canals dredging, natural erosion and sediment deposition,
changing not only the water depth but changing the borders of the basin as well.

The simulations were performed with a new and improved grid, to consider the recent evolution of the
lagoon morphological properties, including those related to MOSE construction. The grid (Fig. 1) was built
merging recent survey data 40 and the bathymetries of previous versions 41, 25, 27. It is formed by 6017
nodes and 10407 elements, with an increase of about 32% of the number of cells with respect to the
previous version. It features the addition of few channels, increased resolution in relevant shallow areas,
and the update of the element’s depths and of the coastline. The spatial resolution varies from about 10
meters to 300 meters.

Validation and set up for the lagoon model and for the climate simulations

The Lagoon model was validated by performing 3 one year long simulations (2005, 2008, 2009) forced
by observed values of meteorological forcing (wind, air temperature, precipitations, short and long term
irradiance), rivers input, and boundary conditions at the 3 inlets, and comparing model output to
observations of temperature, salinity and water level collected within the lagoon (Fig. 2, right).

The 3 years were chosen because they are representative of different observed conditions, and because
for those year it was possible to reconstruct a coherent and complete model set up (i.e. set of forcing,
boundary conditions, observed values). The comparison data set was obtained from the local monitoring
agencies: water levels values are monitored by the ISPRA Ambiente
(https://www.venezia.isprambiente.it/) at 11 tide gauge stations indicated in Fig. 1 at a frequency of 10
minutes. Salinity and water temperature measures of the years 2002–2019 are monitored by the
SAMANET Network at high frequency (30 minutes) (http://solve.corila.it/).

The simulation for the future climate scenarios were performed -, as in all downscaling experiment22, 28

by a modelling system in which the lagoon model is forced by output from other models (Fig. 2, left).

In our application, meteorological forcings were obtained by a high resolution regional climate model,
COSMO CLM 42,43 run at 8 km (0.0715°) resolution, for dynamical downscaling of global climate
simulations over the Italian peninsula, in turn, nested in the regional climate model run over the
Mediterranean basin CMCC-CM.

Salinity and temperature at the inlets were derived from existing runs of the regional model of the
Mediterranean Sea, CMCC-MFS16-NEMO (https://dds.cmcc.it/#/dataset/medsea-cmip5-projections-
physics, Lovato, 2022), forced by the same CMCC-CM Mediterranean model runs, for the two scenarios
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RCP-4.5 and 8.5, after correcting for the bias computed by comparing model projection at the lagoon
inlets for the 2019 with field observation 28, 45, 46. Sea level at the inlets was calculated by a linear
interpolation between the present level and the median values of an ensembles of projections provided by
an ensemble of models, namely an increase of 0.71 m for the year 2100 under the RCP-8.5 scenario 21

and an increase of 0.52 m by 2100 for the RCP-4.5 scenario (AR6 IPCC ensemble 47).

River inputs were estimates as simple linear regression as a function of the projected rain volume, as in
previous downscaling experiments for the lagoon 8,22, 23, 28.

Finally, the regulation strategy of MOSE closure was introduced following the procedure described in the
MOSE operational guide and currently applied: every time that a tidal peak higher than 110 cm would
have been reached, the closure was applied, by anticipating the incoming tide and preventing the sea
level to rise above 90 cm during the considered tidal cycle. Reopening was set as soon as the decreasing
tide would reach again the 90 cm threshold.

Figure 2 (left) illustrates the links among different models providing forcing to the lagoon model in the
climate downscaling application to the Venice Lagoon.

The model setups for the validation and the climate simulations are summarized in Supplementary
Material, Table 1SM, which lists the sources of the inputs and forcings used in the simulations, and in
Table 2SM, which contains a list of the simulations.

Three reference simulations for the years 2005, 2008 and 2019, characterized by different meteorological
forcing conditions, were performed to test the model agreement with the measurements.

The model was then used to represent the two selected climate scenarios, RCP-4.5 and RCP-8.5, at Mid-
Future (year 2050) and Far-Future (year 2100) with and without MOSE closures

Water residence times (WRT) were computed following 37 Canu et al. (2012). To ensure the
representativeness of the actual yearly conditions, and to reduce the effect of the tidal and
meteorological conditions on the results, yearly mean WRT were computed by averaging over a set of 365
WRT fields, obtained by performing 365 simulations, each simulation starting in a different day and
carried on for 30 days, a time interval long enough to ensure that the computational algorithm converge
to stationary value for each of the lagoon area, and known to be longer than the present time WRT of any
lagoon area. Monthly means WRT were computed also, for each of the 12 months.
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Figures

Figure 1
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The computational grid of the Venice lagoon model (left) and the model system used for downscaling of
the Future Climate Scenarios (right), including the MOSE closures.

Figure 2

Comparison of frequency distributions of lagoon water variables salinity (top raw), WRT (bottom raw),
and temperature (middle ear) for climate change (RCP-4.5 and RCP-8.5) and water regulation (without
and with water regulation ‘m’) scenarios in the mid-future (left column) and far-future (right column).
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Figure 3

Average water residence time (WRT) calculated for present condition (A) and for the year 2100 for the
RCP-4.5  (B), and RCP-8.5 (C), with MOSE closures associated to each scenario

Figure 4

Lagoon monthly water temperature anomalies in respect to reference scenario under the far-future  RCP-
4.5 and RCP-8.5 climate scenarios.
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