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ARTICLE INFO ABSTRACT

Keywords: This study investigates the interaction between storm surge and wave height in the Adriatic Sea, focusing on
Storm surge their combined joint influence on coastal flooding risk under different climate scenarios and return periods.
Wave height Using bivariate statistical analysis based on measured data (water levels) and hindcast data (significant wave

Bivariate extreme statistical analysis
Coastal flooding risk
Climate change

heights), the research quantifies the joint probabilities of extreme storm events and highlights the contribution
of waves (wave set-up) in amplifying extreme sea levels (ESLs) in the coastal area. In particular, the study
aims to assess extreme sea levels in the Adriatic Sea by providing ESLs maps for different return periods
and two IPPC climate change scenarios (SSP1-1.9 and SSP5-8.5). Maximum ESLs are observed in the northern
Adriatic, with Venice identified as a hotspot. Wave contributions are shown to substantially double water levels,
particularly in the areas between Ancona and Zadar and near the southern entrance at Otranto, emphasizing
the need for a bivariate approach to accurately capture these interactions. The projected sea level rise further
exacerbates the risks posed by storm events, particularly for vulnerable coastal areas. The present study
underscores the need for a more comprehensive understanding of the combined joint effects of storm surge
and waves, and enable more effective coastal flooding risk assessments along the Adriatic coast due to extreme
sea levels by providing valuable support for designing mitigation measures to address climate-driven extreme

events.

1. Introduction shape and shallow depths, emphasizing its significant impact on local
sea level variability. Cushman-Roisin and Beckers (2011) and Malaci¢

Many coastal phenomena, such as overtopping, loads on struc- et al. (2000) studied the tidal dynamics in the Adriatic Sea and they
tures, and coastal flooding, arise from the combined action of multiple identified the key resonance frequencies that amplify the tidal range
physical drivers, including sea level, waves, currents, and winds. The in specific areas of the basin. The sensitivity of the Adriatic Sea to
Adriatic Sea, a semi-enclosed Mediterranean sub-basin, is an ideal envi- resonance phenomena plays a crucial role in storm surge amplification,
ronment to investigate these interactions due to its elongated geometry, particularly during extreme weather events when the combination
limited tidal range, and sensitivity to meteorological forcing. Conse- of meteorological forcing and resonant conditions can significantly

quently, the basin is particularly prone to significant environmental
changes during extreme events.

Several studied have analyzed extreme sea-levels in the Adriatic
Sea. Sepi¢ et al. (2022) decomposed positive and negative sea level
extremes into seven components forced by different processes. They
found significant differences between the northern and middle/south-
ern Adriatic extremes and between positive and negative extremes. The
study of Ruic et al. (2023) showed that high-frequency sea level oscilla-
tions (2 min< T' <2 h) can considerably contribute to positive sea level
extremes. Another fundamental aspect of the Adriatic Sea’s dynamics
is tidal resonance, a phenomenon where the natural oscillation period
of the basin coincides with tidal forcing, leading to amplified tidal
effects. The work of Medvedev et al. (2020) provides observational
evidence of tidal resonance in the Adriatic Sea due to its elongated

elevate the sea levels. Cushman-Roisin et al. (2013) demonstrated
how storm-induced sea level rises are exacerbated by resonant con-
ditions, particularly in the northern part of the Adriatic Sea, due to
the geometry and the shallow water depth of the area. Understanding
these interactions is essential for coastal management, especially in the
context of climate change, which is expected to increase the frequency
and intensity of extreme events in the Adriatic region. Studies such
as Lionello et al. (2006) highlight the importance of incorporating
both meteorological and tidal processes in forecasting models to better
predict extreme sea level events. As the scientific community continues
to refine its models, the insights provided by Medvedev2020 and
related research offer critical guidance for improving the resilience of
coastal communities along the Adriatic coast. Pasquali et al. (2015)
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developed a simplified real-time method for forecasting storm surges
in semi-enclosed basins like the Adriatic Sea, offering a practical ap-
proach for improving short-term forecasts during extreme events. Their
study emphasized the vulnerability of the northern Adriatic to storm
surges, highlighting the role of atmospheric pressure patterns and
wind stress as dominant forcing mechanisms. Vousdoukas et al. (2016)
evaluated storm surge levels along the European coastline for different
climate scenarios. The results showed that the climate change pro-
jections lead to weakly increasing extreme values of storm surge for
certain Shared Socioeconomic Pathways (SSPs) along parts of the North
Adriatic Sea. Based on the extreme sea level scenarios of Vousdoukas
et al. (2017) and other physical, environmental and socio-economic in-
dicators, Furlan et al. (2021) assess the vulnerability of the Italian coast
to inundation. Results show that most vulnerable areas are located in
the North Adriatic, the Gargano area and other Southern parts of Italy,
mostly due to the very high vulnerability scores reported by climate-
related indicators (e.g. extreme sea level). Medugorac et al. (2020)
studied the impact of climate change on the wind fields responsible for
the Adriatic storm surges. Their analysis was based on measured sea
levels in Venice and Bakar, near-surface wind from ERAS5 reanalysis
and simulations of wind fields. They found that the probability that
the frequency, intensity, annual cycle, and spatial structure of the
wind inducing the Adriatic storm surges will change in future climates
is small. The impact of climate change on the storm surges of the
Mediterranean Sea was also assessed by Makris et al. (2023).

In recent years, the focus has expanded from forecasting storm
surges to understanding the complex interactions between different sea
level components. Bivariate statistical approaches have been increas-
ingly applied to understand such interactions in marine environments,
offering enhanced insight into joint occurrences of extreme events. The
adoption of multivariate statistical methods allows to take into account
the occurrence probability of different extreme sea level components,
such as storm surges, tides and waves. The work of Ragno et al.
(2023) analyses extreme sea level events in both the Adriatic and
Tyrrhenian Seas through a multivariate analyses to study the com-
plex relationships between climatic drivers and sea level components.
They found that the co-occurrence of extreme meteorological and tidal
conditions can significantly increase sea level extremes, further em-
phasizing the need for comprehensive approaches that consider these
inter-dependencies when assessing coastal risks. Multivariate methods,
as highlighted by Ragno et al. (2023), are crucial to study how dif-
ferent environmental processes interact to produce extreme events.
Other multivariate analyses consider the sea levels, driven by storm
surges, and the wave heights, occurring simultaneously with these
elevated levels, as the main variables. In many cases, failure to address
both aspects can lead to underestimations of the risks associated with
extreme coastal events. These approaches can improve the accuracy
of hazard models and support more effective coastal management
strategies, particularly in regions like the Adriatic Sea, where the
combined effects of storm surges, tides and wave action are partic-
ularly significant. Joint statistical analyses of storm surge and wave
conditions have been applied not only in Europe (e.g.; Petroliagkis,
2018; Galiatsatou and Prinos, 2016), but also extensively around the
world, including tropical and cyclone-prone regions such as the South
China Sea, the western Pacific and the U.S. coastline (e.g.; Haixia et al.,
2023; Rueda et al.,, 2016; Zheng et al., 2013; Wahl and Chambers,
2015). These studies demonstrate the global relevance of multivariate
frameworks for characterizing coastal extremes. However, despite the
value of broad methodological advances, the dependence between
surge and wave processes is strongly modulated by local morphology,
meteorology and hydrodynamics, and therefore requires region-specific
analyses (e.g.; Arns et al., 2017; Idier et al., 2019). Once the statistical
relationship between waves and water levels has been established, the
beach response to extreme events must be assessed. Several methods
and parameters can be employed for this purpose (e.g. Burvingt et al.,
2017; Coco et al., 2014). Some approaches are particularly suitable
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for broad-scale applications, as they enable a simplified evaluation of
beach recession for both free beaches (e.g. Dean, 1991) and protected
beaches (e.g. Marini et al., 2022).

The present study applies a multivariate copula-based analysis of
storm surges and wave heights in the Adriatic Sea to provide a more
comprehensive understanding of their combined impact on coastal
flooding risks, accounting for the expected increase of extreme events
due to climate change. As a result, the study enables an effective
assessment of extreme water levels in the Adriatic Sea under different
forcing conditions and provides maps of extreme sea levels for various
return periods and climate-change scenarios, offering useful support for
decision-makers and for the design of adaptation measures (e.g. van
Gent, 2019, Marini et al., 2020).

2. Method and data analysis
2.1. Sea level components

The sea level 7 is composed of several components each playing a
crucial role in the coastal dynamics. Orli¢ and Pasari¢ (2024) identified
eight phenomena contributing to the sea level maximum. However, a
comprehensive assessment of all these contributions is only feasible at
a local scale, where high-resolution and site-specific data are available.
Since the present study is focused on a flooding analysis extended
to the entire Adriatic basin, the decomposition of each component
is not of significant importance and all meteorological forcings have
been included in the storm surge term. Therefore, the sea level is
expressed as the sum of the contributions reported in Eq. (1). The mean
sea level (7,,) represents the long-term average of the sea surface
height (multi-year time scale) and it can rise due to climate change
(n,;,). Superimposed on the mean sea level are the astronomical tides
(n,), driven by the gravitational forces of the moon and sun (daily to
fortnightly scale). In addition, meteorological tide or storm surge (#,,)
is mainly caused by changes in atmospheric pressure and strong winds
during storm events and can significantly increase sea level (event
scale, hours to days). The sea level adjusts to air pressure variations
as an inverted barometer, such an effect is significantly larger than
theoretical one in the Adriatic Sea, due to the synchronized acting of
the wind and other contributors to the sea surface variability (Pasaric
et al., 2000). The action of wind on the sea surface is more complex
because it depends on wind speed, direction, duration and topography
of the basin Vilibi¢ et al. (2005). Finally, waves, especially during
extreme weather events, raise sea levels in the surf zone through wave
set-up (7,,), thereby amplifying the risk of coastal flooding (short-term
variability, minutes to days).

N =Nyt + Mg T 1+ M55 T 11y, (1)

2.1.1. Sea level rise

According to the latest IPCC reports (Calvin et al., 2023), the likely
global mean sea level rise (#y,) by 2100 is between 0.28 to 0.55 m
under the very low GreenHouse Gas (GHG) emissions scenario (SSP1-
1.9) and 0.63 to 1.01 m under the very high GHG emissions scenario
(SSP5-8).

2.1.2. Tidal levels

Tidal levels are given by two different contributions. The astronom-
ical tide (5,) is only due to the relative position between earth, moon
and sun. It is a deterministic quantity that can be computed for each
site location once the harmonic components and phases are known. The
Adriatic tides can be well approximated by four semidiurnal (M2, S2,
N2 and K2) and three diurnal (K1, O1, P1) harmonic constituents (Per-
van and Sepi¢, 2023; Medugorac et al., 2018). Spreading of tides in
the Adriatic is usually described by the largest M2 and K1 constituents.
Semidiurnal tides have an amphidromic point halfway between Sibenik
and Ancona (Pervan and Sepi¢, 2023). Diurnal tides are largest at
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Trieste and gradually decrease moving to the southern part of the basin
towards Otranto, at the entrance to the Adriatic Sea (Schwab and Rao,
1983). In addition, a strong resonance is observed in the higher diurnal
tidal frequencies, especially in the northern part of the sea, close to the
basin head (Medvedev et al., 2020).

The second contribution to tidal levels is driven by meteorologi-
cal forcing, including the effects of wind setup, atmospheric pressure
changes, and other subtidal oscillations (Orli¢ and Pasari¢, 2024). Col-
lectively, these contributions are referred to as “storm surge” (#,,). The
storm surge component is usually computed as the difference between
the observed sea level (SL) and the astronomical tide. However, this
definition cannot adequately represent the meteorological contribution
in case of large residuals due to the non-linear interaction between tide
and surge which induces a phase shift in the tidal signal (Williams et al.,
2016). Recent studies highlight that nonlinear tide-surge interactions
can be explored using different methodological frameworks. Statisti-
cal Tide-Surge Interaction (TSI) methods quantify how the non-tidal
residual varies with tidal level or phase (e.g.; Bernier and Thompson,
2007; Jenkins et al., 2025), and are particularly effective in macrotidal
environments where such modulation is pronounced, though they may
still offer complementary insights in microtidal settings. In parallel,
non-stationary tidal analysis tools, such as NS_TIDE (Matte et al., 2013),
explicitly incorporate time-varying tidal constituents and have been
developed to account for tide-river interactions, with recent applica-
tions also in Adriatic river-sea systems (e.g.; Krvavica et al., 2025).
While these approaches provide detailed diagnostics of non-linearity,
their implementation typically requires long records, high-frequency
measurements, or dedicated calibration. In the present study, a simpler
but robust and widely adopted indicator is therefore preferred, namely
the “skew surge” (de Vries et al., 1995), to identify the meteorological
contribution, although it does not capture all forms of nonlinearity
(e.g., phase-dependent residuals or low-frequency modulation of tidal
constituents). Skew surge is computed as the difference between the
maximum observed SL and the predicted high astronomical tide within
a tidal cycle, independently of the time occurrence. The skew surge
is used as a practical indicator of the meteorological contribution to
sea-level extremes (e.g.; Williams et al., 2016; Stephens et al., 2020)
and it has also been applied in studies of the Adriatic Sea (e.g.; de
Vries et al., 1995; Paprotny et al., 2016, 2020; Ragno et al., 2023;
Baldoni et al., 2025). According to its definition, a single value of skew
surge within a tidal cycle is computed; which is, by definition, lower
than the maximum tidal residual. However, the authors highlight that
this approach can lead to a strong underestimation of the skew surge
values when the peak of the storm surge occurs in correspondence to
the lower tide levels. To overcome this limitations, a hybrid approach
is used in the present study, where the storm surge is computed as
skew surge for the tidal phases around relative tidal maximal levels
and as tidal residual around minimal levels. This method avoids the
underestimation of storm surge levels when sea-level rise occurs dur-
ing low-tide conditions. An example of the application of this hybrid
approach is shown in Fig. 1. Two different events are considered: one
in which the maximum measured water level coincides with low tide
(Panels a and c), and another in which it coincides with high tide
(Panels b and d). Panels a and b display, for each case, the measured
water levels (blue line) and the astronomical tide (red line). Panels
c and d show the tide residuals (black) and the skew surge in both
its classical (cyan) and hybrid (magenta) forms. This figure highlights
the advantages of adopting the hybrid approach. The classical skew
surge performs well when the water level peak occurs near high tide,
as indicated by the close agreement among the three curves in Panel
d. Conversely, when the storm surge peak occurs during a low-tide
phase (Panel a), the difference between the residual and the skew surge
becomes large, and the classical skew surge tends to underestimate
the actual surge level. The hybrid approach combines the strengths
of both definitions: it accounts for nonlinear effects near high tide
while avoiding underestimations when surges develop during low-tide
conditions.
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2.1.3. Wave setup

The last contribution reported in Eq. (1) is due to wave effects. Short
wave periods are in the order of 10 s, approximately 4000 times smaller
with respect to those of tides (~ 12 h). For design purposes, a typical
sea-state is usually assumed to last for 3 h (Det Norske Veritas, 2021)
and it is represented by the significant wave height (H,). The influence
of waves on the variation of the mean sea level has to be taken into
account within the surf-zone. Wave set-up is the time-averaged increase
in the mean sea level due to breaking waves. The wave setup can be
evaluated by means of Bowen’s (Bowen et al., 1968) formula, which is
valid for all beach profiles. The wave setup is about 19% of the breaking
wave height H, (as reported in Dean and Dalrymple 1991) at the
still-water shoreline. The maximum value of the wave setup depends
on the local emerged beach profile and it is site-specific dependent.
The value of the wave height at the breaking depth is influenced by
both the meteo-marine and geometric conditions. Indeed, the wave
transformation processes from deep waters to shore are influenced by
different parameters such as wave period, wave direction, bathymetry,
water depth at the breaking point 4,. The breaking wave height is given
by the product of the shoaling coefficient k,, the refraction coefficient
k, and the offshore significant wave height H,. For random waves, the
shoaling coefficient from deep waters to breaking conditions is about
in the range 0.93-1.5, while the refraction coefficient is about in the
range 0.7-1.0 (Goda, 2010).

2.2. Data collection

2.2.1. Mean sea level and sea level rise

The mean sea level may refer to different local reference systems
(e.g. Italian and Croatian), hence, to facilitate comparisons across
different locations, #,,, is removed from the current analysis. However,
to obtain a local estimate of the total sea level, the mean sea level value
must be added back at each site at the end of the analysis.

To assess sea level rise effects on total levels, the NASA Sea Level
Projection tool (https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection
-tool) is used to show the median projections along the Adriatic Sea
depending on the IPCC gas emission scenario. It is found that the
expected sea level rise varies in the range 0.29-0.42 m for SSP1-1.9
and 0.64-0.78 m for SSP5-8, in substantial agreement with global
projections.

2.2.2. Astronomical tide and storm surge

The present study makes use of real data from 12 different stations
of the national tide gauge networks of Italy and Croatia to isolate
the contributions of astronomical tide and storm surge (meteorological
tide) from sea-level measurements, as shown in Fig. 2. The Italian tide
gauge network is managed by the National Institute for the Environ-
ment Protection and Research (ISPRA) (https://www.mareografico.it/),
while the Croatian tide gauge network is managed by the Hydrographic
Institute of the Republic of Croatia (HHI) (https://adriaticsea.hhi.hr/).
All tide gauges are located in positions where the wave movement
can be assumed negligible (port, lagoon, etc.). The dataset consists of
long-term sea-level records with a temporal resolution of either 1 h or
10 min, spanning different durations. Table 1 shows the length of sea
level recordings measured by the selected tide gauges. Some recorded
years are not considered in the analysis because the data quality was
poor, due to a large number of missing data (fragmented time series). In
Table 1 the main dataset characteristics used for the present bi-variate
statistical analysis are also reported as the number of years N,, the
number of joint storm events N (the selection of joint events will be
explained in Section 2.3.3) and their ratio = N/N,.

A more comprehensive assessment of the Adriatic Sea would require
sea-level data from the Montenegrin and Albanian coasts to better
evaluate the behavior of its southern part. However, such data were
unavailable for a sufficient duration or resolution to allow for extreme
value analysis.
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Fig. 1. Application of the hybrid approach for storm surge identification to two different surge events, in phase with low tide (Panels a and c) or high tide
(Panels b and d), respectively. Panels a and b show the total level and the astronomic tide, while Panels ¢ and d show the residuals, the skew surge and the
hybrid skew surge. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A Tide gauges

@ Wave stations

Fig. 2. Tide gauges locations (red triangles) of the Italian and Croatian tide
gauge networks and wave stations (green circles) of the CMEMS model. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

2.2.3. Wave height

The Italian national wave buoy network (ISPRA) has only 3 wave
buoys in the Adriatic Sea (Venice, Ancona and Ortona), while wave

Table 1
Length of the time series, number of years N, number of joint storm events
N and A= N/N,.

Stations Length of time series N, N A
Venezia 1998; 2002-2022 22 184 8.4
Trieste 1994; 1997-1998; 2002-2016; 2019-2022 22 271 12.3
Ravenna 2002-2014; 2020-2022 16 200 125
Ancona 1997-1998; 2002-2023 24 255 10.6
Ortona 2003-2009; 2011-2016; 2020-2022 16 145 9.1
Vieste 2003-2017; 2020-2022 18 210 117
Bari 2003-2014; 2020-2022 15 162 10.8
Otranto 2003-2022 20 248 124
Rovinj 1956-2013; 2015-2016 24 366 15.3
Zadar 1996-2015; 2017-2019 23 355 154
Split 1956-1992; 1994-2016; 2018-2019 25 469 188
Dubrovnik  1957-1959; 1961-1990; 1993-2010; 2012-2017 24 368 15.3

data are not available from the Croatian national network, hence
the spatial consistency from measured data is very poor. Moreover,
wave data records (from wave buoys) do not cover long overlapped
periods with sea-level records (from tide gauges), indeed in-situ wave
observations are few and often temporally fragmented. In order to
maximize the dataset length reported in Table 1, computed wave data
from the wave reanalysis dataset of the Copernicus Marine Service
(CMEMS: https://data.marine.copernicus.eu/product/MEDSEA_ MULTI
YEAR_WAV_006_012) were used in the present study. This dataset is
a multi-year wave reanalysis starting from January 1993, composed
by hourly wave parameters at 1/24° horizontal resolution, covering
the Mediterranean Sea and it includes an optimal interpolation scheme
assimilating significant wave height along track satellite observations
of CMEMS. The time series of CMEMS overlap very well with the tide
gauge recordings, mainly for the Italian side. Unfortunately, the sea
level recordings of three Croatian stations (Rovinj, Split and Dubrovnik)
prior to 1993 are not taken into consideration in the present study due
to the lack of overlapped periods with wave height data.

The CMEMS model reproduces well the significant measured wave
height (SWH), with typical Root-Mean-Squared-Difference (RMSD) val-
ues of about 0.23-0.24 m and BIAS values around -0.05 m, corre-
sponding to a relative error of 4%-7% with respect to observations.
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Table 2

Characteristic values of significant wave height (H,) and peak period (T,) at
selected Adriatic sites. Reported parameters include the mean, the 75th and
90th percentiles (975, q90) and the maximum value from each time series.

Site Name H, (m) T, (s)
mean q75 q90 max mean q75 q90 max

Venezia 0.51 0.66 1.13 5.29 3.98 4.74 6.30 16.35
Trieste 0.40 0.52 0.90 4.52 3.48 4.31 5.73 14.86
Ravenna 0.54 0.69 1.18 4.94 4.12 5.21 6.30 14.86
Ancona 0.57 0.74 1.20 5.03 4.22 5.21 6.93 12.28
Ortona 0.54 0.69 1.12 5.25 4.46 5.21 6.30 12.28
Vieste 0.75 1.00 1.50 5.39 4.47 5.21 6.30 12.28
Bari 0.61 0.80 1.25 4.78 3.47 5.21 6.30 12.28
Otranto 0.79 1.04 1.62 6.23 5.15 6.30 7.63 13.51
Rovinj 0.40 0.52 0.83 4.60 3.96 4.31 6.30 16.35
Zadar 0.53 0.66 1.11 5.53 3.96 4.74 7.34 14.86
Split 0.42 0.53 0.90 4.10 3.98 4.74 6.30 14.86

Dubrovnik 0.53 0.66 1.15 5.48 4.77 5.73 7.63 14.86

The model tends to slightly underestimate SWH, especially for low and
intermediate waves, while higher waves are generally well reproduced.
For the Adriatic Sea, the validation performed for the reanalysis period
(1993-2018) shows mean BIAS values of —0.108 +0.032 m and —0.135+
0.027 m, and RMSD values of 0.281 + 0.018 m and 0.277 + 0.021 m,
for the northern (adrl) and southern (adr2) subregions, respectively.
The model validation is extensively documented in the CMEMS quality
information document (https://documentation.marine.copernicus.eu/
QUID/CMEMS-MED-QUID-006-012.pdf).

To accurately represent the climate conditions at each site, the
wave stations are selected in different points with respect to the tide
gauges, in order to be associated with open sea wave conditions. Each
wave station is chosen at a water depth (larger than 30 m) deep
enough to be far from shallow water wave conditions and, at the
same time, at a limited distance (from 10 km to 50 km) from the
shoreline (and the corresponding tide gauge location) to be able to
relate open sea wave motion with tideographic effect (joint events).
In addition, to ensure that the selected locations are not significantly
affected by coastal proximity or by the presence of nearby islands,
a set of characteristic wave parameters was computed for each site.
Significant wave height (H,) and peak period (Tp) were considered as
representative variables. From the time series of each variable, four
characteristic values were derived: the mean, the maximum and two
percentile-based values corresponding to the 75th (q75) and 90th (q90)
percentiles. These parameters provide a concise description of both the
average and the extreme wave conditions at each site. The resulting
values are summarized in Table 2. Although some of the selected
points are located near sheltered coastal areas or close to complex
island environments, their characteristic wave parameters (Table 2)
are consistent with those derived at nearby and more exposed sites. In
particular, the mean and percentile values (q75 and q90) of significant
wave height (H,) and peak period (Tp) fall within the same range
observed for offshore stations along the Adriatic coast. Therefore, the
selected points can be considered representative of the regional wave
climate.

2.3. Extreme value statistical analysis

The statistical analysis aims to study the existing relations between
different sea level components. Among them, the sea level rise due
to climate change is associated to the time scale of years so it can
be treated as a stand-alone component according to the results of
the latest IPCC report (Calvin et al., 2023). Since the astronomical
tide is a deterministic quantity, the multivariate statistical analysis
has been applied to two variables: the storm surge and the significant
wave height. To identify the contribution of storm surge and waves to
Extreme Sea Levels (ESL), the following procedure was applied to each
site:
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1. reconstruct the astronomical tide components from the mea-
sured sea levels by the tide gauges and compute the storm surge
as the residual,

2. choose the best threshold (specific for each site) for data declus-
tering to identify an adequate number of independent events;

3. apply the Peak Over Threshold (POT) analysis to storm surge
dataset;

4. find the wave height values associated with each storm surge
event and evaluate the extreme distributions of wave height
dataset;

5. model the joint distribution of storm surge and wave height
following a copula-based approach;

6. show the results in the form of environmental contours.

In the following Sections, each step is described in detail.

2.3.1. Astronomical tide and storm surge’s computation

The tidal components, such as spring tides and neap tides, were
identified by using the MATLAB-based tool “Tidalfit” (Grinsted, 2014).
This tool enables an analysis of tidal harmonics, breaking down the
signal measured by the tide gauge into its constituent parts. The de-
termination of the amplitude and phase of each component allows
the computation of the astronomical tide time series at each location.
In particular, “Tidalfit” applies the HAMELS (ordinary least squares)
method to fit the tidal signal. The tool automatically selects all har-
monic constituents whose periods are shorter than one quarter of the
data time span and longer than twice the sampling interval, resulting in
a total of 38 astronomic tidal components used for the reconstruction
of the tidal time series. From the computed astronomical tidal level,
the Mean Higher High Water (MHHW), which is the average height
of the higher daily high tides, was evaluated and it can be considered
a representative value of the high tides recorded at each site. MHHW
reflects high tide levels that occur more frequently and avoids over-
estimating combined effects when considering multiple environmental
variables. For this reason, it is usually worldwide employed in mapping
inundation due to extreme events (Schmid et al., 2014; Phillips, 2024)
or to sea level rise (Sweet et al., 2018). The effect of climate change on
astronomical tide sea levels is disregarded because, except in specific
cases, regional changes in tides are negligible in comparison to the
other ESL components, according to Vousdoukas et al. (2018).

After computing the astronomical tidal levels, the storm surge time
series is computed according to its definition given in Section 2.1.2.

2.3.2. Threshold identification and POT analysis for storm surge data

An appropriate threshold has been selected for each site in or-
der to identify the storm surge peaks of the extreme value analysis.
Although several studies recommend automatic threshold selection al-
gorithms (Bader et al., 2017; Callahan and Leathers, 2021), in this study
a range of thresholds was studied, starting from the 90th percentile
of storm surge and above, where extreme values tend to dominate.
Several approaches can be used to ensure that storm surge events are
independent. Martin et al. (2024) studied the temporal evolution of
extreme events measured at 1485 tide gauge records from across the
global coast, highlighting a notable variability of the Standard Event
Duration (SED) ranging from 20 h to 140 h. Ragno et al. (2023) applied
a constant declustering time equal to 48 h for both the Adriatic and
Tyrrhenian Seas. Zachary et al. (1998) showed that taking a period
length larger than 48 h is not necessary to ensure that the associated
observations can be treated as independent. In the Adriatic Sea, storm
surges mostly occur when a low atmospheric pressure is conjoined
with strong south-eastern winds (Scirocco) blowing and pushing water
mass for hours or days towards the northern part of the Adriatic Sea,
as reported in Pervan and Sepi¢ (2023). The duration of the largest
extreme storm events observed in their study ranges from about 2 h
to 45 h. Storm surge events must be separated by at least 24 h, in
order to exclude the occurrence of repeated extreme sea levels due to
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Fig. 3. Storm surge peaks (black crosses) individuated after the declustering
phase.

moderate storm surges reinforced by the Adriatic-wide seiche, with a
principal period of about 21.5 h. Therefore, the present study considers
two different durations for the declustering procedure: 24 h and 48 h.
The extreme storm surges and wave heights for the duration of 24 h
and 48 h associated with a Return Period of 100 years are compared,
considering the 48 h case as representative of independent events.
Choosing the duration of 24 h for data declustering, the maximum
absolute error in extreme waves and surge is 11.1%, with a mean
absolute error of 2.9% and a standard deviation of 3.2%. Due to the
small differences between the two declustering methods, a storm surge
duration of 24 h was chosen to increase the number of storm events
by 31.2%. This ensures a sufficiently long dataset for multivariate
analysis and allows an accurate evaluation of the dependence between
variables, as suggested by Mazas and Hamm (2017). An example of the
declustering procedure to separate individual storm surge peaks from
the broader dataset is reported in Fig. 3.

For each declustered set of storm surge peaks associated with a
specific threshold, the Generalized Pareto (GP) distribution is used and
the following criteria were applied to choose the best threshold:

+ the Mean Residual Life (MRL) plot in which the mean observed
excess over the threshold is plotted against the threshold itself. If
the Generalized Pareto (GP) assumption is correct, this plot shows
a linear trend (Davison and Smith, 2018);

the trends of the shape (k) and scale (¢) (GP) parameters. A well-
established practice (Scarrott and MacDonald, 2012) considers
that the parameters tend to exhibit linearity up to a certain point,
deviations from this behavior can indicate where the threshold
should be set;

the evolution of the Normalized Root Mean Square Error (NRMSE).
A scatter in the NRMSE plot indicates that a lower threshold
should be set.

The MRL is computed as the expected value, E(-), of the observed
values y, larger than a specific threshold y,, according to Guess and
Proschan (1988):

MRL(®y,) = Ely, = %1y, > ¥l 2)

The GP parameters (k and o) are obtained by the Maximum Likeli-
hood Estimation (MLE) and the NRMSE is computed according to the
following equations:

NRMSE = RMSE 3)
y
N
N (y —y 2

RMSE = —Z’—‘(y]‘:] Ya %)

where y, are the distribution values, N is the number of samples in
each cluster and y is the mean of y,.

The fitting of the Generalized Pareto (GP) distribution to the storm
surge data cluster with a chosen threshold allows to predict extreme
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events associated with different Return Periods (RPs). The k and ¢
parameters of the optimal GP distribution are estimated with the MLE
by using the gpfit MATLAB function (The MathWorks Inc., 2024).

2.3.3. Extreme statistical distributions for wave height dataset

To accurately model the relationship between wave heights and
storm surge peaks, the first step was to associate wave height values
to the storm surge cluster. Once the peak time of the storm surge is
identified, the corresponding wave height is determined. As reported
in Mazas and Hamm (2017), it is recommended to select the maximum
wave height value within a time window centered on the storm surge
peaks. In this study, a time window of +5 h is used. Such a time
window is needed because the sea states are available offshore, while
the sea levels are measured onshore (e.g. at a tide gauge), hence the
wave propagation time should be accounted for. Moreover, as reported
above, non-linear interaction between different sea level components
induces a phase shift in the sea level signals.

This procedure allows to obtain a set of storm surge-wave height
pairs. In coastal engineering, it is common practice to exclude pairs
of values associated with less intense energetic conditions, hence it
consists of using multivariate thresholds. As reported in Mazas and
Hamm (2017), and in Li et al. (2014) an event (i.e. a storm) is
defined when both storm surge and wave height exceed their threshold
values. The choice of statistical thresholds is based upon statistical
criteria, such as those described by Bernardara et al. (2011), close to
95th percentile of the data. Since a correct application of the extreme
statistical distribution of wave heights requires a dataset composed of
extreme data, a limit level for wave heights is also needed. Observations
of the wave regime in the Adriatic Sea show that waves resulting from
breeze regimes do not reach values of significant wave height larger
than 1 m, while waves generated by atmospheric disturbances exceed
such limit. These observations are also confirmed by the 90th percentile
values of the significant wave height (H,) evaluated at wave stations
along the Adriatic Sea reported in Table 2. Therefore, a threshold of
1 m for the wave height data is applied in the present study.

Once threshold values are chosen, the final cluster of N samples
(joint events) is identified over the effective number of years of obser-
vations N, (as reported in Table 1) and the mean number of selected
events per year (4) is defined as:

A=N/N, ®)

Following Mazas and Hamm (2017), optimal values of N and A
depend on the type of application. For the univariate case, depend-
ing on the duration of time series, which is usually 20-25 years in
engineering applications, values of 1 between 5 and 10 are needed to
have a sample size larger than 100 (Mazas and Hamm, 2011). For the
multivariate case, more information is necessary to correctly evaluate
the dependence between variables. The sample size should then be
increased up to values of 1 in the range 15-25, depending also on the
duration of the time series and on the physical processes under study.
The number of years of observation is larger than 15 years for all the
locations. The values of 4, reported in Table 1, are slightly lower than
the suggested values but, for each case, the total number of joint events
is in the range 150-500, thus allowing an accurate evaluation of the
joint probability of occurrence of extreme events.

Once each cluster of data is identified the Generalized Pareto dis-
tribution is applied to the updated storm surge dataset, while, for the
wave height dataset, the best extreme statistical distribution is sought
among several candidates (Gumbel, Weibull, Log-Normal, Generalized
Extreme Value (GEV), Gamma distributions). Each of these distribu-
tions has distinct characteristics that make them suitable for modeling
extreme environmental variables. For instance, the Weibull distribution
is commonly used in wave height studies due to its flexibility in
representing various types of data, while the GEV distribution is a
natural choice for extreme value analysis. To determine the best fit,
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the RMSE was computed according to Eq. (4) between the observed
wave height values and those predicted by each distribution. The RMSE
provides a measure of the differences between predicted and actual
data points, with lower values indicating a closer match between the
distribution and the observed data. Using RMSE as the criterion for
optimal fit ensures that the selected distribution accurately represents
the variability in the observed wave height data.

2.3.4. Copula distribution

After determining the marginal distribution for the second variable
(in this case, wave heights), the next step is to model the dependence
structure between the two variables, storm surge and wave heights.
Such joint distribution was modeled using a copula approach, which
allows to model the dependency between random variables separately
from their marginal behaviors (Nelsen, 2006). Given the marginal
distributions F, and F, of two random variables X and Y, the copula
C(-,-) is an operator that relates the two marginal distribution with their
joint distribution F,, according to the Sklar’s theorem (Sklar, 1959):

Foy(X.Y) = C(F(X), F,(Y)) )

In other words, each pair of real numbers (X,Y) leads to a point
(F(X), F\(Y)) in the unit square [0, 1] X [0, 1] and this pair corresponds
to a number F,(X,Y) in the interval [0, 1].

In this study, the variable X corresponds to the storm surge and
its marginal distribution F, is modeled as a Generalized Pareto (see
Section 2.3.2), while the variable Y corresponds to the wave height
with marginal distribution F, coming from Section 2.3.3. Several cop-
ula types were tested, including Archimedean copulas, such as Gumbel,
Clayton, and Frank, which are often used for their simplicity and ability
to capture various dependency structures, especially in the tails of
distributions. Additionally, elliptical copulas were explored, specifically
the Student’s t copula, generally used to model symmetric depen-
dence and heavier tails, which are common in environmental data.
The parameters of these copulas were estimated using the MATVines
tool (Coblenz, 2021), which is specifically designed for vine copula
modeling. This tool provides a systematic way to fit and evaluate the
copulas based on the available data. To select the best copula type, the
Akaike Information Criterion (AIC) was applied, which is a widely used
method for model selection that balances goodness of fit with model
complexity. It is defined as:

AIC =2(k —In(L)) ()

where L is the likelihood function and k is the number of parame-
ters in the copula model used to favor models with less number of
parameters. The copula that minimized the AIC was chosen as the
best representation of the dependency between storm surge and wave
heights, allowing for a more accurate and flexible joint modeling of
these variables.

2.3.5. Environmental contours

The copula-based analysis requires a tool to describe and graphi-
cally represent the joint behavior of the analyzed parameters. The most
popular is based on the inverse Rosenblatt transformation and consists
in the Inverse First-Order Reliability Method (IFORM) (Winterstein
et al., 1993). These contours are essential tools in offshore and coastal
engineering, providing insights into the joint occurrence of extreme
environmental conditions at specific RPs (Eckert-Gallup et al., 2016;
Saranyasoontorn and Manuel, 2004; Huang and Dong, 2021; Baldoni
et al., 2025). For a given return period RP, the associated reliability
index (p) is computed as a function of the exceedance probability (p /-)
as:

p=—¢""py) ®)
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where ¢ is the cumulative distribution function of a standard normal
variable. The exceedance probability, for RP relatively large, can be
computed as:
_ 1
Pr=IRP
where 1 is the mean number of events per year. An environmental
contour is given by the pairs Z, and Z, defined along the circle:

VZi+2Z2=p (10)

Z, and Z, are random variables obtained from the Rosenblatt trans-
formation (Rosenblatt, 1952). From Z, and Z,, the random variables
U, and U, uniformly distributed on [0, 1] can be computed as:

)]

U,=¢(Z,) an)
U, = C_1(¢(Zy)|¢(zx)) 12)
where C~! is the inverse conditional distribution function (inverse h-

yix
function of Aas et al. 2009) of the copula and it can be computed

numerically (Coblenz, 2021) or from specific expressions for frequently
used copula models (Montes-Iturrizaga and Heredia-Zavoni, 2015).
Once the pairs U, and U, are computed, the corresponding values of
the original variables are obtained by:

X=rF'Uy 13)
Y =F;'(U,) 14

A more detailed description on how to compute environmental con-
tours with copulas can be found in Montes-Iturrizaga and Heredia-
Zavoni (2015). Defined the environmental contours, the individuation
of a specific pair of variables associated to each contour is related to
the type of application for which the contours are computed. Different
application of environmental contours have been done. Mikuli¢ and
Parunov (2023) applied environmental contours on extreme vertical
wave bending moments on oil tankers on the Adriatic Sea, Clarindo
and Guedes Soares (2024) analyzed the relation between wave height
and wave period on the US East Coast by taking the maximum wave
height and the associated wave period and vice versa, Ross et al. (2020)
studied the response of fixed and floating structures using both results
from a response simulator and from a deterministic approach.

In the present work, a deterministic approach was applied for the
selection of a pair of values of storm surge and wave height associated
to each environmental contour. Since this work focuses on extreme
water levels that can cause coastal flooding, the response of the system
(R) is expressed in terms of the overall increase of the water level at the
shoreline and it is computed as the sum of two flooding contributions
as:

R=n4+n, =n,+0.188H, =n,, +0.188H (15)

where the two components are, respectively, the increase of sea level
due to storm surge #,, and the wave set-up 7, at the shoreline. The
term of the wave set-up is evaluated as in Marini et al. (2022) from
the formulation given by Bowen et al. (1968), which is valid for all
beach profiles. As reported in Section 2.1.3, the maximum setup value
depends on the local beach profile; therefore, to generalize, it has been
evaluated at the shoreline in still water condition. The computation
of the wave set-up at the still-water shoreline leads to 5,, = 0.188H,,
where H, is the breaking wave height. The value of the wave height
at breaking depth depends on the site-specific wave-transformation
processes, expressed by the shoaling k, and refraction k, coefficients
(see Section 2.1.3). Since such coefficients varies within the range
0.7-1.5, for simplicity it has been assumed that their product kk, is
equal to 1, so that the breaking wave height H, coincides with the
offshore significant wave height H,, as reported in Eq. (15). Along each
contour, the value of R is computed and the design condition is given
by its maximum value.
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tide (red) and storm surge during a high sea level event observed in Ancona
in January 2023. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

3. Results and discussion
3.1. Results of bivariate statistical analysis

3.1.1. Application to Ancona site

In this section the application of the methodology is reported for the
Ancona site. The same procedure is applied to all the other sites and
the results are reported below. The sea level recordings of Ancona tide
gauge were elaborated in order to extract the storm surge following the
procedure of Section 2.3.1. The measured sea level in Ancona, with the
reconstructed astronomical tidal and storm surge time series, are shown
in Fig. 4. As reported in Fig. 3, the declustering procedure was applied
to separate individual storm surge peaks.

As reported in Section 2.3.3 a site-specific choice of the best thresh-
old for the main variable (storm surge) is made, while a representative
threshold of the second variable (significant wave height) of 1 m was
chosen for all the sites. Fig. 5 shows the plots for the choice of the
threshold at Ancona site for the storm surge dataset. Panel a of Fig.
5 shows a linear trend for the MRL up to a threshold of 0.45 m. For
larger values an almost horizontal slope is observed, together with a
large increase of the confidence interval (CI) width. A similar increase
in the CI width is observed for the GP parameters at y, = 0.45 m
(panels b and c). In panel d, a large spreading of NRMSE is observed at
¥, > 0.40 m. This suggests that the threshold value must be set smaller
than 0.4 m. In addition, the scale parameter has a slightly increasing
trend from 0.20 m to 0.29 m, while it assumes almost constant values
between 0.30 m and 0.40 m. In this range, minimum values of NRMSE
are observed at y, = 0.30 m and y, = 0.33 m and the largest threshold of
¥, = 0.33 m is chosen among the two values to exclude smaller storm
surge events. In any case, due to the small differences between these
statistical parameters, threshold values in the range between 0.30 m
and 0.40 m are expected to give quite similar results.

Fig. 6 shows the results of the POT analysis in a probabilistic chart
where the storm surge is plotted as a function of RP. The red circles
of Fig. 6 represent the observed events, while the black line gives
the storm surge values associated to different return periods for the
Generalized Pareto distribution.

The final set of variable pairs for the Ancona site is represented by
the red circles in Fig. 7a, where the less energetic wave conditions are
drawn in gray (wave height smaller than 1 m).

The next step is to evaluate which extreme statistical distribution
best fits the wave height data. Using RMSE as the criterion for the
optimal fit, the Weibull distribution is found to be the best one for
the wave height dataset of Ancona site. Fig. 7b shows the adaptation
of the cumulative distribution function to the observed data. After
determining the marginal distribution for the wave height (second
variable), the joint distribution has been found by using a copula
approach.
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The copula-based analysis requires a tool to describe and graph-
ically represent the joint behavior of the analyzed parameters. The
environmental contours for the Ancona site are reported in Fig. 8. Each
point along these contours has the same joint probability, meaning
that they represent equally likely combinations of storm surge and
wave height associated to different RPs from 1 to 200 years. The
distribution of these points provides valuable information about the
relationship between these two variables. Specifically, it is observed
that larger wave heights are typically associated with higher storm
surge values. This is crucial for understanding how storm surge and
wave conditions interact during extreme weather events. For storm
surge values just above the threshold level, the significant wave height
exhibits considerable variability, ranging from 1.0 m to 4.5 m. This
indicates that even small increases in storm surge can occur under a
wide range of wave conditions, complicating predictions of extreme
events. On the other hand, the data consistently show that higher storm
surge values, particularly those exceeding 0.6 m, are associated with
storms characterized by significant wave heights of at least 1.8 m.

The individuation of a specific pair of variables associated to each
environmental contour is related to the type of application. In the
present study the focus is the evaluation of extreme water levels that
may cause coastal flooding. Therefore, the pairs of #,, and H that
maximizes the response of the system (R) for different return periods
are computed by applying Eq. (15) and the relative line is traced over
the graph (red line in Fig. 8).

3.1.2. Application to all sites

The analysis reported in Section 3.1.1 has been applied to the other
sites in the Adriatic Sea (Fig. 2). Specific threshold values y, of the
storm surge data were found for the different sites; in particular, larger
values of y, were obtained by moving from South to North of the
Adriatic Sea. As explained above, the same threshold value, equal to
1 m, was chosen as representative threshold of the significant wave
height data for each site in the Adriatic Sea. A copula-based approach
was followed for the identification of the joint relations between the
two datasets (storm surge 7,, and significant wave height H,) for each
site and the relative environmental contours are computed. Therefore,
the pairs of 5, and H, that maximizes the response of the system (R)
are identified, as provided by Eq. (15) for different return periods RPs
and for all 12 sites, as shown in Fig. 9. Different shape of environmental
contours were found for the different sites, in particular Fig. 9 shows
that very significant storm surge values, about 1.4 m for a 100-year
return period, occur in the northern part of the Adriatic Sea (Venice and
Trieste sites), significant values, about 1.0 m, in the north-central area
(Ravenna, Ancona, Rovinj sites), quite significant values, about 0.8 m,
in the central-eastern area (Zadar and Split), moderate values, about
0.6 m, in the central-southern area (Ortona, Vieste and Dubrovnik sites)
while values smaller than 0.5 m are observed in the southern part (Bari
and Otranto sites).

3.2. Maps of sea level contributions and joint significant wave height in the
Adriatic Sea

The results of the bivariate statistical analysis applied to all the sites
are summarized in Table 3, with the pairs of 5, and H, that maximize
the response of the system (R) given by Eq. (15) for different return
periods (red lines in Fig. 9). The other sea level contributions of Eq. (1)
are computed at each site for different climate projections and reported
in Table 3. Since one of the aims of the present study is to provide an
estimate of both the sea level contributions and the extreme sea levels
for the Adriatic Sea, different maps are computed for different climate
projections and return periods. The graphical representation of sea level
results for the whole Adriatic sea was achieved by applying the kriging
interpolation (Matheron, 1963), that is a spatial interpolation method
used to obtain predictions at unsampled locations based on observed
geostatistical data.
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3.2.1. Sea level rise

Projections of sea level rise are taken from the NASA Sea Level
Projection tool (https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection
-tool) of the IPCC 6th Assessment Report (Calvin et al., 2023). Two
different climate scenarios are considered, namely SSP1-1.9 and SSP5-
8.5. For these scenarios, the value of the sea level rise at each site
is reported in Table 3, while Fig. 10 shows the maps of sea level
rise for the whole Adriatic Sea. Under the more optimistic scenario
SSP1-1.9 (panel a of Fig. 10), the projected sea level rise ranges from
approximately 30 cm to 40 cm. The high-emission scenario SSP5-8.5
(panel b) suggests a nearly doubled rise, with values between 65 cm
and 80 cm. Despite these differences in magnitude, the analysis reveals
no clear spatial trend across various Adriatic sub-regions, especially for
the SSP1-1.9 scenario, implying that the impact of climate change on
sea level rise is uniformly distributed along the coastline rather than

region-specific. The Venezia site is characterized by the larger values
of sea level rise and it represents an hotspot in the Adriatic basin.

3.2.2. Astronomical tide

MHHW astronomical tide values are computed using the methodol-
ogy of Section 2.3.1 for all the locations in Fig. 2. According to Vous-
doukas et al. (2018), the results are independent of any return period
or climate scenario (see Table 3 and Fig. 11). As expected from other
studies (e.g.; Schwab and Rao, 1983; Medvedev et al., 2020), higher
values of MHHW are obtained in the northern part of the Adriatic
Sea (roughly between Trieste and Ravenna), ranging from 0.30 m to
0.40 m. The central part of the basin (from Zadar to Bari) settles on
smaller but constant values of the maximum tidal levels (MHHW=
0.15 m). Smaller tidal levels are observed at the southern entrance of the
basin, in Otranto, where the MHHW is equal to 0.10 m. These results
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Fig. 7. Panel a: The red circles represent the pairs of associated storm surge and significant wave heights for the Ancona site, the gray circles are associated to
less energetic conditions (H, < 1 m); panel b: cumulative distribution function that best fits the experimental wave data. (For interpretation of the references to
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Table 3

Main Sea Level components at the selected locations along the Adriatic coast:
Sea Level Rise 7, according to SSP1-1.9 and SSP5-8.5 scenarios; MHHW
Astronomical tide 5,; Storm Surge 5, and Wave Height H associated to the
RPs of 10 and 100 years.

sty '1, s H,
Location SSP1-1.9  SSP5-85 MHHW 10y 100y 10y 100y

(m) (m) (m) (m) (m) (m) (m)
Venezia 0.42 0.78 0.36 1.08 1.41 3.88 4.85
Trieste 0.31 0.67 0.39 1.02 119 3.19  4.00
Ravenna 0.32 0.69 0.28 0.82  0.90 3.45 419
Ancona 0.32 0.69 0.15 0.76  0.89 412 545
Ortona 0.34 0.70 0.15 0.53  0.60 3.42 461
Vieste 0.34 0.72 0.15 0.44  0.46 3.73 478
Bari 0.33 0.72 0.16 0.36  0.37 390 5.35
Otranto 0.35 0.74 0.10 0.40  0.45 424 566
Rovinj 0.28 0.64 0.29 0.78  0.93 2.89 3.93
Zadar 0.32 0.69 0.15 0.67  0.76 452 585
Split 0.29 0.66 0.14 061  0.73 2.77  3.60
Dubrovnik  0.33 0.71 0.16 0.47  0.50 3.74  4.82
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confirm the overall micro-tidal nature of the basin, being its tidal range
limited between 0 m and 2 m.

3.2.3. Storm surge

Extreme storm surge values are computed with the methodology
of Section 2.3 for all the locations in Fig. 2. In order to evaluate the
joint probability of storm surges and waves, the copula-based approach
was used (Section 2.3.4) and the results are obtained in the form
of environmental contours (Section 2.3.5). Similarly to the case of
Ancona, the specific pairs of storm surge and wave height leading to
the maximum values of R are computed with Eq. (15). The results are
summarized in Table 3 and in Fig. 12. Maximum values of storm surge
are expected to occur in the northern part of the Adriatic Sea, where
values of n,, > Im are also obtained for RP=10 years. The southern
part of the basin is characterized by smaller values of storm surge, in
the range of 35-50 cm for RP=10 years and 40-60 cm for RP=100
years. The extreme value analysis in the northern part of the basin leads
to higher values, up to 1.40 m in Venice. These results are consistent
with the findings of Vousdoukas et al. (2016) about the impacts of
different climate scenarios on storm surge along the European coastline.
Their study utilized a numerical model driven by wind and pressure
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article.)

fields, incorporating a bias correction procedure. The site of Venice
was selected as a representative location for the Central Mediterranean
Sea. For this location, the extreme storm surge distribution appears
largely independent of the considered climate scenario, with storm
surge values of approximately 1.37 m for 10-years RP and 1.49 m for
100-year RP. These values align reasonably well with those obtained
in this study (Table 3), which reports slightly lower values (1.08 m
for RP10 and 1.41 m for RP100). The primary factor contributing to
this discrepancy is likely the type of data used in the analysis for the
storm surge dataset. In the present study, measured data were used
for the extreme statistical analysis, while Vousdoukas et al. (2016)
relied on a numerical model. Their work highlights the importance of
accurately downscaling wind and pressure inputs to regional and local
scales, as storm surge in shallow areas is predominantly driven by wind.
Consequently, a detailed representation of the wind field is essential.
Additionally, the use of a regular grid with a resolution of 0.2° (ap-
proximately 16 x 22 km in the Adriatic Sea region) in Vousdoukas et al.
(2016) may not be sufficient for modeling the Adriatic Sea, a relatively
small basin.

3.2.4. Wave height

The procedure to determine extreme wave heights that can occur
during important storm surge events was already described in Sec-
tions 2.3 and 3.2.3. The results are reported in Table 3 and, in graphical
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form, in Fig. 13. As shown in Fig. 13, there is no a clear pattern of wave
height distribution in the Adriatic Sea. Maximum values are observed
to occur in the central part of the basin, between Ancona and Zadar,
and in its southern entrance. This result can be explained by the fact
that these sites have a double exposition to waves, both from north-
west and from south-east. Indeed, the sites in the northern part of
the domain are mainly influenced by waves propagating from south-
east. When extreme storm surges are generated by storms directed
southward, the associated wave height will be smaller, thus reducing
the overall extreme value that characterize such sites. towards the
southern part of the sea, a nearly uniform pattern emerges. In fact, the
fetch for waves propagating from the north-west increases, while the
fetch of waves from the south-east decreases. On the contrary areas
characterized by a strong bidirectional wave climate, such as those in
the middle Adriatic Sea (e.g. Ancona and Zadar) are subjected by a
larger probability occurrence of joint events. An exception is the case
of Split, where the point chosen for wave analysis is influenced by the
significant presence of islands that strongly reduce wave activity from
the south-east. However, the choice of an alternative point outside the
influence of these islands would resulted in a location too far from the
corresponding tide gauge, making the analysis less representative (as
reported in Section 2.2.3 the wave stations are all located at a distance
within the range 10 km-50 km from the relative tide-gauge). A similar
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Fig. 10. Maps of sea level rise in the Adriatic basin for two different IPCC scenarios. Panel (a) SSP1-1.9, panel (b) SSP5-8.5. (For interpretation of the references
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Fig. 11. Map of the Mean Higher High Water (MHHW) sea levels in the
Adriatic basin. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

but less pronounced effect is observed in Ortona, where slightly lower
values of wave height are observed due to the presence of the Gargano
Promontory. In Otranto, the wave climate becomes bidirectional once
again. The fetch for waves propagating from the north-west reaches
its maximum length, while waves from the south are generated in the
Ionian Sea, which extends beyond the Otranto Channel.

3.3. Maps of extreme sea levels in the Adriatic Sea

In this section maps of extreme sea levels evaluated for different
return periods and climate change scenarios are provided. Eq. (1)
summarizes the contributions to Extreme Sea Levels (ESLs) #, which
include the mean sea level 7, the astronomical tide 7, the sea level
rise 7, the storm surge 5, and wave effects #,,. When assessing coastal
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Table 4
Extreme Sea Levels scenarios considering the contribution of sea level rise
(SLR), astronomical tide (MHHW), storm surge and set-up induced by waves.
The statistical values of the ESLs (minimum, maximum, mean and standard
deviation) in the Adriatic Sea are also reported.

SLR

Name MHHW  Surge  Wave %,  fwax  fwean  Mstdew
(m) (m) (m) (m)
ESL1 0 v/ RP10 X 0.49 1.45 075 0.22
ESL2 0 v RP10 RP10 117 216 1.45 021
ESL3 0 v RP100  x 0.54 1.78 0.84 0.27
ESL4 0 v RP100 RP100 1.50 269 1.76 0.25
ESL1  SSP1-1.9 v/ RP10 X 0.84 1.87 1.08 0.22
ESL2  SSP1-1.9 v RP10 RP10 1.50 258 1.78 021
ESL3  SSP1-1.9 v RP100  x 0.87 220 116 0.27
ESL4  SSP1-1.9 v/ RP100 RP100 1.84 3.11 2.09 0.25
ESL1  SSP5-85 v RP10 x 1.23 223 145 021
ESL2  SSP5-85 RP10 RP10 1.89 294 215 021
ESL3  SSP5-85 v RP100 X 126 256 154 0.26
ESL4  SSP5-85 v RP100 RP100 221 3.47 246 0.24

flooding, the impact of waves should be included by adding the wave
setup 7, as reported in Eq. (15) to consider the joint occurrence of
different phenomena responsible of the extreme sea levels referred to
different return periods..

To standardize the results across different sites in the Adriatic Sea,
the mean sea level 7,,; was removed from the analysis, because data
from different tide gauge networks were used. For a local evaluation
of sea levels, this value must be added to the ESLs computed in this
section to correctly align with the local reference system.

Astronomical tide, in terms of MHHW, has been considered in all
scenarios. Storm surge has also been evaluated in all scenarios, referred
to two return periods (10 and 100 years). Wave contribution has been
considered in some scenarios for two different return periods (10 and
100 years). Additionally, three climate change scenarios have been
considered: no sea level rise (,, = Om), sea level rise as predicted
in SSP1-1.9 projections and sea level rise as predicted by SSP5-8.5
projections.

The ESL scenarios are summarized in Table 4. Specifically, ESLI1
includes only the contributions of astronomical tide and storm surge
for a 10-year return period, while ESL2 adds the effect of the cor-
responding wave conditions in terms of set-up. Similarly, ESL3 and
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Fig. 12. Maps and contours of sea levels due to storm surge in the Adriatic basin for different Return Periods. Panel a: 10 years, panel b: 100 years.
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Fig. 13. Maps and contours of wave heights associated to extreme storm surge levels in the Adriatic basin for different Return Periods. Panel a: 10 years, panel
b: 100 years. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ESL4 correspond to the 100-year return period. These four scenarios
do not account for sea level rise due to climate change. The same four
scenarios are re-analyzed to incorporate the effects of climate trends,
considering the SSP1-1.9 and SSP5-8.5 climate projections.

Fig. 14 presents the results for scenarios that do not account for
the effects of climate change. These results confirm the vulnerability
of the northern Adriatic Sea to storm surges and waves, as this region
exhibits the highest extreme sea levels. As expected, ESL3 and ESL4
show higher levels compared to ESL1 and ESL2, respectively, since they
refer to larger RPs. On average, the extreme sea level with the 100-
year return period is 10%-20% higher than the sea level relative to the
10-year return period.

For coastal flooding problems, the impact of waves on flooding
levels is accounted for using Eq. (15). Waves significantly amplify water
levels. In scenarios ESL2 and ESL4, where wave effects are included, the
sea levels are approximately double those corresponding to the same
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scenarios without waves (ESL1 and ESL3). For a more detailed analysis
of the water levels induced by these forcings across the entire Adriatic
Sea, statistical parameters were calculated using all the points em-
ployed in the interpolation over the domain. Specifically, the minimum
and maximum values (#,,;, and #,,,, respectively), the mean (,,,,,)
and the standard deviation (7 4,,) were computed. The calculated
indicators are summarized in Table 4. Independently of the considered
return period, the lowest ESL values are observed near Otranto for the
scenarios without waves, as both storm surge and tide contributions
are minimal in this area. However, when waves are accounted for,
the location of the minimum values shifts northward, as Otranto is
more exposed to waves originating from the Ionian Sea. Maximum ESL
values are consistently observed in the northern part of the basin, near
Venice. However, as discussed in Section 3.2.4, the effect of waves
is more pronounced in the central part of the basin. This results in
a more uniform ESL field, as evidenced by lower standard deviation
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Fig. 14. Extreme Sea Level maps and contours in the Adriatic Sea for scenarios without the effect of climate change: ESL1 (panel a), ESL2 (panel b), ESL3 (panel
c) and ESL4 (panel d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

values obtained for scenarios ESL2 and ESL4 (with waves) compared to
ESL1 and ESL3 (without waves), respectively. The ESLs maps with wave
contribution (e.g. ESL2 and ESL4 scenarios) are obtained by assuming
the product of shoaling k, and refraction k, coefficients equal to 1
(see Section 2.1.3). As a preliminary and general assessment of coastal
flooding due to extreme sea levels, such assumption can be considered
reasonable. However, for a more accurate assessment of ESLs, a local
computation of the wave setup 7,, and thus of the breaking wave
height H,, would be beneficial, as wave-transformation processes from
deep water to the breaking depth are strongly influenced by site-
specific conditions (wave direction, wave period, breaking water depth,
bathymetry and emerged beach profile). In these cases, the local wave-
setup contribution can be assessed by using the offshore wave height
reported in the H, maps (Fig. 13) to derive the breaking wave height
H,, at the specific site, and then adding such contribution #,, to the
maps that do not include it (e.g. ESL1 and ESL3 scenarios, respectively
reported in panels a and c of Fig. 14). The same considerations are
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also valid for those scenarios which include the sea level 7, rise
contribution. Indeed, to provide a comprehensive assessment, the effect
of climate change has been also taken into account. Starting from the
scenarios that include wave contributions (ESL2 and ESL4), the impact
of climate change is analyzed by considering the SSP1-1.9 and SSP5-
8.5 projections of the IPCC. The results across the Adriatic basin is
presented in Fig. 15, where panels (a) and (b) show the ESL for the 10-
years return period while panels (c) and (d) refer to 100-years RP. Left
panels refers to SSP1-1.9 and right panels to SSP5-8.5. The SSP1-1.9
scenarios exhibit a relatively homogeneous pattern across the Adriatic
basin, with slightly higher values obtained in Venice (Fig. 15a). In
contrast, the SSP5-8.5 scenarios show greater spatial variability, with
the highest levels expected along the Italian coast and the lowest values
obtained near Rovinj and Split (Fig. 10b). As a result, for the SSP1-1.9
scenarios, the sea levels ESL2 and ESL4 (panels a—c of Fig. 15) closely
resemble the corresponding ones without the climate change effect
(panels b-d of Fig. 14), but with values approximately 33 cm higher on
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Fig. 15. Extreme Sea Level maps and contours in the Adriatic Sea for scenario ESL2 with SSP1-1.9 (panel a) and SSP5-8.5 (panel b), and for scenario ESL4 with
SSP1-1.9 (panel c¢) and SSP5-8.5 (panel d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

average. The difference in standard deviation between these two sets
of scenarios is minimal, approximately 0.5-1 mm, which underscores
the relatively uniform impact of the SSP1-1.9 scenario across the basin.
For the SSP5-8.5 scenario, the standard deviation of the ESL varies by
an average of 7-8mm compared to the baseline, reflecting the higher
spatial variability of this scenario. This variability highlights the greater
uncertainty and localized differences in sea level rise across the basin.
As a result, the Adriatic Sea can be divided into three main regions
based on the obtained sea level patterns. The northern part, extending
slightly south of Ancona and Zadar, is characterized by the highest
sea levels, where the Venice area stands out as a hotspot exhibiting
the maximum values. Moving southward, the central part of the basin,
extending roughly to Bari and Dubrovnik, shows lower ESL values on
average. Finally, in the southern part of the Sea, towards Otranto, sea
levels rise due to the influence of the Ionian Sea, which contributes to
the local increase in water levels due to the incoming wave action.
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4. Conclusions

The present study provides an effective coastal flooding risk as-
sessment along the Adriatic coast, providing maps of both sea level
contributions and of extreme sea level ESLs for different return peri-
ods and two IPPC climate change scenarios (SSP1-1.9 and SSP5-8.5).
Moreover, the results enable valuable support for decision-makers and
for the design of adaptation measures to address climate-driven extreme
events.

The results of the bivariate statistical analyses applied to the 12
selected sites in the Adriatic Sea show that very high storm-surge
values, about 1.4 m for a 100-years return period, occur in the northern
part of the Adriatic Sea (Venice and Trieste). Significant values of about
1.0 m are found in the north-central area (Ravenna, Ancona, Rovinj),
quite high values of about 0.8 m in the central-eastern area (Zadar and
Split), and moderate values of about 0.6 m in the central-southern area
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(Ortona, Vieste, Dubrovnik), while values below 0.5 m are observed
in the southern part (Bari and Otranto). Incorporating wave contribu-
tions to the storm surge results significantly alters ESL distributions.
Scenarios that include waves (ESL2 and ESL4) — particularly relevant
for coastal flooding evaluations — show levels significantly larger with
respect to those without waves (ESL1 and ESL3). Indeed, the findings
of this study highlight the critical interplay between storm surge and
wave height in determining extreme sea levels (ESLs) in the Adriatic
Sea. Maximum ESLs are obtained in the northern Adriatic, with Venice
identified as a hotspot due to the amplification effects of resonant
mechanisms and local wind-driven processes. The results confirm that
wave contributions can substantially double the extreme water levels.
Significant increases in ESLs are observed between Ancona and Zadar,
as well as near the southern Adriatic entrance at Otranto, where larger
associated wave heights are found because these sites are characterized
by a stronger bi-directional wave climate. This result highlights the
need for a bivariate approach to fully capture the joint occurrence of
storm events.

Statistical indicators calculated across the entire Adriatic domain
confirm these patterns: the highest ESLs are observed in Venice, while
the lowest values are found in Otranto, unless wave activity driven
by the Ionian Sea is considered. For scenarios accounting for climate
change, the SSP1-1.9 scenario increases ESLs by about 33 cm on
average, with minimal changes in variability. Conversely, the SSP5-8.5
scenario amplifies both absolute levels and spatial variability, with a
notable increase in standard deviation compared to baseline conditions.
Projected sea level rise due to climate change is another key factor
exacerbating coastal risks. Under the SSP1-1.9 scenario, sea levels are
expected to rise by 30-40 cm, while the more pessimistic SSP5-8.5
scenario predicts increases of 65-80 cm. Notably, Venice consistently
emerges as a focal point, exhibiting the highest sea level rise within
the basin. Despite these increases, the SSP1-1.9 scenario shows no
significant spatial trends, suggesting that the impact of sea level rise
may be uniformly distributed across the basin. In contrast, the SSP5-
8.5 scenario leads to greater spatial variability, with the highest levels
along the northern coastline (mainly at the Italian side) and relatively
lower values in the south-eastern area.
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