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Abstract

Coastal flooding represents one of the most critical and rapidly evolving hazards affecting
low-lying and urbanized coastal areas under climate change, particularly in semi-enclosed
basins such as the Mediterranean Sea. The ongoing rise in mean sea level, combined with
the intensification of meteomarine extreme events, is increasing both the frequency and
severity of coastal inundation events, with significant socio-economic and infrastructural
impacts. Within this context, the northern Adriatic Sea represent a hotspot of vulnerability,
owing to its shallow bathymetry, elongated basin geometry, and strong sensitivity to wind-
driven storm surges and basin-scale oscillations. This doctoral research investigates
extreme sea level dynamics and coastal flood hazard along the Friuli Venezia Giulia
coastline (NE Italy), focusing on the urban areas of Grado Lignano Sabbiadoro, Muggia and
Trieste. The study integrates long-term tide-gauge observations, advanced extreme value
statistics, physical process decomposition, and hydrodynamic modelling to characterize
present-day and future coastal flood hazard at the urban scale. For Trieste, one of the
longest and most reliable tide-gauge records in the Mediterranean (1939-2024) is analysed.
Extreme sea levels are estimated using both the block maxima approach (GEV distribution)
and the Peaks Over Threshold method (GPD), following detrending procedures based on
annual mean sea level and a 19-year running mean to isolate meteomarine extremes from
long-term sea-level rise oscillations. Statistical robustness is ensured through diagnostic
tests and non-parametric trend analysis. A multivariate decomposition of total water levels
allows the relative contribution of astronomical tide, storm surge, seiches, and low-frequency
components to be quantified. Results show that extreme sea levels in Trieste are
predominantly governed by barotropic processes, with the non-tidal residual becoming the
dominant contributor during the most severe events. Seiches play a key amplifying role
under persistent Scirocco conditions, leading to resonance effects that substantially
enhance coastal water levels. Despite the observed increase in mean sea level, no
statistically significant trends in storm intensity or frequency are detected over the analysed
period, indicating that rising baseline sea level remains the primary driver of increasing flood
hazard. For Grado and Lignano Sabbiadoro, characterized by low-lying sandy and lagoonal
morphologies, extreme levels are assessed using annual maxima calibrated against the
Trieste reference record. High-resolution digital terrain models are employed within a GIS-
based framework to map inundation scenarios through a static “bathtub” approach,
highlighting the critical role of lagoon connectivity and urban elevation in controlling flood
propagation. In Muggia, a semi-enclosed bay setting promotes surge accumulation and
prolonged inundation despite limited wave exposure. Hydrodynamic simulations performed
with the MIKE 21 modelling suite further elucidate the interaction between sea level, waves,
and coastal morphology, confirming that flooding mechanisms differ substantially among the
analysed sites. Overall, the research provides an integrated and operational framework for
coastal flood hazard assessment, supporting urban adaptation strategies and the
implementation of the European Floods Directive. The findings underscore the urgency of
targeted adaptation measures, particularly in lagoon-connected urban systems, where even
modest sea-level rise may transform currently infrequent events into chronic flooding
conditions.
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1. Introduction

1.1 Global climate change effect

In the most recent climate change assessment reports —the Sixth Assessment Report
prepared by the IPCC (Masson-Delmotte et al., 2021; Portner et al., 2022)— as well as during
the latest United Nations Climate Change Conference (COP29, Baku, 2024.
https://cop29.az/en/home), the main global challenges to be addressed in the coming years
in relation to the effects of climate change were highlighted, as its consequences are
becoming increasingly evident worldwide. At the global scale, the impacts of sea-level rise
expected in the near future will lead to a marked increase in coastal risks, including erosion
and salinisation, and above all flooding (Vitousek et al., 2017; Taherkhani et al., 2020). The
most significant consequences will involve the loss of low-lying and sandy coastal areas,
shoreline retreat, saltwater intrusion (Ku, 2021), and the degradation or loss of coastal
ecosystems (Neumann et al., 2015; Ranasinghe, 2016; Vousdoukas et al., 2018; Nicholls
et al., 2020). Moreover, it is well established that since ancient times coastal zones have
represented major centres of societal development, owing to the presence of key
subsistence resources, their role as gateways for trade and maritime transport, and their
importance for cultural and recreational activities. As a result, even relatively small increases
in mean sea level can generate severe impacts on these territories (Xie et al., 2022). Such
impacts may be morphological in nature —such as coastal erosion or the inundation of
wetlands— geochemical, through the contamination of groundwater and agricultural soils due
to increased salinity (Masson-Delmotte et al., 2021; Pértner et al., 2022), as well as
economic, ecological, cultural, and infrastructural losses.

1.2  Mediterranean as hot spot of Climate Change

Sea-level rise, the most significant slow-onset consequence of climate change, is already
affecting the coasts of the Mediterranean (Lionello et al., 2017; Pértner et al., 2022) and the
Adriatic Sea (Ferrarin et al., 2022). Identified as a climate change hot spot (Tuel & Eltahir,
2020), particularly with respect to extreme events (Paxian et al., 2015), this region is
experiencing a warming rate approximately 20% higher than the global average (Cramer et
al., 2018; Lionello & Scarascia, 2020; MedECC, 2020; Portner et al., 2022; Chiggiato et al.,
2023; Lionello et al., 2023). Consequently, climate-related impacts in this area are expected
to be more severe than in many other regions of the world (Giorgi et al., 2006; Giorgi &
Lionello, 2008). Over recent decades, both the intensity and frequency of coastal flooding
events in the Mediterranean have increased, driven by highly impactful storms as well as by
particularly intense storm surge phenomena (Bakkensen et al., 2017; Portmann et al., 2020;
Scicchitano et al.,, 2021). Furthermore, as highlighted in Mediterranean studies, the
vulnerability of these areas (Rizzi et al., 2017; Bonaldo et al., 2019) is strongly linked to the
effects of sea-level rise (Melet et al.,, 2018) acting on a high population density that is
predominantly concentrated along coastal zones (Lagarias et al., 2023). According to
McEvoy et al. (2021), approximately one third of the European population currently lives
within 50 km of the coastline, with an average density of around 100 inhabitants per kmz2,
while nearly 75% of the Mediterranean population is distributed along coastal strips. Current
trends indicate that migration towards these areas is ongoing and is expected to intensify
further in the future. As a result, the development and utilisation of coastal zones have
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increased substantially, leading to profound environmental changes due to the strong
pressure exerted on these vulnerable systems, as well as to significant human-induced
transformations (Crossland et al., 2005; Patterson & Hardy, 2008; Antonioli et al., 2017;
Pasquali & Marucci, 2021). These factors, combined with the aforementioned climatic
drivers, are expected to significantly constrain the adaptive capacity of European coastal
systems, as demonstrated by van de Wal et al. (2024). Consequently, the risk associated
with coastal flooding phenomena is progressively increasing.

1.3 Northern Adriatic

Flooding represents a particularly critical issue in the Adriatic Sea, where the dominant
contribution of storm surge is more pronounced than in other sectors of the Mediterranean
basin (Marcos et al., 2009; Conte & Lionello, 2013). More specifically, the Northern Adriatic
is of particular interest from the perspective of both meteorological and marine forcings
(Raicich, 2010; Lionello et al., 2012; Ferrarin et al., 2022). The most extreme sea levels
generated by storm surge events are observed in its northern sector, where water levels
can, in some cases, exceed one metre above the mean sea level (Medugorac et al., 2018).
These extreme levels typically occur during the autumn season, particularly in November,
when storm surge intensity is maximised as a result of the concurrence of multiple factors.
These include the combined action of strong south-easterly Scirocco winds (Lionello et al.,
2012) and the inverse barometric effect associated with low atmospheric pressure systems.
Winds blowing from the south-east are channelled along the Adriatic basin, pushing large
volumes of water northwards over timescales ranging from several hours to days. This
mechanism significantly contributes to the occurrence of so-called acqua alta events, which
are favoured by the shallow bathymetry of the basin and are responsible for frequent coastal
flooding (Lionello et al., 2012; Mel et al., 2014; Medugorac et al., 2018; Ferrarin et al., 2020;
Pervan et al., 2023). Within this framework, sea-level rise combined with storm surge can
produce an amplified response, particularly when acting in conjunction with land subsidence,
especially along low-lying and sandy coastlines. In this context, Venice and its lagoon
represent the most emblematic and globally recognised example of climate change impacts
related to acqua alta (i.e., storm surge) events. Over the years, numerous studies have been
conducted to investigate the forcings governing the increase in extreme sea levels in this
unigue environment (Tomasin & Pirazzoli, 2007, 2009; Zanchettin et al., 2021). Owing to its
specific exposure and orientation with respect to meteorological and oceanographic drivers,
the Venice Lagoon constitutes an exceptionally important natural laboratory for both
numerical and statistical analyses (Ferrarin et al., 2022; Umgiesser et al., 2022; Ragno et
al., 2023).Nevertheless, within the broader Northern Adriatic context, other lagoonal
systems —such as the Grado—Marano Lagoon— and the Po River Delta also rank among the
Mediterranean areas most exposed to the effects of sea-level rise and extreme events
(Perini et al., 2017; Gallina et al., 2019; Noon et al., 2021), as well as to marine flooding,
particularly during extreme conditions (Ferrarin et al., 2021). Further exacerbating the
intrinsic vulnerability of these territories is the presence of some of the most economically
and touristically significant coastal settlements of the Northern Adriatic, including Venice and
other major centres such as Jesolo, Bibione, Lignano, Grado, and Trieste.
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1.4 Coastal urban area

For these reasons, densely populated coastal areas of high economic and tourist value are
at risk of severe degradation, and in some cases potential disappearance, due to the
concurrence of multiple interacting drivers (Masson-Delmotte et al., 2021; Lionello et al.,
2022). In addition to the impacts of sea-level rise at both global and regional scales, the
effects of rapid urban development (Merkens et al., 2016; Andreadis et al., 2022) must also
be considered, as they have substantially amplified flood risk in coastal settings. This
combination of pressures has resulted in significant socio-economic damages (Nicholls et
al., 2007; Wong et al., 2014; Hlodversdottir et al., 2015; Harley et al., 2017; Wu et al., 2017;
Locatelli et al., 2020), driven both by the increasing concentration of populations exposed to
flooding hazards (Rufat et al., 2015) and by the recurrent vulnerabilities inherent to densely
urbanised environments (Neumann et al., 2015). The resulting impacts range from the
disruption of transport systems and road networks (Hammond et al., 2015), traffic accidents,
and structural failures or collapses (Agonafir et al., 2023), to broader effects on land-use
patterns (Nicholls et al., 2020) and human activities (Cooley et al., 2023). These processes
also pose a growing threat to valuable cultural heritage assets (Reimann et al., 2018;
Vousdoukas et al., 2022) located in many coastal regions. For this reason, it is essential to
undertake detailed and robust studies aimed at characterising the increasingly severe and
persistent issues associated with marine flooding, which is becoming more frequent in
urbanised coastal areas (Tong et al., 2022). The growing need to develop adaptation and
mitigation plans (Rafiq et al., 2016; Shah et al., 2018; Chen et al., 2019) in response to
climate change impacts —often requiring substantial modifications to territories exposed to
extreme events (Pdrtner et al., 2022; UNFCCC, 2024)- has heightened public awareness
and concern regarding political responsibility in translating these challenges into effective
urban planning policies (Mariano et al., 2021). Since 2008, following the launch of the
Covenant of Mayors, European local governments have committed to the implementation of
Sustainable Energy and Climate Action Plans (SECAPS), aiming to increase energy
efficiency and the use of renewable energy sources, while also integrating climate
adaptation measures and mitigation strategies (Melica et al., 2022). Within this framework,
it has been possible to develop, for instance in the urban area of Trieste (Manzan et al.,
2022), coastal flood hazard maps to assess the local-scale impacts of marine flooding. A
wide range of studies (Bisht et al., 2016; Mignot et al., 2019; Habel et al., 2020; Mariano et
al., 2021; Gao et al.,, 2022; Shi et al., 2022; Balaian et al., 2024) emphasise that the
implementation of tailored simulation approaches is crucial, not only for the design of flood
risk management plans —essential for mitigating the impacts described above— but also as
part of routine urban maintenance programmes. Such approaches support regional and
municipal authorities in the development of more effective planning strategies and mitigation
actions, while substantially reducing short-term management costs (Xie et al., 2022).

1.5 Statistical of extremes

A fundamental step in assessing the current frequency of events and, equally, in defining
effective urban planning strategies lies in the adoption of a statistical approach capable of
describing the behaviour of extreme sea levels as realistically as possible. This requires
consideration of the statistical framework provided by Extreme Value Theory (EVT). The
assessment of extreme meteo-marine events is in fact grounded in EVT, originally
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developed through the seminal works of Fisher and Tippett (1928) and later formalised by
Gnedenko (1943). Within this framework, the family of Generalised Extreme Value (GEV)
distributions (von Mises, 1936) is identified as the appropriate model for describing the
distribution of maxima extracted over equal-length time intervals, such as annual maxima,
according to the Block Maxima (BM) method (Gumbel, 1958). Although widely applied
in oceanographic and hydrological studies, this approach presents several limitations: (i) it
considers only a single maximum per year; (ii) it relies on the assumption of independence
and stationarity of the maxima; and (iii) it may prove inefficient when applied to short time
series —requiring, according to Pugh and Vassie (1980), at least 25 years of data— or to
discontinuous records (Castillo & Sarabia, 1994; Coles & Tawn, 2005; Haigh et al., 2010;
Muis et al., 2016; Katalini¢ & Puranov, 2020; Anghel, 2024). To overcome some of these
limitations, EVT also provides the Peaks Over Threshold (POT) approach, based on the
Generalised Pareto Distribution (GPD) (Balkema & de Haan, 1974; Pickands, 1975),
whereby all events exceeding a sufficiently high threshold are modelled as GPD
exceedances (Davison & Smith, 1990). In the context of marine extremes —where the
observed signal results from the combination of a deterministic component (astronomical
tide) and a stochastic component (storm surge), typically sampled at an hourly resolution—
the POT method allows a larger number of extreme observations to be exploited compared
to the sole use of annual maxima. For this reason, it is often preferred to the BM—GEV
approach (Coles & Tawn, 2005; Haigh et al., 2010; Caruso & Marani, 2022), despite
requiring careful threshold selection, which can significantly influence the uncertainty of the
estimated parameters (Scarrott, 2012; Benito et al., 2024). Nevertheless, the choice of a
simpler approach (Wahl et al., 2017), such as the BM method, may still prove highly effective
when the primary objective concerns the design calculations of coastal or urban defence
structures (Vanem, 2015; Muis et al., 2016; Wahl et al., 2017; Buchanan et al., 2017). An
example of such a methodological choice is provided by the application presented by
Spadotto et al. (2025) in the context of urban planning for the city of Grado, in the Friuli
Venezia Giulia region.

Extreme Value Theory (EVT) is currently applied across a wide range of disciplines —from
hydrogeology and climatology to wave modelling and urban flood studies— with applications
encompassing both pluvial and fluvial events as well as marine-driven phenomena (Coles,
2001; Beirlant, 2004; Castillo et al., 2005; de Haan & Ferreira, 2006; Reiss & Thomas, 2007;
Masina & Ciavola, 2011; Barbariol et al., 2019; De Leo et al., 2020; Nimac et al., 2022; lliadis
et al.,, 2023; Ferrarin et al., 2022; Green et al.,, 2025). Within the Italian context, and
particularly in the Northern Adriatic region, EVT has been extensively employed to
characterise coastal flood risk in a number of scientific studies and technical reports. These
include the Methodological Report on Coastal Flooding in Sardinia (SAR, update 2018), the
analyses carried out within the MICORE project for the Emilia-Romagna region (Masina &
Ciavola, 2011, Perini et al., 2015), more recent investigations focused on Venice (Zanchettin
et al., 2021; Caruso & Marani, 2022; Ferrarin et al., 2022; Ragno et al., 2023), as well as
local-scale applications for Trieste and Grado (Tomasin & Pirazzoli, 2009; Spadotto et al.,
2025). In the current climate change driven context, robust estimates of the probability of
occurrence of extreme meteomarine events have become indispensable for hazard
assessment and for adaptation planning and mitigation measures in coastal and lagoonal
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environments (Hamdi et al., 2018; Ferrarin et al., 2022; Mariano et al., 2021; van de Wal,
2024; Ramirez et al., 2024; Spadotto et al., 2025).

1.6 Modellistic approach and downscaling analysis

To complement the statistical analyses applied within a given coastal sector —essential for
both the historical assessment and future projection of extreme events and sea-level trends—
it is necessary to integrate a supporting tool that is fundamental for the prevention and
mitigation of flood-related impacts. This tool is the modelling approach, which has become
increasingly prevalent in this field of research. Compared to the use of coastal flood hazard
maps —which are highly valuable for the correct interpretation of vulnerable areas as a
function of event type and are therefore useful for impact mitigation and urban planning, as
well as for the definition of future adaptation strategies (Perini et al., 2015; Habel et al., 2020;
Mariano et al., 2021)— numerical modelling accounts for a much wider range of additional
components. As a result, the analysed event can be represented in a more comprehensive
and realistic manner. Over recent decades, a broad variety of modelling approaches have
been developed, reflecting the diversity of boundary conditions and processes that need to
be considered. Examples include the explicit investigation and incorporation of tide-surge-
wave interactions within modelling frameworks (Lyddon et al., 2020), the assessment of
potential failure or overtopping of natural and/or artificial coastal defences (Brown et al.,
2007; de Moel et al., 2012), and the use of hydrodynamic models to support coastal planning
and decision-making processes (Louisor et al., 2022). Other numerical approaches focus
on wave overtopping processes affecting urban coastal defences (Santiago-Collazo et al.,
2019). Additional modelling studies concentrate on the dynamics of individual drivers
contributing to total water level increases, such as storm surge (Umgiesser et al., 2022; Vogt
et al., 2024), in order to assess potential urban flood risk (Zheng & Sun, 2020). Conversely,
more holistic approaches aim to evaluate the effectiveness of coastal protection systems
through hydrodynamic modelling that simultaneously considers multiple drivers within the
selected study area (Sah et al., 2025). In this context, the combined use of modelling and
downscaling technigques enables the derivation of more reliable information on flood
dynamics within the urban fabric. In particular, these approaches allow for a more accurate
identification of flood ingress points and propagation pathways, as well as the
characterisation of key parameters such as flow velocities, dominant flow routes, water
depths, and subsequent drainage or recession areas. Therefore, to complement the
statistical analysis, this study adopts dynamic modelling approaches to evaluate the
response of the urban fabric in the coastal settlements of Lignano, Grado, Trieste, and
Muggia under the storm surge scenarios considered. Hydrodynamic and wave models are
employed in order to characterise both the pure water-level elevation driven by tidal and
meteorological forcings, analysed individually, and the combined contribution of wave
processes, thereby allowing an assessment of the total water level associated with storm
events. Accordingly, two main events are considered, selected on the basis of the orientation
and exposure of each coastal sector to wave dynamics. This approach enables a more
comprehensive evaluation of potential hazard and flooding risk across all the coastal
settings examined in the study.

12

Finanziato e Ministero 3 .
dall'Unione curopea 7, dell'Universita i Italiadomani
NextGenerationEL ;¥ edella Ricerca SO OA ra




2. Objective

The present study aims to produce flood hazard maps related to meteomarine events, which
constitute the basis for flood risk assessment and management in accordance with the
Floods Directive 2007/60/EC of the European Parliament and of the Council of 23 October
2007, subsequently transposed into Italian legislation through Legislative Decree No. 49 of
23 February 2010. Within this framework, a detailed investigation has been carried out
focusing on the most relevant urban areas along the coastlines of the Friuli Venezia Giulia
region, located in the eastern sector of the Northern Adriatic. In this specific environmental
context, the combined effects of sea-level rise and rapid urbanisation have substantially
amplified flood risk in coastal settlements, both due to the increased concentration of
population and to the recurrent criticalities observed within the urban fabric. In recent years,
the regional Civil Protection authorities of Friuli Venezia Giulia have been extensively
engaged in flood emergency management. The coastal resorts of Grado and Lignano
Sabbiadoro, characterised by a strong beach-tourism vocation and located along the
western coastal sector, have experienced significant impacts due to water mass ingress,
primarily from the lagoonal side, resulting in widespread disruption and critical conditions
within the urban areas. Similarly, the more eastern sector, characterised by a high and
densely urbanised coastline hosting the regional capital Trieste and the town of Muggia, has
also suffered considerable consequences as a result of increasingly frequent marine
flooding events. The main objective of this work therefore arises from the need to investigate
coastal flooding processes at the urban scale, where sufficiently accurate topographic data
are available to support different types of flood simulations. However, the analysis does not
focus exclusively on present-day events assessed through statistical methods, but also
addresses their evolution under future sea-level rise projections over both short- and long-
term horizons. In this regard, an improved understanding of coastal flooding dynamics is of
fundamental importance for local-scale municipal management of impacts, enabling risk
reduction for exposed populations as well as the preservation of cultural heritage located
within historic urban centres. A progressively more detailed characterisation of extreme sea
levels observed over recent decades would allow for a more robust assessment of the
impacts associated with extreme events expected to occur in the near future.

Consequently, rigid defence systems along the coastline, including backshore protection
structures and perimeter embankments bordering lagoonal environments, must be subject
to structural verification and careful elevation control, ensuring that their design levels are
consistent with projected sea-level rise and the extreme events developing upon it. Such a
strategy is essential for the effective mitigation of future flood risk.
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3. Study area and drivers

3.1 Geographical settings: the Adriatic basin

The Adriatic Sea is a semi-enclosed basin located in the eastern sector of the Mediterranean
Sea. It extends approximately from 46° N, 12° E to 40° N, 19° E, covering a length of about
800 km and reaching a maximum width of roughly 200 km (Umgiesser et al., 2021). From a
geographical perspective, the basin can be subdivided into three main sectors— northern,
central, and southern— and is characterised by depths that are, on average, significantly
lower than those of the rest of the Mediterranean Sea, with a mean depth of approximately
260 m (Medvedev et al., 2020). More than 50% of the Adriatic Sea area is shallower than
100 m (Vrdoljak et al., 2021). The northern Adriatic represents the shallowest sector of the
entire basin, with depths generally not exceeding 50 m (Foglini et al., 2020; Vrdoljak et al.,
2021). Within this northern portion, two major sub-regions can be distinguished: the Gulf of
Venice to the west and the more easterly Gulf of Trieste. These areas host two important
lagoonal systems, namely the Venice Lagoon and the Grado—Marano Lagoon, respectively.
Despite being a narrow, semi-enclosed, and relatively shallow sea, the Adriatic basin
exhibits a highly complex circulation system (Bisci et al., 2021). In particular, especially in
the northern sector (Marcos et al., 2009; Lionello et al., 2012, 2019; Zanchettin et al., 2021),
meteomarine forcings play a key role in driving the processes responsible for coastal
flooding phenomena, which are described in the following sections.

3.2 Dirivers of sea level

The following sections describe the three main drivers contributing to the increase in
extreme sea levels under storm conditions within the northern Adriatic region.

3.2.1 Tidal forcing
The tidal regime in the Adriatic Sea can be described as a co-oscillation with the
Mediterranean Sea, enhanced by resonance phenomena along the basin’s longitudinal axis
from south to north after crossing the deeper Strait of Otranto (Polli, 1961; Defant, 1961;
Vilibi¢ et al., 2017). In the northern Adriatic, tidal forcing plays a crucial role among the
processes governing sea-level variability. In particular, within the Gulf of Trieste, the tidal
regime is characterised as mixed semidiurnal (Ferrarin et al., 2015; Lionello et al., 2021),
with a mean tidal range of approximately 76 cm (Petti et al., 2019), a mean spring-tide range
of about 105 cm (Medvedev et al., 2020), and maximum observed values reaching up to
120 cm (Janekovi¢ et al., 2005), while the mean neap tide is around 22 cm (Dorigo et al.,
1965). In this area, the seven main tidal constituents —four semidiurnal (M2, S2, N2, and K2)
and three diurnals (K1, O1, and P1)- provide a substantial contribution to the attainment of
very high sea levels within the Gulf of Trieste (Polli, 1961; Orli¢, 2001). These characteristics
make the Northern Adriatic one of the Mediterranean environments exhibiting the largest
tidal ranges (i.e., the difference in height between high and low tide), together with the Gulf
of Gabés in Tunisia. By contrast, mean tidal ranges in the rest of the Mediterranean generally
do not exceed 30 cm (Tsimplis et al., 1995). Tides also represent the primary component in
the overall balance of sea-level oscillations in the Adriatic Sea, particularly in its northern
sector (Vilibi¢ et al., 2017). Both diurnal and semidiurnal tidal components reach their
maximum amplitudes in the northern Adriatic basin (Lionello et al., 2021). In the Adriatic
Sea, the tidal wave propagates in an anticlockwise direction, initially affecting the Croatian
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coast before reaching the western coasts of the northern Adriatic, with a propagation speed
of approximately 2 km per minute. The most important semidiurnal constituent (M2)
completes an anticlockwise rotation in about 12.42 h (Cushman-Roisin et al., 2001). Starting
from Trieste, the tidal wave amplitude progressively decreases as it propagates westwards
across the northern Adriatic. Within the lagoonal systems mentioned above, tidal
propagation from the open sea towards the inner lagoon is slower due to shallow
bathymetry. The time lag from Trieste to Grado is approximately 25 minutes, while the delay
towards Lignano Sabbiadoro is around 12 minutes (Stravisi et al., 1985). The importance of
tidal forcing in the Adriatic Sea, and particularly in its northern part, is closely linked to
resonance effects associated with the two main seiche nodes at periods of 10.7 h and 21.8
h (Raicich, 1999; Lionello et al., 2005), which are close to the periods of the dominant
semidiurnal (M2) and diurnal (K1) tidal constituents, respectively.

3.2.2 Storm Surge

Storm surge can be described as an abnormal rise in sea level generated by synoptic-scale
meteorological events, which develops above the astronomical tide component. Within the
Adriatic Sea, storm surge represents the dominant driver of coastal flooding, with water-
level elevations that are significantly higher than those typically observed in other parts of
the Mediterranean basin (Marcos et al., 2009; Conte & Lionello, 2013). Historically, the
coastal area most severely affected by this phenomenon has been Venice (Lionello et al.,
2012; Zampato et al., 2016; Ferrarin et al., 2019, 2021; Umgiesser et al., 2021), owing to its
location along the main axis of Scirocco winds. However, in recent decades, increasingly
intense storm surge events have also been recorded in Grado (Spadotto et al., 2025),
located along the western coastal sector of the Friuli Venezia Giulia region, at the eastern
boundary of the Grado and Marano Lagoon. More specifically, within semi-enclosed and
shallow basins, the magnitude of storm surge levels is primarily controlled by the combined
action of two main forcings: wind stress induced by strong winds and the inverse barometric
effect associated with intense local low-pressure systems, as discussed below. Depending
on the structure and spatial configuration of the wind field, flooding impacts may be more
severe along either the western or the eastern Adriatic coastlines (Medugorac et al., 2018).

3.2.2.1 Wind regime
There are two main winds that blow in the northern Adriatic, each with distinct physical and
seasonal characteristics: the Scirocco and the Bora. The first is the Scirocco, which blows
from the south-east towards the northern Adriatic. It is a marine wind, typically warm and
humid in nature. Owing to the elongated and semi-enclosed geometry of the Adriatic basin,
together with the influence of regional orography (PaSari¢ et al., 2009), strong Scirocco
winds are channelled along the longitudinal axis of the Adriatic Sea, pushing large volumes
of water towards the northern Adriatic coastlines. As a result, Scirocco winds are
characterised by a very long fetch, of the order of 800 km. Wind speeds associated with
Scirocco events within the basin typically range between 10 and 15 m/s (Lionello et al.,
2012). Under persistent conditions, Scirocco can generate significant precipitation and
offshore wave heights along the northern Adriatic coasts (Ferla et al., 2012). Nevertheless,
its intensity is generally lower than that of Bora winds. The second dominant wind regime
affecting the Northern Adriatic is the Bora. Bora is a continental, katabatic wind (Grisogono
& Belusi¢, 2009) with characteristics that are essentially opposite to those of the Scirocco.
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In this case as well, the orography of the Dinaric Alps, which run along the eastern Adriatic
coastline, plays a fundamental role. The strong thermal gradient between relatively warm air
over the sea surface and cold continental air masses inland leads to the generation of
intense wind energy (Umgiesser et al., 2021). The resulting wind is highly gusty and violent
in nature, with peak gusts reaching up to 200 km/h and hourly mean speeds exceeding 20
m/s at Trieste (Raicich, 2003), blowing predominantly from the E-NE direction across the
Northern Adriatic. This characteristic strongly influences circulation patterns in the northern
Adriatic basin (BeluSic et al., 2004). Consequently, in terms of frequency, Bora winds from
the E-NE represent the dominant wind regime in this sector (Bezzi et al., 2018; RAFVG,
2019).

An additional characteristic shared by Scirocco and Bora winds is their strong seasonal
signature, which is particularly pronounced in the northern Adriatic and plays a key role in
controlling the timing and severity of coastal flooding and related criticalities. This
seasonality leads to either increases in storm surge levels (positive surge) or sea-level
depressions (known as negative surge). In particular, during the autumn season (Battistin &
Canestrelli, 2006) —notably from October to December, with a peak in November (Lionello
et al.,, 2012)- the action of the Scirocco reaches its maximum intensity, especially when
combined with deep low-pressure systems. This configuration favours the development of
positive storm surge anomalies. The most severe storm surge events of the last century,
which produced record extreme sea levels recorded by the Venice Punta della Salute and
Trieste Molo Sartorio tide gauges, occurred on 4 November 1966 in Venice, with an extreme
sea level (ESL) of 194 cm ZMPS (including 107 cm of storm surge; Ferrarin et al., 2022),
and on 26 November 1969 in Trieste, with an ESL of 193 cm (datum IGM42). During the
autumn period, Scirocco winds are generally stronger (Raicich, 2010) and are responsible
for very large water-level elevations, commonly referred to as acqua alta in the Northern
Adriatic. Consequently, Scirocco winds are primarily responsible for the extreme sea levels
observed throughout the northern Adriatic region. By contrast, the Bora exerts its strongest
influence during the winter season (Raicich, 2003), from December to March/April, affecting
the entire transect of the northern Adriatic, but producing markedly different effects along
the eastern and western coastal sectors. In the Gulf of Trieste, Bora winds play a particularly
important role, as they generate a local high-pressure system linked to the strong wind
forcing acting on the sea surface. This results in a pronounced depression of sea level,
giving rise to negative storm surge anomalies. However, this effect is largely confined to the
eastern Adriatic coast. As Bora winds intensify, water levels progressively increase towards
the Gulf of Venice, leading to positive storm surge conditions along the western coasts of
the northern Adriatic, although generally less intense than those associated with Scirocco
events. Other wind-driven currents affecting the Northern Adriatic include Libeccio winds,
originating from the SSW direction. These winds act over a fetch of approximately 200 km
and generate wave conditions that impact both the low-lying sandy coast between Grado
and the Isonzo River mouth, as well as the high and rocky coastal sectors of the Gulf of
Trieste (Busetti et al., 2024).
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3.2.2.2 Low pressure system

The main synoptic conditions leading to coastal flooding and storm surge events along the
coastlines of the Northern Adriatic —and more generally throughout the Adriatic basin— are
associated with the presence of low-pressure centres over Central Europe, and in
particular with cyclogenesis occurring in the Gulf of Genoa (Robinson et al., 1973; Trigo &
Davies, 2002; Lionello et al., 2012, 2019).

3.2.3 Seiches

Seiches are oscillatory components, or normal modes, characteristic of enclosed or semi-
enclosed water bodies such as lakes, channels, bays, harbours, and lagoons. They are
standing waves with a single characteristic frequency, determined by the geometry and
depth of the basin in which they occur. During a seiche oscillation, sea level oscillates around
a nodal point located within the basin, where sea level remains unchanged. In the Adriatic
Sea, the seiche component is described as a free oscillation of the sea surface, with periods
determined by the normal modes of the basin and is typically triggered by preceding storm
surge events following the decay of the external meteorological forcing (Medugorac et al.,
2018; Ferrarin et al., 2022). The primary mode exhibits the longest period, approximately
21.8 h (Raicich et al., 1999; Lionello et al., 2005). The associated decay time in the Adriatic
is on the order of about 78 h £ 24 h (Raicich, 1999), which is consistent with estimates
reported for the Croatian coast by Cerovecki et al. (1997), approximately 3.2 + 0.5 days, and
by Vilibi¢ et al. (2000), who reported values of 81 + 19 h. The second mode is characterised
by a shorter period of approximately 11 h (=10.7 h) and contributes much less to overall sea-
level variability compared to the primary mode (Leder & Orli¢, 2004).

3.3 Extreme sea level (ESL) composition

Once the main contributing components have been described, it is possible to define the
observed sea level. Pugh and Vassie (1978) describe the observed sea level Z; as the sum
of the two previously discussed components acting above mean sea level, together with a
third component defined with respect to a specific vertical datum.

ZT: msl(t)+ X(t)'l' Y(t)

msl) = mean sea level-waves and tidal components area averaged out.
X = tidal forcing driven by astronomical forcing.
Y = meteorological contribute (storm surges) influenced by topography and orography.

The analysis of these three main components characterising observed sea levels is
therefore essential for the study of what are defined as Extreme Sea Levels (ESLsS). An
extreme sea level event refers to an anomalous rise in sea level driven by meteomarine
forcings —primarily storm surge and tidal components— and, where present to a significant
extent, also by wave processes. In most applications, extreme sea levels are observed and
analysed by focusing predominantly on the storm surge component (Haigh et al., 2011).
However, depending on the environmental context and the dominant forcings, the
investigation of interactions between tidal forcing and storm surge is fundamental for a
proper understanding of the characteristics of a given event. For instance, quadratic bottom
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friction in shallow waters tends to dampen the storm surge component during high tide
conditions (Tawn & Vassie, 1989). Moreover, shallow-water effects and seasonality can lead
to a temporal mismatch between storm surge maxima and high tides in non-tropical regions
(Pirazzoli & Tomasin, 2007; 2009), such as the northern Adriatic. For this reason, over recent
decades, in response to the increasingly frequent occurrence of extreme events, there has
been a growing need to further investigate meteomarine components and their interactions,
which are essential for the development of appropriate coastal defence measures and
adaptation strategies (Arns et al., 2020; van de Wal et al., 2024), particularly in urban
settings. Recent studies focusing on the interaction between meteo-marine forcings
—including investigations at the global scale (Arns et al., 2020), at the national scale (Ragno
et al., 2023), and at the local scale for Venice (Ferrarin et al., 2022)— have demonstrated
the importance of quantifying the non-linear contributions of the different drivers involved in
order to accurately describe extreme sea levels, especially from a statistical perspective and
in terms of their probability of occurrence. For this reason, a detailed analysis has been
carried out for Trieste, in the eastern sector of the Northern Adriatic, where extreme sea-
level components are decomposed into multiple contributions associated with distinct
meteo-marine processes. According to Lionello et al. (2021) and Sepié et al. (2022), the
contributions governing sea-level variability in the Northern Adriatic can be broadly
discretised as follows:

3.3.1 Tidal forcing
Describe as a high frequency component (see section “3.2.1” for more details)

3.3.2 Metereological forcing

Low frequency component <10 days (see section “0” for more details) sub-divided in:
- storm surges

- seiches

3.3.3 Meteotsunami

Meteotsunamis are described as long waves generated by mesoscale atmospheric pressure
disturbances associated with thunderstorms or fast-moving squall lines propagating over
water, whose development depends on the interaction between intensity, direction, and
propagation speed (Monserrat et al., 2006; Rabinovich et al., 2009; Denamiel et al., 2021).
They are generated through resonance in open sea conditions when the propagation speed
of the atmospheric disturbance matches that of shallow water barotropic waves (Ferrarin et
al., 2022). Meteotsunamis are typically high-frequency oscillations (periods < 10 h) of non-
seismic origin and are particularly relevant in microtidal basins (Vilibi¢ & Sepi¢, 2017). Semi-
enclosed structures, such as harbours, may induce resonant effects capable of significantly
amplifying the impact of these waves (Vilibi¢ et al., 2009).

3.3.4 PAW surge

Planetary atmospheric waves (PAWS) are low-frequency oscillations that induce variations
in sea level. They are generated by pressure disturbances (Pasari¢ & Orli¢, 1992) and wind
forcing (Pasari¢ & Orli¢, 1998) and are characterised by wavelengths ranging between
approximately 6,000 and 8,000 km. PAWSs provide a significant contribution to sea-level
variability in the northern Adriatic (Pasari¢ & Orli¢, 2001).
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3.3.5 Seasonal sea level variability, inter-annual and inter-decadal (IDAS)

In the northern Adriatic, the occurrence of ESLs is closely linked to seasonal, inter-annual,
and inter-decadal variability (Vilibi¢ et al., 2017), associated with large-scale atmospheric
and oceanic circulation patterns (Zanchettin et al., 2021). Inter-annual variability of mean
sea level in this region has been described as the result of interactions and/or interference
between solar activity and lunar precession (Valle-Levinson et al., 2021).

3.3.6 Long-term components

The long-term component is driven by climate change at the global scale and by local vertical
land movements (VLM). In Trieste, a mean sea-level rise rate of 1.4 mm/yr has been
recorded over the last century. The main components governing sea-level variability (and
hence the occurrence of ESLs) can therefore be discretised as follows:

- Short-term contribution (high frequency): meteotsunamis, seiches, and storm
surges associated with meteorological phenomena.

- Long-term contribution (low frequency): PAW surge, seasonal to inter-annual and
inter-decadal variability (IDAS), and relative sea-level rise (R-SLR; secular trend).

Once the components controlling extreme sea-level events and processes have been
defined, it is possible to describe the component that propagates above the sea surface,
namely the wave component.

3.4 Wave regime

In the northern part of Adriatic, Bora and Sirocco generate a bimodal wave regime, with the
mean significant wave height (Hs) less than 0.5 m, according to data collected at the wave
buoy DWRG1 placed at the coordinates 13.24°E, 45.56°N (-15.2 m depth) managed by the
National Institute of Oceanographic and Applied Geophysics (OGS). Events with Hs greater
than 0.5 m represent the 25.2% of the overall record (Figure 1), with prevailing waves from
the SSE (10.7%) and ENE (10.5%): even if Sirocco is weaker than Bora, its fetch above
800km, one order of magnitude longer than the Bora’s fetch, causes its waves to record the
highest Hs values of 4.4 m (RAFVG, 2019).
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Figure 1. Wave rose of the DWRGL1 relating to the time interval from 2004 to 2023.
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The yearly wave energy flux for the northern Adriatic area is 1.95 kW/m; The longshore drift
is directed from the Isonzo River mouth toward west (Casagrande et al., 2023). The wave
regime in the Northern Adriatic is characterised by a bimodal structure, primarily driven by
Bora and Scirocco winds (Bezzi et al., 2018). Over the last decade, winds blowing from the
south-west, commonly referred to as Libeccio, have also played an increasingly important
role, particularly in driving meteo-marine events affecting Trieste. These winds are now
recognised as a key contributor to coastal flooding processes along the stretch extending
from Grado to the high and rocky coastline of the eastern Friuli Venezia Giulia region.

3.4.1 Wave run-up (R)

In the vicinity of the shoreline along coastal sectors, under both calm and storm conditions,
waves generate a resultant component associated with the accumulation and transformation
of wave energy in the nearshore zone. This variable is defined as wave run-up (hereafter
referred to simply as run-up), a process of major importance as it contributes to both coastal
deposition and erosion (Alsina et al., 2018). The study of run-up is of particular relevance
for the present and future design of coastal defence structures (EurOTop, 2018; Bujak et
al., 2023). Run-up is defined as the ensemble of maximum water-level elevations measured
at the shoreline (Stockdon et al., 2006) relative to the offshore still water level, which
corresponds to the mean sea level outside the surf zone and includes both tidal and storm
surge components (Dodet et al.,, 2019). The magnitude and intensity of run-up are
intrinsically linked to wave characteristics such as wave height (H, or Hs), wave period (T),
and wave direction (FIRM, 2023). Run-up typically occurs over time scales ranging from
seconds to minutes (Dodet et al., 2019). The two main components constituting wave run-
up are wave setup (or set-up) and swash, which are described below.

3.4.2 Wave set-up ()

Wave set-up is defined as the increase in the mean water level that develops as a result of
the partial transfer of wave energy during wave breaking within the surf zone (Longuet-
Higgins & Stewart, 1963, 1964). It exhibits an oscillatory behaviour that can persist over time
scales ranging from several minutes to several hours (Dodet et al., 2019).

3.4.3 Swash (S)

The remaining portion of wave energy is transferred shoreward, where it generates an
irregular oscillatory motion at the shoreline, consisting of uprush and backwash (Miche,
1951), leading to a further elevation of the water level at the coast. The swash component
is often decomposed into two distinct frequency bands: swell waves (SS, 4-20s) and
infragravity waves (IG, 20-250s) (Dodet et al., 2019; Fiedler et al.,, 2020). Once these
components have been described, it is possible to define the most commonly used empirical
formulation for run-up, namely R,%, which represents the run-up level exceeded by 2% of
the incident waves (Stockdon et al., 2006). Accordingly, R,% can be expressed as the sum
of the setup and swash contributions:

S 1
Rz =n+ S where S = %(SSZS + S%)z

The formulation proposed by Stockdon et al. (2006) is representative of run-up behaviour in
highly dissipative and high-energy coastal environments (such as the Australian Pacific
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coast, where it was originally calibrated). Nevertheless, it provides a reasonable
approximation also for strongly dissipative beaches along the coastlines of Friuli Venezia
Giulia (as described in Section 3.6.3). In these coastal sectors, the Total Water Level (TWL)
reached during an extreme storm event can be expressed as the sum of the following
components.

TWL = R(Z%)+ ESL

The TWL is therefore obtained by combining the run-up contribution with the Extreme Sea
Level (given by the sum of the tidal component and the residual contribution NTR). The
second type of coastline has characteristics that differ completely from the first, both in terms
of structure and type of wave contribution.

3.4.4 Wave overtopping

The impulsive nature of wave run-up does not manifest exclusively along low-lying, sandy
and dissipative coastlines (Stockdon et al., 2006), or along reflective gravel beaches (Poate
et al.,, 2016), but may also occur in a different form when waves interact with coastal
structures such as vertical walls, seawalls, bulkheads, and other impermeable defences. In
this case, the run-up process takes the form of wave overtopping. Wave overtopping occurs
when the maximum crest elevation of the incoming waves exceeds the crest height of the
coastal structure (EurOTop, 2007; 2018). This exceedance is quantified in terms of the
volumetric discharge rate of water passing over the structure per unit length. The
phenomenon is referred to as “green water” overtopping (FIRM, 2023) when wave breaking
occurs continuously on or just in front of the coastal defence or vertical wall, and the
overtopping discharge is quasi-continuous (EurOTop, 2018). A commonly adopted
formulation to estimate the overtopping contribution is given by:

q ( ch)
——=aexp|\———

Vo H

where q is the mean overtopping discharge, g is the acceleration due to gravity, H (typically
evaluated at a water depth of 10 m) is the significant wave height, and Zc is the crest
freeboard of the structure above the still water level. The coefficients a and b depend on the
type of coastal structure considered (e.g. berms, vertical walls, etc.) (EurOTop, 2007; 2018).

21

NextGenerationEL} ¥ edella Ricerca ITRIESTE

Finanziato %% Ministero - FZ5 UNIVERSITA
dall'Unione europea iy dell’Universita i Italiadomani s | gEGLI STUDI




3.5 Nearshore Total Water Level (TWL)

Once the different components contributing to sea-level variability have been described in
detail —ranging from low-frequency forcings (astronomical tide, meteorological storm surge,
PAWSs, and seasonal to inter-annual variability) to high-frequency contributions associated
with wave propagation processes (infragravity waves, sea—swell, wave setup, swash, and
run-up)- it becomes possible to integrate these elements into a single conceptual framework
representing the formation of the TWL along the coast.

The central idea is that extreme sea-level conditions do not arise from a single dominant
process, but rather from the non-linear combination of multiple components acting across
different temporal and spatial scales. This overlap determines the level actually observed
near the shoreline and, in particularly severe conditions, the overflowing of coastal areas
and the onset of flooding phenomena. The conceptual scheme shown in Figure 2 illustrates
this cumulative effect, highlighting how the transition from offshore waters to the shoreline
is characterised by a progressive increase in water level. This increase is initially governed
by background components (tide and surge) and subsequently modulated by wave-driven
processes responsible for local amplification (set-up and run-up). This integrated approach
is essential for correctly interpreting extreme events and supporting hazard analysis and
coastal defence design.

Nearshore total water level l
Sea-swell Infragravity
waves

™ waves

Wave
Funup

Tsunami wave

Offshore still water level ——
» Seasonal ——
* Inter-annual
*Sea level rise

Figure 2. Contribution of total nearshore water level by coastal flooding phenomenon (from Morris et al., 2021).
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3.6 Factors of coastal risk exposure

Given the heterogeneous environmental setting of the northern Adriatic and the
meteomarine forcings previously described that characterise the coastal region of Friuli
Venezia Giulia, it is essential to account for the main controlling factors in baseline
assessments. These factors may lead to varying levels of hazard and risk across the
territory, depending on the specific area considered. Among the most relevant factors are:

- Subsidence

- Sea Level Rise (SLR) and Relative-sea level rise (R-SLR)
- Coastal morphology

- Coastal and urban flooding

- Salt water intrusion

Sea-level rise and vertical land movements (VLM) are generally regarded as medium- to
long-term drivers. By contrast, coastal flooding —and, to some extent, saltwater intrusion—
are primarily associated with short-term or episodic processes, triggered by specific
meteorological and marine conditions such as storm surges and severe sea storm events.

3.6.1 Subsidence

Subsidence is a geological process consisting of a gradual lowering of the ground surface
(Gregory et al., 2019), and is particularly relevant in lagoonal and peri-lagoonal
environments (Fontolan et al., 2012), estuaries, and more generally in low-lying coastal
areas (Nicholls et al., 2007; Tosi et al., 2010; Fox-Kemper et al., 2021; Jevrejeva et al.,
2023). The main causes of subsidence are related both to natural geological processes (as
tectonic, thermal, and isostatic subsidence) and to the increasing intensity of anthropogenic
pressure on coastal territories. Human activities may induce or exacerbate subsidence
processes, often amplifying the natural background signal (Tosi et al., 2010; Anzidei et al.,
2014; Zerbini et al., 2017; Da Lio et al., 2018). In general, naturally driven subsidence may
affect areas of varying spatial extent and typically occurs at rates of a few millimetres per
year, although it can locally reach values of several tens of millimetres per year (e.g. the Po
Delta plain; Tosi et al., 2016). These rates depend on multiple factors, including tectonic
movements, Holocene sediment compaction (Antonioli et al., 2017b), and lithospheric
cooling processes associated with magmatic bodies (thermal subsidence). A different and
often more critical situation arises when subsidence is induced or significantly intensified by
anthropogenic activities, such as the extraction of gas or groundwater from the subsurface
(Herrera-Garcia et al., 2021). In particular, the pumping of artesian groundwater for industrial
cooling purpose such as historically documented in the Venice Lagoon (Zanchettin et al.,
2021), can increase ground settlement rates, in extreme cases leading to cumulative
subsidence on the order of several metres. In the present study, subsidence primarily affects
the eastern coastal sectors of the northern Adriatic, which are characterised by a fragile
environmental setting (Zerbini et al., 2017), particularly along the western stretch extending
from the Tagliamento River mouth to the Isonzo River mouth. This process is especially
relevant across the entire lagoonal domain (Fontolan et al., 2012; Zerbini et al., 2017) of the
lower Friulian plain, with specific reference to the coastal arc between Lignano and Grado
(Tosi et al., 2010; Antonioli et al., 2017; Da Lio et al., 2018), which is characterised by
spatially heterogeneous subsidence rates. According to the recent study by Da Lio and Tosi
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(2018), along the regional coastal sector and moving in a south-westerly direction, the mean
subsidence rate ranges from approximately 2.5 mm/yr in the central portion near the
lagoonal boundary, up to about
4 mm/yr in the vicinity of the Tagliamento delta system. Further eastwards, within the
lagoonal environment, average subsidence rates increase to around 5 mm/yr (Antonioli et
al.,, 2017). More specifically, the westernmost portion of the lagoonal ecosystem,
represented by the Marano Lagoon, exhibits internal subsidence rates on the order of
5-7 mm/yr (Da Lio & Tosi, 2018). Continuing along the coastline, the sector extending
eastwards from the Grado Lagoon to the town of Monfalcone is characterised by highly
heterogeneous subsidence rates, with mean annual values of approximately 2.5 mm/yr.
More specifically, certain areas within the urban fabric of Grado are affected by peak
subsidence rates reaching up to 10 mml/yr, followed by the industrial area of Monfalcone,
where rates of about 8 mm/yr have been observed, and finally by the estuarine environment
associated with the Isonzo River mouth, where ground settlement reaches values of
approximately 4 mm/yr (Da Lio & Tosi, 2018). In addition, the effects of induced subsidence
related to anthropogenic forcing must be taken into account (Fontolan et al., 2012). Most human-
induced modifications in this region have occurred over a relatively short time span, largely within
the last century, with a marked acceleration during recent decades. Major interventions have
included extensive land reclamation (bonifica integrale), the reinforcement of lagoonal
embankments, the construction of fish-farming enclosures (valli da pesca), the excavation of
navigable channels, maritime works aimed at stabilising lagoon inlets, and the hardening of barrier
island  sectors through the construction of embankments and  breakwaters
(https://www.atlantedeiluoghirivierafriulana.it/; Cosolo M. et al., 2015). These intensive modifications
have led to an apparent advantage from a conservation and protection perspective; however, at the
same time, they have produced a progressive imbalance between the artificial stability imposed on
the ecosystem by human interventions and the inherent dynamism driven by eustatic and meteo-
marine conditions. Furthermore, a reduction in lagoonal areas available for the free circulation of
water has occurred as a result of several factors, including extensive reclamation works in circum-
lagoonal zones, urban development, and the expansion of lagoon-based aquaculture activities
(Cosolo et al., 2015). In particular, land reclamation operations —especially hydraulic reclamation—
represent one of the most significant anthropogenic transformations of the environment and are
responsible for severe subsidence-related issues (Management Plan of the SCI/SPA 173320037
Laguna di Marano e Grado: Agriconsulting, 2008). In general, the subsidence rate of reclaimed soils
is directly proportional to the lowering of the groundwater table and occurs through two main
mechanisms: a geomechanical process, causing volumetric reduction due to compaction, and a
biogeochemical process, driven by the oxidation of soils with high organic content, such as peat
deposits (Carbognin et al., 2011). The situation is different for the eastern coastal area, which
stretches from Villaggio del Pescatore, through Trieste, to Muggia. This area is
predominantly defined by a high, rocky coastline, with the exception of the urbanised coastal
stretches within the municipalities of Trieste and Muggia. This coastal sector, analysed
through both GNSS station data deployed across the territory and SAR interferometry, is
considered to be tectonically stable (Sanchez et al., 2018; Zerbini et al., 2021; Areggi et al.,
2023; Anzidei et al., 2025), as also indicated by the Sea Level Projection Tool provided by
NASA (https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool).
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3.6.2 Sea level rise (SLR) and Relative-Sea level rise (R-SLR)

Eustatism refers to the global rise or fall of sea level relative to the Earth’s surface. These
phenomena, associated with oscillations in sea level, occur as a result of natural processes
and generally lead to either a transgression or regression of the coastline with respect to the
sea. The primary natural drivers responsible for global and regional sea-level variations are
glaciation and deglaciation processes, which induce substantial changes in ocean water
volume and consequently cause sea-level lowering or rise. It should also be noted that the
present-day rise in sea level includes an additional component generated by rapid,
anthropogenically driven global warming (Busetti, 2011; IPCC, 2022). The second major
component responsible for sea-level rise, directly linked to glacial-interglacial cycles and to
the rapid increase in temperatures of anthropogenic origin, is the steric contribution (Meier
& Wahr, 2002; Carton et al., 2005; Galassi & Spada, 2014). This component is defined as
the contraction or expansion of ocean water masses driven by changes in temperature and
salinity (Lambeck et al., 2011). An additional contribution at both global and local scales that
controls sea-level rise or fall is isostatic adjustment (Lambeck et al., 2011), associated with
crustal movements related to the presence or melting of continental ice sheets and to
tectonic processes. Moreover, at the local scale, coastal areas may be affected by Vertical
Land Motion (VLM), expressed as either uplift or subsidence, of natural or anthropogenic
origin. Such movements can amplify or attenuate the effects of sea-level rise (Vecchio et
al., 2024). Once the main components contributing to sea-level rise have been described,
the concept of Relative Sea-Level Rise (R-SLR) can be introduced, resulting from the
interaction between global sea-level rise (SLR) and local vertical land motion (VLM). In the
Northern Adriatic, three tide-gauge stations have been operating for more than 140 years:
Trieste Molo Sartorio since 1859 (Raicich et al., 2006; Raicich, 2007), Venice Punta della
Salute since 1871 (Magrini et al., 1908; Battistin & Canestrelli, 2006), and Marina di
Ravenna (Porto Corsini) since 1873 (Italian Geodetic Commission, 1900). The latter,
however, has not been included in the comparative analysis between stations. Since 1992,
satellite altimetry has provided sea-level measurements referenced to a global datum
(Fournier et al., 2022; Srinivasan & Tsontos, 2023). As a result, much of the historical
knowledge of sea-level changes in this region relies on relative sea-level measurements
derived from long-term tide-gauge records. The following section presents data on mean
sea-level rise at Trieste (Figure 4) over the period 1890-2024, as recorded at the Molo
Sartorio tide-gauge station, located at 13.76° E and 45.38° N (Figure 3a), The
measurements are referenced locally to benchmarks fixed to the ground and therefore
incorporate both marine contributions and vertical land movements (source: courtesy of Dr.
Raicich, CNR—-ISMAR Trieste).

NextGenerationEL} ¥ edella Ricerca * DITRIESTE

Finanziato #%  Ministero S UNIVERSITA
dall'Unione europea iy dell’Universita ! DEGLI STUDI



Figure 4 shows the recorded mean sea-level values, the corresponding linear trend, and the
18.61-year lunar nodal cycle (=19 years). The lunar nodal cycle represents the period
required for the plane of the Moon’s orbit to oscillate around the plane of the ecliptic. This
cycle —also referred to as the Metonic cycle— produces the primary decadal-scale
modulation of tidal amplitude (Pugh, 1987). Consequently, accounting for this factor is
particularly important when analysing inter-annual variability of extreme events in terms of
relative sea-level rise (R-SLR) and coastal flooding (Bult et al., 2024). Inspection of the time
series indicates a secular trend with a rate on the order of 1.4 mm/yr, superimposed on
marked positive and negative anomalies. In particular, the positive anomalies recorded in
2010 (10.6 cm), 2024 (9.13 cm), and 2014 (8.28 cm) represent the highest mean sea-level
values ever observed in the record. All mean sea-level values are referenced to the Italian
national vertical datum IGM42 (Istituto Geografico Militare, Genova, 1942).
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Figure 4. Mean annual water level (black line) registered in Molo Sartorio tidal gauge from 1890 to 2024. Blue
line represents decadal mean of 10 years. Red line represents nodal lunar cycle of 19 years.

Mean sea level at Trieste exhibits a rise rate of approximately 1.4 mm/yr, whereas at Venice,
over the same time interval, the rate is around 2.5 mm/yr, broadly consistent with the
estimates reported by Baldin and Crosato (2017). Compared to Trieste, Venice has
experienced a significant lowering of the ground surface due to the well-documented
phenomenon of anthropogenically induced subsidence that occurred mainly between the
1930s and the 1970s (Zanchettin et al., 2021). For this reason, the Trieste time series is
commonly used as a reference for comparison with other tide-gauge stations, as the site is
considered tectonically stable (Zerbini et al., 2017; Anzidei et al., 2024). Within the western
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coastal sector of the Friuli Venezia Giulia region, the Grado tide gauge (Figure 3b), operated
by the Italian national tide-gauge network managed by ISPRA
(https://www.venezia.isprambiente.it/rete-meteo-mareografica), is also present. Unlike the
Trieste tide gauge (Figure 3a), the Grado station, located at 13.38° E and 45.68° N, is
situated within the lagoonal environment. Although data are available only for the period
1991-2023 (the most recent year currently available), this time series was used to provide a
direct local comparison of the multi-decadal evolution of mean sea level at Grado. In
addition, it was employed to assess the behaviour of maximum sea levels recorded over the
same temporal window. The 32-year historical series of mean sea level (Figure 5),
measured with respect to the tide gauge zero of Punta della Salute (ZMPS) in Venice
(+23.56 cm above the Italian datum IGM42 and subsequently converted to IGM42),
indicates a progressive increase in mean sea level, with an estimated rate of +4.85 mm/yr.
All sea-level values shown in Figure 5 are referenced to the IGM42 national vertical datum.
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Figure 5. Mean annual water level trend (blue line) registered in Grado tidal gauge from 1991 to 2023.

Unlike the Trieste tide gauge, the Grado station is located within a lagoonal geological
setting, characterised by lagoonal sediments reaching thicknesses of several hundreds of
metres. Such substrates are particularly prone to surface settlement and to generalised
subsidence affecting the entire stratigraphic column. As reported by Areggi et al. (2023),
who analysed VLM using satellite differential interferometry (INSAR), the Friulian-Venetian
plain —composed of Quaternary deposits with thicknesses of hundreds of metres (Tosi et
al., 2010)- tends to undergo compaction-driven subsidence of approximately 2 mm/yr in the
Grado area. In contrast, Trieste is essentially stable or exhibits slight uplift, due to the
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influence of active Dinaric tectonics. The sea-level data recorded over the 1991-2023 period
for Grado and Trieste were subsequently compared with those from Venice (Figure 6),
referenced to the Zero Mare Punta della Salute (ZMPS) datum and converted to IGM42.
This approach allowed for a direct comparison across tide-gauge networks spanning the
entire northernmost sector of the Adriatic Sea.
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Figure 6. Mean annual water level trend (black line) registered in Grado, Venice (red line) and Trieste (light
blue line) tidal gauge from 1991 to 2023.

The graph shows a pronounced discrepancy between the rates recorded at Trieste
(TSS=3.2 mml/yr), which is tectonically stable, and Grado (GR=4.85 mm/yr). The latter
exhibits a rate of sea-level rise that is almost identical to that observed at Venice (VE=4.78
mm/yr).

3.6.3 Coastal morphology

Along the eastern Northern Adriatic coastal sectors, belonging to the Gulf of Trieste and
extending from Lignano, at the Tagliamento River mouth, to Muggia, two main types of
coastal systems can be distinguished. These systems influence both the characteristics and
the behaviour of the water level response —commonly referred to as surge or storm surge—
and the wave related run-up component, as described in the previous sections (sections
3.3; 0). In addition to the R,% contribution, the properties of the surf zone and the shore
barrier also play a significant role in determining the run-up regime (EurOTop, 2018; FIRM,
2023). The coastline of Friuli Venezia Giulia is therefore characterised by a mixed setting,
which is described in detail in the following sections.
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3.6.3.1 Low-lying sandy coast

The coastal sector predominantly characterised by low-lying sandy shores extends between
the Tagliamento River mouth and the Primero tidal inlet (Figure 7, red line). Within this
stretch, the two main sandy coastal domains of the Friuli Venezia Giulia region can be
identified. The first corresponds to Lignano Sabbiadoro, which represents the left wing of
the Tagliamento River delta and includes approximately 7.3 km of sandy beach. This coastal
strip is almost entirely urbanised, and the beach is intensively exploited for tourism and
recreational activities. The second coastal stretch extends between the Grado and Primero
tidal inlets and is characterised by a total length of approximately 9.4 km. It represents the
easternmost portion of the barrier island system bordering the lagoon, which has been
historically modified for agricultural and tourism-related purposes through land reclamation,
urban development, and the construction of coastal defence structures. The beaches are
largely used for tourism, while certain coastal segments are devoid of beaches and are
protected by embankments located directly along the shoreline. In the nearshore area in
front of the beaches, the distinctive morphology of the Banco della Mula di Muggia is present,
consisting of a system of sandbanks that partially emerge at low tide and sandy bars
extending down to depths of approximately 5 m. These features are arranged in an arcuate
configuration and are located at distances of up to 2 km from the shoreline (Fontolan et al.,
2023). These sandbanks represent the outer boundary of an extensive tidal flat dominated
by muddy sands and covered by dense submerged seagrass meadows. The coastal
systems from Lignano to Grado are located at the seaward margin of the Grado-Marano
Lagoon. Both systems are characterised by beaches that are largely devoid of dune
systems, with the exception of a short central sector along the Lignano coastline. These
coastal environments can therefore be classified as strongly dissipative beaches, with an
almost complete absence of dune barriers.

3.6.3.2 High and urbanized rocky coast

This coastal sector includes the remaining portion of the Friuli Venezia Giulia coastline and
extends from the Timavo River mouth to the coast of Muggia. The first stretch, from the
Timavo mouth to Trieste, covers approximately 18 km of coastline and is almost entirely
composed of rocky or urbanised shores (Figure 7). In its western part (up to the Sistiana
Bay), the coastline consists mainly of steep limestone cliffs or gently sloping rocky coasts,
with only a single, limited pocket beach (the small beach below Duino Castle). In the eastern
sector, rocky coastal platforms and urbanised shorelines are predominant. The coastal strip
extending between the town of Muggia and the state border at San Bartolomeo, over a
length of about 4 km, is mainly characterised by rocky coastal platforms composed of flysch,
almost entirely affected by anthropogenic structures and constructions related to port,
tourism, and recreational uses (Fontolan et al., 2023). The slope of the surrounding hilly
relief varies between 20% and 30% (VAS, 2015), with elevations reaching up to
approximately 200 m above mean sea level. The coastal sector including Sistiana, Trieste,
and Muggia is commonly referred to as a high and urbanised coast. Throughout this sector,
nearshore bathymetry is typically characterised by relatively deep waters even close to the
shoreline. As discussed previously, the nature of the seabed, the structural characteristics
of the coastline, and the presence of coastal structures require the adoption of alternative
formulations for run-up estimation. Indeed, Poate et al. (2016) and Almeida et al. (2017)
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have shown that, in the presence of gravel beaches with intermediate-to-reflective
behaviour, run-up heights are significantly higher than those observed along sandy coastal
systems. However, in the context of the present thesis, the focus is placed on the high and
urbanised coastline commonly referred to as the “Trieste coastline”. In this sector, owing to
the impulsive interaction between wave motion and vertical coastal structures, the relevant
process considered is wave overtopping.

3.6.4 Coastal and urban flooding

A coastal storm can be defined as a meteorological disturbance of local marine conditions
within a given area —affecting either water levels and/or wave forcing— that has the potential
to modify low-lying coastal morphologies and, as a consequence, expose the backshore to
wave action, strong currents, or flooding processes (Harley, 2017). Focusing more
specifically on the Adriatic context at the local scale, Perini et al. (2015) define a coastal
flooding event (sea storm or storm surge event) as a complex meteo-marine phenomenon,
characterised by intense wave activity and strong wind regimes, responsible for the onshore
displacement of water masses along the coastline and for substantial sediment mobilisation.

In particular, the following definition can be adopted to describe the extreme coastal flooding
events that characterise the Northern Adriatic. In the vicinity of the shoreline, breaking waves
induce a rise in the mean sea surface (set-up) and run up along the beach profile or coastal
defence structures (run-up). Storm conditions are often accompanied by an additional
elevation of the sea surface (surge), commonly referred to as “acqua alta”, resulting from
the combined effects of the astronomical tide, atmospheric pressure gradients associated
with low-pressure systems, and the tangential action of wind in the nearshore zone, which
drives water accumulation along the coastlines of the Northern Adriatic. These parameters
can exhibit strong spatial variability along the coastal strip and evolve significantly over the
duration of a flooding event (Perini et al., 2015; Perini et al., 2019; 2020). The coastal
environment of the Northern Adriatic is geomorphologically highly fragile, as it is composed
of several vulnerable elements such as beaches (Bonaldo et al., 2019), which are
predominantly low-lying and sandy, as well as transitional wetland areas including lagoons
and peri-lagoonal zones. These sectors are therefore exposed to a high level of risk
(Fontolan et al., 2012). The main associated impacts include coastal erosion (Rizzi et al.,
2017; Gallina et al., 2019), groundwater contamination, the inundation of low-lying areas,
and saltwater intrusion, leading to the loss of cultivable land. In addition, as discussed in the
previous sections, subsidence combined with sea-level rise plays a crucial role, as it may
prevent the natural system from rapidly achieving a new equilibrium through shoreline
retreat or regression of coastal barriers and barrier islands. Such a scenario could result not
only in the drowning of these morphologies, but potentially in the disappearance of the entire
lagoonal system. Consequently, low-lying, sandy, and narrow coastlines —of high ecological
value and fundamental importance for tourism— are at risk of being lost (Lionello, 2022).
Beyond the issues related to the natural setting, particular attention must be paid to
anthropogenic environments developed near the coastline. In these areas, coastal
settlements with a strong tourism and/or economic vocation, together with infrastructure and
port facilities, are highly exposed to flood hazards. The most emblematic example in this
respect is Venice, located in the western sector of the Northern Adriatic, which has long

been affected by recurrent “acqua alta” events (Lionello et al., 2019; Lionello et al., 2020;
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Zanchettin et al., 2021; Umgiesser et al., 2021; Ferrarin et al., 2021, 2022; Mel et al., 2023).
Fontolan et al. (2023a) developed a database of storm events impacting the coasts of
Veneto, the Italian region located west of Friuli Venezia Giulia, and identified a total of 79
storm events between 1980 and 2022. The analysis revealed a marked increasing trend in
the number of recorded events since the 2000s, partly attributable to the greater availability
of online data sources. Most events occurred during the autumn months, particularly in
November (Lionello et al., 2012), while only a limited number of events were recorded during
the summer season. However, in recent years even coastal areas that are less well known
at national and international levels have been affected by recurrent flooding issues,
originating both from the open sea and from the adjacent lagoonal environments. Along the
coastal sectors of Friuli Venezia Giulia, the impacts of these meteo-marine phenomena
increasingly affect municipalities located close to the shoreline, which plays a crucial role in
the regional economy. This stretch of coast hosts the two most important urban centres with
a strong seaside tourism vocation in the region, namely Lignano and Grado. Both locations
are characterised by low-lying, sandy coastlines. In addition, these settlements are situated
at elevations close to mean sea level along the coast, while moving inland ground elevations
locally reach values between -2 and -4 m a.m.s.l. Consequently, given the low topographic
setting and the reduced dissipative capacity of the present-day beaches —compromised by
intense urbanisation and strong anthropogenic pressure— future flooding events could result
in substantial socio-economic damages. In particular, over the last decades the town of
Grado has been affected by numerous flooding events, with water ingress occurring
predominantly along lagoonal promenades and quays (Spadotto et al., 2025), generating
significant challenges for local Civil Protection authorities. To a lesser extent, with the
notable exception of the event of 12 November 2019, the resort of Lignano, located along
the western margin of the Grado-Marano Lagoon, has also experienced several flooding-
related issues. A different situation characterises the eastern coastal sector of the region,
where storm events generally do not pose significant hazards, as most urban development
is located above the Karst plateau, which provides natural protection through the high rocky
cliffs forming the coastal escarpments. However, one of the settlements potentially affected
by storm events is Sistiana, located to the west of the Karst structure. Between 27 October
2023 and 5 November 2023, an intense multi-event storm dominated by Libeccio winds
occurred, generating several critical impacts along portions of the Sistiana coastline (Busetti
et al., 2024). A different situation is observed along the so-called “Trieste coastline”, which
includes the regional capital Trieste and the town of Muggia, corresponding to the
easternmost and highly urbanised sector of the region. Along this stretch, particularly in
Trieste and neighbouring areas such as Barcola, numerous storm events and episodes of
acqua alta of varying intensity have occurred over the years, causing several disruptions
along the waterfront (Le Rive) and within the port area.

31

Finanziato e Ministero 3 .
dall'Unione curopea 7, dell'Universita i Italiadomani
NextGenerationEL ;¥ edella Ricerca SO OA ra




3.6.4.1 Historical and recent storm surge event

From a historical perspective, it is important to recall that the impulsive nature of the most
severe and destructive flood events affecting the north-eastern sector of Italy has often been
influenced by meteorological conditions responsible for dramatic river flooding. The most
well-known and emblematic case is represented by the meteo-marine event of 4 November
1966. The combination of widespread river flooding and the simultaneous occurrence of
violent storm surges resulted in civil and hydrogeological damages (from the flooding of the
Arno River in Florence to the overflow of the Tagliamento River) unprecedented in recent
history. In particular, the Venice Punta della Salute tide gauge recorded a sea level of 194
cm relative to the Zero Mare Punta della Salute datum (Canestrelli et al., 2001). During this
extreme event, coastal defences were breached at several locations, causing extensive
flooding of the adjacent hinterland and leading to the mixing of marine waters with those
originating from fluvial overflow (PGRA, 2016). During the same decade, between the 1960s
and 1970s, another disastrous event occurred within the Gulf of Trieste, particularly along
the Trieste coastal sector. During the night between 25 and 26 November 1969, a severe
storm surge caused significant impacts, affecting the entire eastern sector of the northern
Adriatic  (https://archiviodistatotrieste.it/documento-del-mese/novembre-2023-mareggiate-
a-trieste/) In this case, the maximum sea level reached approximately 360 cm with respect
to the ZIT reference (Zero Istituto Talassografico). Data for this event had to be
reconstructed, as the measuring instruments were submerged and ceased recording before
the peak was reached. Fortunately, the 1969 event was unique in its magnitude, and no sea
levels equal to or exceeding this value have been recorded since the tide gauge became
operational. Nevertheless, over the last century, several events classified as exceptional
“acqua alta” have been recorded in Trieste. As reported by Ferraro and Crisciani in La
mareografia a Trieste: aspetti scientifici e storici (2001), an exceptional sea-level event is
defined as one in which overtopping occurs due to the exceedance of the maximum
elevation along the urban waterfront (Le Rive), resulting in damage and disruption to the
population. In this context, the reference threshold is approximately 278 cm relative to the
ZIT datum, corresponding to about 111 cm with respect to the national IGM42 datum (in
Venice, a comparable threshold is around 110 cm, referenced to ZMPS). Events exceeding
the threshold of 278 cm ZIT between 1900 and 1997, considering the annual maximum sea
level, amount to approximately 19 occurrences (Ferraro & Crisciani, 2001, Table 5, p. 73).
In contrast, during the period from 1997 to 2024, around 11 such events were recorded.
These figures indicate that, when considering only annual maximum sea levels exceeding
the reference threshold, there has been an increase in the frequency of exceptional events.
The following table (Table 1) reports the most significant events between 2004 and 2024,
referenced to the ZIT datum and converted to the national IGM42 datum.
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Data Elevation (cm) Elevation (cm)
ZIT reference IGMA42 reference
31/10/2004 281 114
01/12/2008 303 136
23/12/2009 285 118
24/12/2010 283 116
11/02/2013 288 121
05/03/2016 289 122
29/10/2018 284 117
12/11/2019 308 141
08/12/2020 281 114
22/11/2022 302 135
27/10/2023 301 134

Table 1. Episodes of “acqua alta” in Trieste. Hourly water levels are referenced to the ZIT datum (Zero Istituto
Talassografico) and to the IGM42 datum (Istituto Geografico Militare, 1942).

The table shows that particularly in recent years four vents have exceeded the threshold of
300 cm ZIT.

3.6.5 Salt water intrusion

The final issue addressed concerns the hydrogeological phenomenon of saltwater intrusion
into aquifers, which is now widely recognised as an environmental, economic, and social
problem across Europe (Scheidleger et al., 2004), and particularly in Italy, where it has been
documented in numerous studies, especially in the Po Delta and the Venice Lagoon sectors
(e.g. Antonellini et al., 2008; Pezzetta et al., 2010; Tosi et al., 2021; Tarolli et al., 2023). The
coastal territory of Friuli Venezia Giulia represents an area of considerable economic, social,
and environmental relevance, as it hosts land uses of very different nature, including
agricultural areas, residential settlements, seaside resorts, forested zones, and wetlands.
Saltwater intrusion is a typical issue in coastal areas, where seawater —often in conjunction
with mean sea-level rise and/or during storm events— penetrates into phreatic and artesian
aquifers. This process is facilitated by the low elevation of reclaimed land, which in some
cases lies 2-3 m below mean sea level. For this reason, saltwater intrusion represents one
of the major concerns for coastal zones, particularly where low-lying plains are present and
drainage systems are predominantly artificial (Poulter et al., 2008; Rasmussen et al., 2013).
Extensive human interventions, such as the reclamation of lagoonal and coastal areas and
the exploitation of groundwater resources, have promoted the inland expansion of saline
intrusion within aquifer systems. In addition, climate change—related processes, including
sea-level rise and increased drought frequency, have further exacerbated salinisation
processes (IPCC, 2022), with severe consequences for agricultural land management. The
presence of salt constitutes a major stress factor for vegetation, adversely affecting crop
yields and reducing soil fertility and overall productivity (Tarolli et al., 2023).
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3.7 The coast of Friuli Venezia Giulia

From a geographical perspective, the coastline of the Friuli Venezia Giulia region can be
subdivided according to its geological and environmental setting and the presence of the
most relevant coastal settlements, not only in economic, commercial, and tourism terms, but
also in relation to their cultural value (Figure 7). The coastal realities considered in this study
are located within the western coastal sector, at the margins of the lagoonal system (Lignano
and Grado), and along the high and urbanised coastal stretch known as the “Trieste
coastline”, corresponding to the easternmost coastal sector of the region, where the urban
areas of Trieste and Muggia are located. The total length of the Friuli Venezia Giulia
coastline is approximately 169 km, of which about 119 km remain when excluding port areas
and heavily urbanised and anthropogenically modified sectors such as Monfalcone, Trieste,
and Muggia (Fontolan et al., 2023). The resident population within coastal municipalities of
the Northern Adriatic is estimated to be slightly over one million inhabitants. More
specifically, the coastal municipalities of Friuli Venezia Giulia host approximately 274.000
residents distributed across eight municipalities, with an average population density of about
675 inhabitants/km?. These values are approximately three times higher than those of the
Veneto region and twice those of Emilia-Romagna (ISTAT-ASI, 2024). The intense
urbanisation of these areas, combined with the environmental vulnerabilities of the coastal
setting and the strong influence of meteomarine forcings, results in a particularly high
exposure to flood risk compared to other coastal sectors at the national scale.

Grado and Marano Lagoon
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Figure 7. Coastal arc of the Northern Adriatic showing the coastal urban centres analysed in this study
(Lignano, Grado, Trieste, and Muggia) and the different coastal sectors: the western low-lying coast sector
(red line); the eastern high coast sector (yellow line); and the eastern high and urbanised coast sector (light
blue line) (modified from ArcGIS Pro 3.10, 2025).
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As previously noted, it is important to recall the impulsive nature of the most severe and
destructive flood events that have historically affected the north-eastern sector of Italy.
These events were driven by meteorological conditions that caused dramatic fluvial flooding,
such as the event of 4 November 1966 (Canestrelli et al., 2001; De Zolt et al., 2006), and
simultaneously favoured the occurrence of violent storm surges. In several locations, coastal
defences were breached, leading to extensive inundation of the adjacent hinterland and to
the mixing of marine waters with those originating from fluvial overflow (PGRA, 2016). The
event affected numerous Italian regions but had particularly severe consequences along the
coasts of Veneto and Friuli Venezia Giulia. Along the entire coastal sector, marine water
intrusion occurred as a result of intense storm activity in areas such as Riviera and Pineta
in Lignano, accompanied by the partial dismantling of the coastal dune system. At that time,
coastal defence structures along the seaward shoreline were either absent or very limited.
Following the event, several protective works were constructed, including seawalls,
breakwaters, and groynes, both to enhance the hydraulic safety of tourist settlements and
to reinforce the coastline and the lagoon island system, with the aim of counteracting the
natural erosive action of wave dynamics and the consequent shoreline retreat. A second
major event dated 26 November 1969 (Canestrelli et al., 2001), reached the highest sea-
level values ever recorded by the Trieste tide gauge. This storm surge caused extensive
damage to infrastructure and to the waterfront in several areas, including the Barcola
seafront promenade. (https://archiviodistatotrieste.it/documento-del-mese/novembre-2023-
mareggiate-a-trieste/).

3.7.1 Coastal risk location and context

The entire coastal area investigated, between the mouth of the Tagliamento River and
Muggia, is affected by dynamics and conditions directly linked to the Adriatic Sea. However,
it shows several morphodynamic reactions based on the characteristics of the different
segments of coastline and the water levels achieved during extreme events. The division of
coastal areas into two macro-sectors, low and sandy coast and high and urbanised coast,
is not solely attributable to morphological factors, such as the presence of the Grado and
Marano lagoons or stretches of high and rocky coastline, but also reflects different levels of
vulnerability in response to meteorological and marine forces and extreme events. In this
case, the orientation of the coastline and its ensuing exposure to the primary forces under
analysis —particularly those originating from the Sirocco and Libeccio winds— were taken into
consideration in addition to the geomorphological features of the coastal sector to which
they belong. The low-lying, sandy coastal areas where Lignano and Grado are located
(Figure 7) are totally exposed to the Scirocco wind and, to a lesser extent, to the Libeccio
wind. These areas are extremely susceptible to SLR and high water and storm surge events,
with increasingly frequent consequences, due to the exposure factor, low altitude, and sandy
terrain. In contrast, mountainous and rocky coastal regions are shielded from the Scirocco
wind's force. The Istrian peninsula's shielding effect, which tends to lessen the effects of
storm surges and waves created by the Scirocco wind, is very beneficial to Trieste and the
town of Muggia, which is situated inside the Gulf of Trieste. However, these locations are
more exposed to the Libeccio wind, which in some circumstances, especially in recent years,
has generated high-intensity waves in this area (Busetti et al., 2024). The strongest storm
surge events in the northern Adriatic are linked to the Scirocco wind, although being less
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immediately exposed to it. Muggia is a particularly noteworthy example in this regard since
the low elevation of the urbanized region on which it is located encourages the occurrence
of more severe and widespread floods than in other high coast locations. It is consequently
underlined how the response to extreme occurrences is highly impacted by the interaction
between meteorological and sea forces, direction and the local peculiarities of the terrain.

3.7.1.1 Lignano

The Municipality of Lignano Sabbiadoro (45°39'18" N; 13°05'35" E) is located in the
westernmost portion of the Friuli Venezia Giulia region (Figure 7), along the western
boundary of the Grado—Marano Lagoon. The municipal territory extends over the south-
western edge of the Province of Udine, bordering the Province of Venice near the mouth of
the Tagliamento River, while to the north it is bounded by Marano Lagoon. The municipality
covers an area of approximately 15.7 kmz2. Lignano is a town with a resident population of
about 7000 inhabitants and a strong tourism vocation, reaching up to approximately 3.7
million visitors during the summer season. Historically, the settlement was already inhabited
in Roman times when a military outpost was established to control the lagoonal area.
Initially, however, the territory where present-day Lignano is located was largely uninhabited.
Historically, the settlement was already inhabited during Roman times, when a military
outpost was established to control the lagoonal area. Initially, however, the territory where
present-day Lignano is located was largely uninhabited. At the beginning of the nineteenth
century, the population of the peninsula amounted to only about seventy inhabitants
(https://www.lignanoonline.eu/it/storia.php). In the early twentieth century, Lignano was still
a narrow strip of land covered by pine forests, interspersed with sand dunes shaped by
winds towards the sea, and by marshes, salt meadows, and tidal flats on the lagoonal side,
connected to the mainland through river channels flowing into the lagoon. The first bathers
arrived from Marano in the early 1900s (Valussi, 1986; Nicoloso, 1992), marking Lignano as
one of the oldest seaside resorts in Italy. During the same period, the first bathing
establishment “Bagni di Porto Lignano” was founded. The construction of the first road
connecting Lignano to the mainland enabled, between 1903 and 1910, the development of
the first hotels and holiday residences. (https://www.lignanoonline.eu/it/storia.php). The
development of the Lignano area occurred only after the land reclamation works carried out
in the immediate post-war period, aimed at draining marshy and unhealthy areas affected
by malaria, which had represented a major obstacle to tourism and leisure activities in the
wetlands surrounding the peninsula. Major reclamation interventions were therefore
undertaken in the Pantani and Lovato valley areas, on the inner side of the peninsula
(Consorzio Bonifica Bassa Friulana, 2012). Around 1930, the first church and the seaside
colony were built, and Lignano officially became a “Stazione di Soggiorno” (holiday resort).
After the Second World War, holiday homes in Lignano became a symbol of the improved
living standards achieved by the middle class. After 1950, a key role in shaping the urban
development of the area was played by the new master plan for Lignano Pineta, designed
by the well-known Udine-based architect Marcello D’Olivo. (https://www.domusweb.it/it/dall-
archivio/2023/07/11/a-lignano-il-progetto-di-marcello-dolivo.html). From that period to the
present day, Lignano has experienced a substantial increase in holiday homes, hotels, and
accommodation capacity. Today, it represents one of the most important seaside tourism
centres in the region, attracting millions of visitors during the summer season and becoming
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the most populated town in Friuli Venezia Giulia during peak periods, as well as one
of the most renowned and vibrant destinations along the Adriatic coast
(https://www.lignanoonline.eul/it/storia.php). The town is characterised by a high level of
tourist appeal, primarily due to the wide sandy beaches facing the Adriatic Sea. The most
sought-after coastal sector is Lignano Sabbiadoro, owing to the presence of numerous
bathing establishments, often associated with rigid backshore defence structures. As a
result of intense tourism activity and rapid urban development, beach profiles have been
significantly altered. At present, the only remaining soft coastal defence system, represented
by dune ridges with discontinuous vegetation, is confined to a stretch of approximately 1 km
between Pineta and Sabbiadoro, with elevations slightly exceeding 7 m.

3.7.1.2 Grado

The Municipality of Grado is located in the easternmost part of the Grado—Marano Lagoon,
Italy (Figure 7). The municipal territory covers a total area of approximately 115.5 kmz, of
which about 45 km?2 consist of mainland and 70.5 km2? of lagoonal environment
(https://comune.grado.go.it/it/vivere-il-comune-22477/luoghi-22478/la-laguna-di-grado-
69770). The mainland represents the easternmost portion of the barrier island system
bordering the Grado Lagoon and is almost entirely devoted to tourism and agriculture (Bezzi
et al, 2018). Despite having just over 7550 permanent residents
(https://demo.istat.it/app/?a=2024&1=D7B), a number that roughly triples during the summer
season, Grado represents one of the most important tourist destinations in the region,
attracting approximately 1.4 million visitors per year (ISTAT, 2023). Grado has a very long
history, originating around the second century AD as a fishing village and as the harbour
outpost of the Roman city of Aquileia (https://www.archeocartafvg.it/portfolio-articoli/grado-
go-il-castrum/). Grado, after Aquileia, represents an important archaeological site. Over the
decades, significant cultural heritage has been uncovered, spanning from the Roman period
to the Palaeochristian and early medieval eras. Numerous archaeological remains have
been identified along the coastline, particularly offshore of the Grado breakwater, including
ancient church dykes and Roman structures (De Grassi, 1952; Gaddi, 2001, Tortorici, 1997).
The most significant remains are located within what is known as the castrum,
corresponding to the historic centre, which represents the original urban nucleus. The
Palaeochristian architectural heritage includes the Cathedral of Santa Eufemia, the
baptistery, the church of Santa Maria delle Grazie, and the remains of the Basilica delle
Corte. The settlement is connected to the mainland by a long artificial causeway and
includes a distinctive lagoonal core, around which more recent urban districts have
developed. In the early twentieth century, the built-up area was concentrated around the
Mandracchio Canal and the Roman castrum historic centre. However, the small fishing
village remained isolated until 1905, when a road was constructed across the lagoon to
connect Aquileia with Grado (Touring Club Italiano, 2009). The earliest traces of land
reclamation in the peri-lagoonal area date back to Roman times, with the construction of the
Anfora Canal and a drainage network serving the Aquileia area. In the modern era, the most
significant reclamation works aimed at draining marshy areas for agricultural, industrial, and
urban uses were initiated under the Austro-Hungarian Empire, notably with the reclamation
of the Isola Morosini basin in 1912 and were subsequently interrupted by the outbreak of
the First World War. The major land reclamation activities within the Grado lagoonal territory,
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however, began in the 1920s, with the construction of humerous pumping stations, and
continued for more than three decades, significantly influencing the evolution of the lagoon
system. One of the most important reclamation projects, centred on the Fossalon area within
the Municipality of Grado, was the Bonifica della Vittoria, initiated in 1928. This project aimed
to create land suitable for agricultural use (Agriconsulting, 2008). In 1936, Grado was
definitively connected to the mainland through the construction of a swing bridge, bringing
an end to its long-standing isolation (Touring Club Italiano, 2009). In the post-war period,
the town experienced rapid urban expansion, accompanied by land reclamation works and
water management interventions, alongside the growth of coastal tourist and bathing
facilities, including the well-known “Costa Azzurra” beach, the breakwater protecting the
historic centre, and the main urban beach (Marocco, 2000). The numerous human
interventions have led to profound changes within the Grado-Marano Lagoon system,
particularly from a tourism-related perspective. Permanent and seasonal settlements within
the lagoon consist mainly of small historic villages originally developed in connection with
fishing activities (Consorzio di Bonifica Bassa Friulana, 2008; 2012). Only the more recent
urban expansion around the historic centre of Grado and Grado Pineta has promoted the
construction of second homes, apartment blocks, and tourist accommodation facilities.
Other structures present in the area include isolated dwellings near fish farms and several
traditional straw huts (known as casoni), found both in the Grado and Marano lagoons. From
an environmental and landscape perspective, the Grado and Marano lagoons exhibit
markedly different characteristics. In Marano, emerged land and built-up areas are
guantitatively more limited than in the Grado Lagoon, resulting in a more natural system,
whereas the Grado lagoonal area appears more anthropogenically modified and therefore
more heterogeneous. Focusing on the Grado coastline, which is characterised by
approximately 120 m of beach width, the western sector shows the highest tourist interest,
hosting numerous bathing establishments with predominantly rigid backshore defence
structures. As observed for Lignano, dune systems are very scarce also in Grado, both due
to unfavourable exposure conditions and to the extensive reshaping of beaches for tourism
and recreational purposes. Having described the localities of Lignano and Grado, the focus
now shifts to the high and rocky coastal sector extending beyond the mouth of the Timavo
River, starting from Villaggio del Pescatore, which marks the transition from a low-lying coast
to a predominantly high and rocky shoreline. More specifically, the high coast extends
between the Timavo River mouth and the San Bartolomeo border crossing, excluding the
urban and port area of Trieste, which also includes Muggia and is commonly referred to as
the “Trieste coastline”.

3.7.1.3 Trieste

The Municipality of Trieste (45°39'13" N, 13°46'42" E) is located in the eastern coastal sector
(Figure 7), and specifically belongs to the high and urbanised coastal stretch extending from
Barcola to Muggia. Trieste is the capital of the Friuli Venezia Giulia Region and is situated
in the north-easternmost part of Italy, approximately 6 km from the border with Slovenia
(RAFVG, 2015). The municipality covers an area of about 84 km2, accounting for
approximately 40% of the total provincial territory, with elevations ranging from sea level to
672 m a.m.s.l. Its administrative boundaries are defined to the north by the municipalities of
Duino-Aurisina, Sgonico, and Monrupino, to the east by Slovenia, and to the south by the
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municipalities of Muggia and San Dorligo della Valle. Trieste has very ancient origins, linked
to protohistoric settlements dating back to the second millennium BC. Between around 50
BC and the first centuries AD, the small fishing village developed into a Roman colony known
as Tergeste (https://www.regionestoriafvg.eu/tematiche/tema/404/Dedizione-di-Trieste-
allAustria). During the Middle Ages, following numerous conflicts with its rival Venice for
control of the Adriatic Sea, Trieste placed itself under Austrian protection in 1382, while
retaining a degree of autonomy until the seventeenth century. In 1719 it was declared a free
port and, as the only Adriatic outlet of the Austrian Empire, Trieste benefited from substantial
investments and underwent rapid development, becoming in 1867 the capital of the Austrian
Littoral region (https://trieste-di-ieri-e-di-0gqi.it/2016/11/15/storia-di-trieste-in-sintesi/). The
coastal belt of the municipal territory is characterised by two distinct geomorphological
settings: a hilly sector and a sub-planar sector. The hilly belt connects the Trieste Karst
plateau to the coastline and is characterised by flysch reliefs, which include both the coastal
zone and the entire urban area of Trieste, incised by an erosive drainage network. Slopes
range between 23° and 35° within the urbanised belt, increasing to values between 35° and
70° along the predominantly coastal sector. (RAFVG, 2019). The sub-planar belt has been
almost entirely obliterated by the urban development of the city of Trieste. In particular, the
coastline has been extensively modified by various anthropogenic interventions, including
land reclamation, infilling, and port-related works (https://www.arpa.fvg.it/temi/temi/suoli-siti-
contaminati-e-biodiversit/sezioni-principali/siti-contaminati/il-sin-di-trieste/). ~ Within  the
Municipality of Trieste, the Porto Vecchio area has historically been affected by marine water
ingress, favoured by specific meteo-climatic conditions, such as the combination of intense
precipitation, southerly winds, and low atmospheric pressure, which have caused episodic
flooding over time. In the “Relazione Tecnica di Fase A” and in the geomorphological and
surface hydrology maps of the Geological Study of the Trieste Urban Master Plan (P.R.G.),
this area is identified as being prone to flooding. Indeed, the area under consideration is
characterised by a sub-planar topography, with elevations ranging between +1.00 m and
+2.00 m a.m.s.l.,, and is entirely enclosed within the “upper limit of the zone subject to
verification of safe elevation with respect to marine water ingress”, as defined by the
geotechnical zoning map of the Geological Study of the Trieste P.R.G., which establishes a
safety elevation of +2.5 m a.m.s.l. (RAFVG, 2020). Along the coastline, the main industrial
area of the city has also developed, representing a key economic hub for Trieste. This area
is characterised by productive activities such as the storage and handling of petroleum
products, metal processing, and the manufacture of plastic materials, which are particularly
critical in terms of potential environmental impacts in the event of major flooding or marine
intrusion events. In addition, one of the most relevant factors for environmental risk
assessment within the Municipality of Trieste is related to traffic and mobility. The primary
transport axis is represented by the SS14 road, which runs from Grignano and crosses the
coastal belt of the city of Trieste, namely the waterfront area known as Le Rive.
Consequently, extreme events of acqua alta or severe storm surges would cause serious
disruptions to traffic circulation, especially during high-intensity events, potentially damaging
port infrastructure and leading to the interruption of road transport activities.
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3.7.1.4 Muggia

The Municipality of Muggia (45°36' N, 13°46' E), located close to the Slovenian border, forms
part of the final stretch of high and urbanised coastline extending from Barcola to the town
of Muggia (Figure 7). Muggia also has origins dating back to the Roman period, shortly after
the foundation of Aquileia in 181 BC (https://www.archeocartafvg.it/portfolio-articoli/muggia-
ts-il-centro-storico/). The Romans established the first settlement in an elevated position,
known as Castellum Mugla. Only around the fifteenth century did the urban centre begin to
develop along the shoreline, mainly around the harbour area. In more recent history,
following a brief period of Venetian rule, Muggia, together with Trieste, came under
Habsburg control, during which time shipbuilding activities developed. Despite this, the town
has retained an atmosphere reminiscent of the Venetian Republic, particularly in the
architecture of its historic centre, characterised by narrow streets resembling Venice’s
streets (RAFVG, 2023). At present, the Municipality of Muggia covers an area of just under
14 km2 and hosts approximately 13,000 residents, with the highest population density
concentrated along the coastal zone. It also represents the southernmost municipality of
Friuli Venezia Giulia. These figures tend to increase slightly during the tourist seasons, when
up to an additional 3,000 people may be present, placing Muggia within the same range as
the Municipality of Trieste (RAFVG, 2024). Similarly, to Grado, although located within a
coastal setting characterised by different physical features, Muggia has experienced
increasing impacts from coastal flooding over recent decades. The most vulnerable area
involves the small Mandracchio channel and, consequently, the entire historic centre of the
town. In recent years, one of the most significant events recorded was the acqua alta of 12
November 2019, which affected the entire Northern Adriatic coastal sector and caused
disruptions to the local population in Muggia. A further episode of acqua alta combined with
storm conditions, occurring between 27 October and 5 November 2023, resulted not only in
flooding within the historic centre but also in substantial damage to the SP14 road network
(“Strada del Lazzareto”), which connects Muggia to the Slovenian border.
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4 Materials and methods

The analyses developed within this thesis include: (a) a set of preliminary assessments of
extreme sea levels reached during episodic events such as acqua alta and/or storm surges,
as reported in the Flood Risk Management Plan (PGRA) of the Eastern Alps River Basin
District, together with the application of different statistical approaches to update extreme-
value estimates based on the most recent trends; and (b) the production of coastal flood
hazard maps.

Part (a) focuses on the statistical processing of data extracted from the Venice tide gauge
for the updated extreme levels at Grado and Lignano, and from the Trieste tide gauge for
Trieste itself and for the town of Muggia. This approach preserves the natural geological
subdivision of the four sites, distinguishing between low, sandy coasts and high, urbanized
coasts, while also accounting secondarily, for the orientation of each location with respect
to the dominant forcings acting in the Northern Adriatic. This activity can be summarized
as follows:

Preliminary assessment of the local Floods Directive (PGRA) and of the definition of
extreme water levels reached during meteomarine events, which form the basis for
the development of flooding scenarios (Section 4.1);

Statistical analyses to update extreme water levels for Grado (Section 4.3), using
data recorded by the Venice tide gauge and applying a detrending procedure to the
observed levels, followed by the application of the Gumbel statistical distribution over
the period 1950-2023. The derived extreme levels were subsequently adopted also
for Lignano, as it lies within the same lagoonal context;

Definition of the urban flooding threshold for the city of Grado and estimation of the
frequency of occurrence and potential exceedance above this threshold;

Statistical analyses to update extreme water levels for Trieste over the period 1939—
2024 (Section 4.4), applying different detrending approaches (with respect to annual
mean sea level and/or to the lunar nodal cycle) and subsequently adopting several
statistical frameworks, including GEV-BM (Pirazzoli & Tomasin, 2009), POT-GPD
(Caruso & Marani, 2022), and multivariate statistical analysis (Ferrarin et al., 2022;
Ragno et al., 2023). The resulting extreme levels were also applied to the nearby
town of Muggia;

Estimation of relative sea-level rise (RSLR) for Grado, by comparing IPCC ARG6
projections (Masson-Delmotte et al., 2021), tide gauge records from Trieste and
Grado, and existing literature, in order to infer the contribution of vertical land motion
(VLM);

Combination of RSLR projections for 2050 and 2100 with episodic event statistics
and associated Rp, to evaluate the reduction of Rp values corresponding to given
flooding thresholds.

The second part (b), building on the statistical analyses described above, focuses on the
development of models aimed at producing flood hazard maps for the selected locations.
Two distinct approaches are considered. The first approach consists of a statistical “bathtub”
flooding model, which is particularly suitable for very low-lying and gently sloping urban
environments such as Grado. The second approach is more advanced and involves the
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dynamic simulation of extreme events using the MIKE 21 hydrodynamic model developed
by DHI. Both methodologies were implemented following the steps outlined below and were
applied in a complementary manner, depending on the geomorphological and urban
characteristics of each study area, as described below:

- Bathtub approach: using the LiDAR-derived digital terrain model (DTM), the Grado
area was subdivided into sectors characterized by different levels of vulnerability, in
order to produce a set of downscaling maps of episodic flood-inducing extreme
events associated with different Rp. The analysis also includes a detailed assessment
of the elevation of the promenade along the lagoon boundary.

Initially, a static bathtub technique was contemplated for the town of Grado. The local Civil
Protection operating requirements, which call for rapid qualitative analytic tools for the quick
evaluation of metropolitan areas that can be impacted by extreme events, served as the
main driving force behind this decision. The bathtub model offers a useful representation for
identifying flood-prone locations and extremely vulnerable sectors in territorial and city
contexts with relatively low elevations, like the Grado lagoon front, and a fairly flat urban
fabric. Second, the bathtub approach served as a reference and preliminary model while
dynamic modeling was applied to a particular severe event that actually happened to get
the answers. Thus, the MIKE21 hydrodynamic model was used to recreate the severe event
under consideration in static form. This enables both additional calibration and a
comparative evaluation of the static model's dependability within the Grado environment.
The results of the testing indicate that the two methods are fairly consistent.

After the calibration process was finished, the dynamic model was used as Muggia and
Trieste's primary analysis tool. The development of flooding in these urban settings, which
are distinguished by more noticeable topographical gradients, is greatly impacted by local
morphology and flow dynamics. For an accurate portrayal of flooding patterns in these
situations, dynamic modeling is crucial. In order to compare the two approaches and enable
site-specific assessments, the static approach was nevertheless used in a complimentary
manner.

- Dynamic modelling: using the LiDAR-derived digital terrain model (DTM), the areas
of Trieste, Muggia, and Lignano were subdivided into sectors with different levels of
vulnerability, allowing the generation of downscaling maps of episodic flood-inducing
extreme events associated with different Re. In addition to the DTM, topo-bathymetric
data were incorporated to construct the computational mesh required for dynamic
flood simulations. Within the urban areas, land-use information was also included to
account for surface roughness effects and to better represent the interaction between
the urban fabric and the incoming water mass.
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4.1 Flood Directive 2007/60/CE
The present study aims to develop flood hazard maps related to meteomarine events, which
constitute the basis for flood risk assessment and management, in accordance with the
Floods Directive 2007/60/EC of the European Parliament and of the Council of 23 October
2007 (EUR-lex, 2007), subsequently implemented in Italy through Legislative Decree No.
49 of 23 February 2010. More specifically, rather than addressing a purely hydraulic
phenomenon that is slowly varying and essentially unidirectional, such as river flow, this
study focuses on a fundamentally periodic process, namely marine dynamics associated
with storm surge and wave motion. The main objectives of Directive 2007/60/EC remain
unchanged for both fluvial flooding and coastal inundation events. The overarching goal is
the mitigation of potential adverse consequences for the environment, human health,
economic and touristic activities, and cultural heritage. In this context, the Flood Risk
Management Plan required by the Directive addresses all aspects of flood risk management,
with particular emphasis on prevention, protection, and preparedness, including flood
forecasting and early warning systems, as well as planning, mitigation measures, and
emergency management activities typically undertaken by Civil Protection authorities.
Article 7 of Directive 2007/60/EC (EUR-lex, 2007, see “piani di gestione del rischio da
alluvioni”), explicitly highlights the need to account for spatial and land-use planning in areas
exposed to flood risk. Similarly, Legislative Decree No. 49/2010, Article 7, paragraph 6,
refers to urban planning and structural measures implemented by the directly involved local
authorities, underlining the close interconnection between flood risk management strategies
and territorial planning instruments (ISPRA, update 2014). It should also be emphasized
that the time scales associated with Civil Protection actions, which are aimed at ensuring
the prompt management and response to hazardous events, differ substantially from the
time frames and processes characterizing urban transformation and territorial development,
which are instead oriented toward land conservation and spatial planning over medium- to
long-term horizons. Furthermore, Italian legislation incorporates the European requirement
to consider flooding caused by marine inundation of coastal areas through Article 2 of
Legislative Decree No. 49/2010. Article 6, paragraph 6 of Directive 2007/60/EC allows
Member States to focus exclusively on extreme events, provided that this choice is
supported by an assessment of the level of protection. However, several national
methodological reports on coastal flooding (e.g. Sardinia), in light of the absence of a clear
regulatory definition of what constitutes an “adequate level of protection” (RAS, update
2018), have recommended not making use of this option. Conversely, based on territorial
urban planning practices and Civil Protection interventions, and considering, for instance,
the Storm Surge Catalogue of Emilia-Romagna (Perini et al., 2015) —a region that shares,
in several respects, similarities with Friuli Venezia Giulia both in terms of geological setting
and dominant forcing mechanisms— it was decided to also assess the effects of
meteomarine events characterized by short return periods, namely events with a high
probability of occurrence. The guidelines adopted in the present study are inspired by the
structure defined within the Flood Risk Management Plan (PGRA, 2021). It is therefore
appropriate to outline some considerations regarding the objectives of the PGRA, in relation
to the Hydrogeological Asset Management Plans (PAIR, 2016) and to urban planning
instruments, which together support territorial planning and land-use management activities.
The Flood Risk Management Plans (PGRA) have been prepared by the District Basin
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Authorities of the five hydrographic districts into which the national territory is divided (Po
River, Eastern Alps, Northern Apennines, Central Apennines, Southern Apennines), as well
as by the Regions of Sardinia and Sicily. The periodic review and possible update of the
Plans every six years allows flood risk management strategies to be adapted to changing
territorial conditions, also taking into account the increasingly plausible impacts of climate
change on the occurrence of flood events. With reference to the coastal environmental
context of the Friuli Venezia Giulia Region, the Flood Risk Management Plan of the Eastern
Alps Hydrographic District is considered. This district is characterized by approximately 280
km of coastline, extending from the Veneto Region (with the exception of a short stretch
falling within the Po River District) to the easternmost boundary of Friuli Venezia Giulia,
along the border with Slovenia. Within this area, the relevant river basins and the lagoon
systems of Venice and Marano-Grado are included, with estimated surface extents of
approximately 550 km? and 160 km?, respectively, together with smaller wetland areas
(PGRA, 2016).

4.1.1 Flooding scenarios

This section addresses the evaluation and analysis of data processing aimed at deriving the
total water level (Htot) near the shoreline (Morris et al., 2021) for short-term episodic events,
such as storm surges or exceptional “acqua alta” events, which occur over a limited time
window in a given area as a direct function of the return period. In the case of coastal
flooding, the return period defines the probability that an event of a given intensity will occur
within a one-year time horizon. As a reference framework, sea-level data reported under the
Floods Directive, as transposed into Italian legislation by Legislative Decree No. 49/2010,
are adopted, based on the Flood Risk Management Plan (PGRA) of the Eastern Alps
Hydrographic District. These values derive from the statistical analysis of extreme sea levels
carried out by Tomasin and Pirazzoli (2009). This approach enables a region-scale
assessment of extreme water levels along the eastern sector of the northern Adriatic Sea,
extending from the Lignano coastline to the Trieste-Muggia coastal area, using the Trieste
tide gauge as the primary reference.

4.1.2 Flood Risk Management Plan of the Eastern Alps Hydrographic Basin (PGRA)

The first step concerns the description of the threshold levels reported in the Flood Risk
Management Plans (PGRA), prepared by the District Basin Authorities for the five
hydrographic districts into which the national territory is divided. Under the Floods Directive,
for the Eastern Alps Hydrographic District and specifically for the northern Adriatic sector,
the statistical representation of total water level values (Hrtot), associated with medium and
high probabilities of occurrence is based on the statistical characterization of extreme tidal
levels, following the approach developed by Tomasin and Pirazzoli (2009). This
methodology considers, for both Venice and Trieste, the historical sea-level time series
recorded over the period 1939-2006. In the case of Trieste, the available observations are
sampled at hourly resolution. The Eastern Alps Hydrographic District is subdivided into two
zones:

- zone 1: extended from Adige River mouth to Tagliamento River mouth.
- zone 2: extended from Tagliamento River mouth to Trieste littoral.
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The return periods considered by the Floods Directive for a flood event are the following:

- Rp 30 years = representative of frequent events with high probability of occurrence.
- Rp 100 years = representative of events with medium probability of occurrence.
- Rp 300 years = representative of rare events with low probability of occurrence.

Below (Table 2a,b) the reference values used for the computation dellHrot representing the
total water level that the marine water mass can reach along the coastline, are reported:

Zone 1: from Adige mouth to Tagliamento mouth

Rep =30 Re = 100 Rp =300
Lmw + Hastr + Hsurce 145 cm 155 cm 170 cm
Hset.up + Hrun-up + 40 cm for each scenario
Values in cm on zero I.G.M

Table 2a: Reference Hrot values for Zone 1 of the Eastern Alps Hydrographic Basin District (PGRA, 2021).

Zone 1: from Tagliamento mouth to Trieste littoral

Re =30 Re = 100 Re = 300
Lmw + Hastr + Hsurce 140 cm 160 cm 200 cm
Hset.up + Hrun-up + 40 cm for each scenario
Values in cm on zero I.G.M

Table 2b. Reference Hrot values for Zone 2 of the Eastern Alps Hydrographic Basin District (PGRA, 2021).

From the table it emerges that the maximum total water level (HTOT) is generally defined
as the sum of several contributing components:

Hror = Lym + Hastr + Hsyrge + Hs + (Hspr—yp + Hryn—up)

where:

Lyy = mean sea level.

H,ergp = astronomical tide.

Hg = maximum seiche high wave (included in Hgyger)-

Hsyree = represents the meteorological contribution and does not include the astronomical tide.
Hgser_yp = set-up of the sea surface near the shore induced by wave breaking.
Hpyn—yp = maximum run-up level.

Based on the levels reported in Table 2 and on the definition of the total water level, the
detrending methods adopted in this study are described below. These procedures are
required to correctly apply the statistical approaches used to update extreme sea-level
values, accounting for the most recent trends observed over the last decades.

Subsequently, studies carried out at the local scale for Venice were considered, focusing on
the statistical analysis of extreme sea levels at the secular scale. In particular, the work by
Caruso and Marani (2022) was analysed with respect to the statistical characterization of
extreme sea levels, with special attention to the most recent trends. Subsequently, the

45

Finanziato Ministero - % UNIVERSITA
dall'Unione curopea 1 dell'Universita < 3 DEGLI STUDI
NextGenerationEL) £ edella Ricerca < 2=/ DITRIESTE




statistical framework proposed by Ferrarin et al. (2022) and Ragno et al. (2023) for Venice
was examined and replicated, adapting it to the environmental context of Trieste. The aim
is to investigate in detail the complexity of extreme sea-level behaviour, in order to assess
the different factors contributing to extreme levels and, consequently, to coastal flooding,
both under present conditions and future projections. The overarching objective is to achieve
a robust understanding of the dynamics governing extreme sea-level hazards, supporting
the assessment and management of flood risk in urban coastal areas, particularly in the
context of climate change.

In addition, an ad hoc analysis was carried out for the town of Grado, given the severe
flooding issues that have affected the area over recent decades. This allowed a more site-
specific assessment of extreme events, analysing recent trends in both maximum and mean
sea levels, as well as their long-term behaviour. The focus on Trieste, and partly on Grado,
is driven by the availability of tide-gauge records, which are essential for a robust analysis
of past and recent sea-level extremes. The Trieste tide gauge provides a secular time series,
continuously recorded since 1890, and therefore represents a key dataset for statistical
analyses of extreme sea levels. In contrast, the Grado tide gauge has been operating
continuously only since 1991. For this reason and given the inherent limitations of a roughly
30-year statistical record, interpolation procedures were applied in order to derive the most
reliable possible extreme-level statistics for the lagoonal setting of Grado. Once the datasets
and results derived from the aforementioned studies were processed, a comparative
analysis was performed to estimate the final rate of water-level increase, with a specific
focus on Trieste, owing to the length and robustness of its time series, and to relate this
increase to the return periods of episodic extreme events. The final step consisted in
producing flood-inundation maps based on the updated extreme sea-level thresholds,
incorporating the most recent trends and the corresponding return periods. The main targets
of the simulations for the western coastal sector of Friuli Venezia Giulia are Grado and
Lignano, using Grado as the reference for extreme sea levels. Conversely, for the eastern
coastal sector, the selected targets are the regional capital Trieste and the town of Muggia,
with extreme levels derived from the statistical analysis of the Trieste tide-gauge record.
This subdivision is motivated by the different orientation of the coastal sectors where the
urban centres are located, and by their differing exposure to the meteomarine forcings acting
in the northern Adriatic basin.

4.2 Assessment of Extreme Events in Grado: methodological setup

To robustly characterise the frequency and intensity of extreme meteomarine events in the
northern Adriatic, it is necessary to adopt a statistical framework based on Extreme Value
Theory (EVT). This theoretical approach allows an appropriate modelling of extreme sea-
level values through the use of Gumbel distributions within a Block Maxima (BM) framework,
as well as the more general Generalized Extreme Value (GEV) distribution (BM method)
and the Generalized Pareto Distribution (GPD) within the Peaks Over Threshold (POT)
approach. These methods enable a more reliable estimation of return levels and their
associated probabilities of occurrence. The combined use of these models is particularly
relevant in vulnerable coastal settings such as Trieste and Grado, where storm surge,
astronomical tide, and low- and high-frequency variability interact in a non-linear manner.
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The statistical approach therefore represents a fundamental first step for the assessment of
present and future coastal hazard and for supporting adaptation strategies in response to
the irreversible rise in mean sea level.

For the town of Grado, a different analytical approach was adopted compared to that applied
to Trieste. This choice is primarily justified by the need of the Friuli Venezia Giulia Civil
Protection Authority to address coastal flooding issues mainly on the lagoonal front. In recent
years, extreme sea-level events have caused recurrent public safety problems within the
urban fabric, highlighting the urgency of improving local flood protection measures. Given
this context, an ad hoc study focused on extreme-value statistics was required, with
particular emphasis on the increasing frequency observed over recent decades. For the
purpose of updating the analysis of extreme sea levels in the north-eastern sector of the
Adriatic, the extreme levels recorded at the Venice tide-gauge station were adopted for
Grado (Table 3). In this case, a classical Block Maxima approach was applied using the
Gumbel distribution. Unlike the methodology adopted for Trieste, the observed sea level
was treated according to the formulation proposed by Pugh and Vassie (1978), without
explicitly decomposing the signal into astronomical tide, meteorological contribution, and
mean sea-level components. As discussed above, the application of extreme value models
requires the sea-level time series to be made as stationary as possible. This condition is a
fundamental prerequisite to ensure the statistical validity of the adopted distributions (GEV,
GPD) and, consequently, also of the classical Gumbel formulation within the Block Maxima
(BM) framework. Accordingly, for Grado, unlike Trieste, the reference levels above which
extreme values are defined were obtained through a detrending procedure relative to a
specific reference year, selected as a temporal centroid. A sea-level rise rate representative
of the most recent mean sea-level trend was then applied to account for the ongoing
increase in mean sea level. In parallel, trends in mean sea level and in recorded maximum
sea levels from the Grado tide-gauge station were compared over the 1991-2023 period.
This allowed the hazard associated with extreme peak levels to be evaluated in relation to
event duration. Subsequently, a downscaling analysis of impacts on the urban fabric was
carried out by subdividing the town into sectors characterized by different levels of
vulnerability. Based on LIDAR surveys, a high—spatial-resolution digital terrain model (DTM)
was derived and used to simulate flooded areas through a static bathtub approach
implemented in ESRI ArcGIS Pro 3.1.0. This procedure enabled the assessment of both
flood extent and exposure of the urban context to inundation risk. The developed scenarios
therefore address, first, individual episodic (short-term) events using updated threshold
levels, and subsequently episodic events combined with projected sea-level rise (long-term)
for 2050 and 2100, based on the latest IPCC Sixth Assessment Report (ARG, 2021). Finally,
considering the current defensive conditions of the site —which do not fully guarantee
protection against water ingress during surge events— preliminary mitigation and adaptation
measures were also outlined at a conceptual level.

4.2.1 Tide gauge data processing and quality control

For the statistical characterization of extreme sea levels at Grado, along the Friuli Venezia
Giulia coastline, tide-gauge records from the Grado and Venice stations were selected
(Table 3). Prior to the application of the statistical analysis methods described in the
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following sections, the datasets were subjected to preliminary quality control and temporal

consistency checks.

Site Station Name Latitude (°) Longitude (°)
Venice RMLV 45° 25'50.49” 12° 20" 11.97”
Trieste Molo Sartorio 45° 38' 50.00” 13° 45’ 33.90”
Grado RMLV 45° 40’ 59.26" 13° 23' 00.38”

Table 3. List of tide gauges in the northern Adriatic considered in this study.

The first operation concerned the data recorded by the Venice tide gauge and made
available by the Centro Previsioni e Segnalazioni Maree of the Municipality of Venice
(https://www.comune.venezia.it/it/content/grafici-e-statistiche). The values provided by the
institution were not subjected to additional in-depth quality control, as this step was aimed
at extracting the annual maximum sea levels recorded in Venice over the 1950-2023 period
and subsequently calibrating them for the Grado site. The adopted approach is described in
detail in Section 4.2.3.1.

For both Venice and Grado, sea-level observations are referred to the Zero Mareografico di
Punta della Salute, which corresponds to the national vertical reference of the Italian
Altimetric Network established in 1897 and lies 23.56 cm below the present mean sea level
(https://www.comune.venezia.it/it/content/riferimenti-altimetrici). These values were then
converted to the national vertical datum of the Istituto Geografico Militare (Genova, 1942),
commonly referred to as IGM42. In contrast, sea-level data recorded at Trieste are
referenced to the ZIT (Zero Istituto Talassografico) and subsequently converted to the
IGM42 datum.

4.2.2 SLR rate detrending approach

The detrending approach adopted in this study differs from that applied for Trieste. In this
case, detrending was applied exclusively to the extreme sea levels estimated for the city of
Grado, derived from the Venice tide-gauge record (ZMPS). This approach is based on a
sufficiently long time series of annual maxima (1950-2023) and involves a calibration that
accounts for sea-level rise. Specifically, the mean sea level is computed over a selected
temporal window representative of the most recent trend (here 1996-2023), and the resulting
rate is then applied to the annual maximum levels extracted year by year. Subsequently, a
temporal barycentre reflecting recent conditions is identified. In this study, the detrending of
the full series of annual maxima was performed by adjusting all values to the reference
barycentre year 2006. Accordingly, the estimated sea-level rise rates are subtracted from
values corresponding to years after the reference period and added to those before it,
consistently with the observed trend of the historical series.

4.2.3 Grado extreme analysis

The definition of the reference mean sea level and the subsequent detrending procedure
represent an essential step to ensure data stationarity. Once the time series has been
cleared of slow-varying components and long-term secular trends, it is possible to proceed
with the application of statistical methodologies for the analysis of extreme values for the
town of Grado.
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4.2.3.1 Gumbel - Block Maxima (BM)

The extreme sea-level data were derived from records of the Venice Lagoon Meteo-
Mareographic Network (RMLV), referenced to the Zero Mare Punta della Salute 1897 datum
(ZMPS). The historical series from 1950 to 2023 was analysed to assess the probability of
severe sea-level events. Given the long temporal coverage, the analysis was simplified by
adopting the Gumbel distribution, a specific case of the Generalized Extreme Value (GEV)
family, using the Block Maxima (BM) approach (Coles, 2001) to extract annual maxima over
uniform time intervals. The availability of more than 70 years of observations provides a
sufficiently large sample of annual maxima to support a statistically robust application of the
GEV-BM framework. As shown by Caruso and Marani (2022), the GEV-BM method applied
to the long Venice time series yields low estimation uncertainty for return periods up to
approximately 100 years, particularly when long calibration windows are used. Moreover,
from a risk-management perspective, the moderate overestimation of return levels by the
GEV-BM approach in the short- to medium-return-period range identified by Caruso and
Marani (2022) can be regarded as conservative, providing an additional safety margin for
applications such as coastal risk assessment and infrastructure planning, as in the case of
Grado. Annual maximum sea-level values exceeding 110 cm, referenced to the ZMPS
datum, were extracted from the time series. Data for the period 1950-2020 (prior to the
activation of the Venice Lagoon closure system, Mo.S.E.) were obtained from the Centro
Previsioni e Segnalazioni Maree of the Municipality of Venice, while data from 2021 to 2023
were provided by the same institution but recorded offshore of Venice by the ISMAR-CNR
Acqua Alta Oceanographic Platform during Mo.S.E. operation. The subsequent step
consisted of calibrating the analysed historical series to account for sea-level rise (SLR). An
SLR rate of approximately 2.5 mm/yr was adopted. This reference rate was derived from the
1996-2023 period in order to capture the most recent trends, based on the local tide-gauge
record of Trieste (Table 3), expressed with respect to the national vertical datum IGM42
(Genova 1942). The extreme-value analysis adopted 2006 as the reference year, within a
baseline period spanning 1995-2014, consistently with the latest IPCC report (Masson-
Delmotte et al., 2021), which is representative of recent conditions. A detrending procedure
was therefore applied to the full historical series (1950-2023), adjusting all values relative to
2006 as the temporal barycentre of the reference period. Accordingly, the SLR contribution
was subtracted from years following the reference period and added to years preceding it,
in line with the long-term trend observed over 1950-2023. The resulting sample of extreme
values was then subjected to statistical inference to estimate the parameters of the Gumbel
distribution (Gumbel, 1958). The data were ranked in descending order and, for each m-th
observation, the non-exceedance probability was computed using the Gringorten plotting-
position formula (Goda, 1988). Parameter estimation was subsequently performed using the
least-squares method. Once the non-exceedance probability function was defined, and
given its direct relationship with the return period, it was possible to estimate the extreme
sea-level value associated with a given Rp. Finally, the derived thresholds were converted
to the national IGM datum by subtracting 23.56 cm from values originally referenced to
ZMPS.
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4.2.3.2 Annual exceedance of flooding threshold

he analysis first evaluated the mean SLR trend for Grado in relation to the duration of
exceedances of the previously updated extreme thresholds. Sea-level records from the
Grado tide gauge (Table 3), referenced to the ZMPS datum, were retrieved from the ISPRA
database. The dataset is available from 1991 onward and was sampled at 10-minute
intervals until 2019 and at 5-minute intervals from 2020 to 2023. All records were
subsequently converted to the national IGM datum by subtracting 23.56 cm from values
referenced to ZMPS. The mean sea-level trend was then compared with the evolution of the
maximum levels recorded at Grado, in order to assess whether an increase in extreme
events is also evident, as reported by Caruso and Marani (2022). After comparing the trends,
the analysis focused on event duration, so as to retain only exceedances associated with a
potentially significant impact. Specifically, the analysis was carried out by jointly evaluating
the maximum levels reached and their persistence in time, accounting for the total number
of observations available for each year. The flooding threshold was defined in terms of
cumulative exceedance duration at the 99.96th percentile of the distribution, corresponding
to approximately 0.04% of the total time, i.e., about 3 hours.

4.3 Assessment of extreme events in Trieste: methodological setup

The theoretical framework outlined in the previous section is here applied to the northern
Adriatic sector, with specific reference to the Trieste tide-gauge station. This section
describes the datasets used, the quality-control procedures adopted, the detrending
techniques applied to ensure signal stationarity, and finally the use of the GEV-BM and
GPD-POT distributions for estimating extreme sea levels and their associated return
periods.

4.3.1 Tide gauge data processing and quality control

For the statistical characterization of extreme sea levels along the Friuli Venezia Giulia
coastline, tide-gauge data recorded at the Trieste station (Table 3) were selected. As in the
previous cases, the station data were subjected to preliminary quality-control and temporal-
consistency checks prior to the application of the statistical analysis methods described in
the following sections. After completing the analyses for Venice and Grado, additional
preliminary and quality checks were carried out on the data recorded by the Trieste tide
gauge. This step was necessary because most of the statistical analyses and the
comparisons among the different methodologies adopted to derive updated extreme sea-
level estimates were based on observations from this station. This choice is motivated by
the fact that Trieste not only provides one of the longest available tide-gauge records, but
also represents the only station within the study area capable of supplying the temporal
coverage required for robust statistical analyses. In this context, the Trieste sea-level record
is therefore assumed to provide the most reliable representation of extreme sea-level
dynamics in the eastern sector of the northern Adriatic. The Trieste tide gauge is located at
Molo Sartorio and is operated by the Institute of Marine Sciences (ISMAR) of the National
Research Council (CNR). Sea-level records are available at hourly frequency (Raicich,
2003). The historical time series considered in this study spans from 1 January 1939 to 31
December 2024 and includes approximately 753398 hours of data. Of these, about 490
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hours correspond to missing values, as reported in Table 4. The choice of the temporal
interval adopted for the analysis is based on the previous work carried out by Tomasin and
Pirazzoli (2009). This allows a direct comparison between the statistics derived from the
historical series used in their study (1939-2006) and the updated dataset extended to 2024.

Quiality control was performed to assess the consistency and validity of the data acquired at
the Molo Sartorio tide-gauge station in Trieste. Preliminary quality checks were carried out
following the guidelines of the European Sea Level Service (Garcia et al., 2007). According
to this framework, the adopted procedure includes the following steps:

- ensure regularity and continuity of the time series.

- verification of gaps within the series (Table 4); assessment of seasonal gaps that may
affect the statistics of the surge component; evaluation of data coverage through
linear interpolation between consecutive observations over short intervals. In this
case, gap filling for Trieste was applied only for gaps < 2 hours.

- detection and verification of anomalous spikes.

- The application of the stationarity test aimed at identifying sequences of
consecutively repeated values was carried out in accordance with the guidelines
reported in the Manual of Quality Control Procedures for Validation of Oceanographic
Data (I0C, 1993) and subsequently adopted in the IOC Manuals and Guides No. 83
(I0C, 2020). A quality flag will be assigned to samples that show no variation for a
number of time steps greater than that considered compatible with natural sea level
variability, as such situations may indicate a sensor blockage or acquisition anomaly.

1945 1954 1960 1961 1965 1966
Lak data 162 78 38 41 96 75
1.85% 0.89% 0.43% 0.47% 1.09% 0.85%

Table 4. Total number and percentage of missing data from 1939 to 2024 for the Trieste Molo Sartorio station.

In the present case, since the Trieste tide-gauge time series is sampled at hourly intervals,
the original threshold of 12 consecutive samples (recommended for 10-minute data,
equivalent to 2 hours of constant measurements) was converted into an equivalent temporal
limit of 2 hours, corresponding therefore to 2 consecutive hourly samples. Spikes within the
hourly time series for Trieste (1939-2024) were identified by applying two complementary
algorithms, described below. The first is the delta check, used to detect levels affected by
anomalous variations relative to the immediately preceding and subsequent records,
considering the following relationship:

Xr-1—xrl > 77 € [xr — X741l > 71
T =tolerance threshold calculated as:

or =058-3-07 VT

as proposed in the Handbook of Automated Data Quality Control Checks and Procedures
of the National Data Buoy Center (NDBC, 2003). In this formulation, o represents the
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standard deviation of the sample and T the sampling interval, expressed in hours. In the
specific case of Trieste, with hourly sampled data and a global standard deviation of 0.306
m, the resulting tolerance threshold is equal to 141.1 cm. No samples exceeded this value,
indicating the absence of impulsive-type spikes in the dataset. For a more refined validation,
a second control was therefore applied based on cubic smoothing splines (csaps, p =0.999)
and on the analysis of residuals with respect to the smoothed curve. Points with residuals
exceeding 50 (0=11.34 cm, threshold=56.7 cm) were identified as outliers and subsequently
corrected through local linear interpolation, limited to sequences of three consecutive
samples or fewer. Overall, the algorithm identified 9 anomalous values out of a total of
753398 observations, without loss of valid data. The Jarque-Bera and Lilliefors tests,
although indicating a statistical deviation from normality (p<0.001), confirm in practical terms
the correctness of the despiking process, as the residuals are symmetric, exhibit constant
variance, and show no significant autocorrelation.

4.3.2 Sea level rise detrending approach

For the purpose of updating the analyses of sea-level extremes in the north-eastern sector
of the Adriatic Sea, the historical sea-level series recorded at the Trieste Molo Sartorio tide
gauge from 1939 to 2024 was considered (Table 3).The selected and subsequently
discussed approach is based on a comparison among the main statistical methodologies
commonly used in the northern Adriatic. The first analysis refers to the method applied by
Tomasin and Pirazzoli (2009) for the Trieste station, using the historical series from 1
January 1939 to 31 December 2006. In this case, a purely statistical treatment was carried
out through the GEV-Block Maxima (GEV-BM) methodology applied to the recorded annual
maximum levels. The resulting values are reported in Table 2b, with reference to the total
water levels. Subsequently, this methodology was compared with the values obtained using
the GPD-POT approach, following the criterion applied by Caruso and Marani (2022) for
Venice and adapted to the Trieste context. The third and final purely statistical approach
refers to the methodology proposed by Ferrarin et al. (2022) and Ragno et al. (2023). This
criterion integrates a physical—statistical framework based on the decomposition of the
different drivers of sea level, such as the tidal component and the non-tidal residual, and on
the use of multivariate copulas to model their non-linear interactions. All three approaches
were implemented in MATLAB, using state-of-the-art and advanced toolboxes specifically
developed for generalized extreme-value distributions and harmonic analysis. In general, all
the analysed approaches rely on the following definition of the observed sea level Zr,
expressed as the sum of three main components (as described by Pugh & Vassie, 1978):

ZT= msl(t)+ X(t)+ Y(t)
where:
msl(t) = mean sea level (including both the long-term component and the slow variations related
to the local datum, such as subsidence or uplift).
X() = deterministic tidal components.

Y(t) = meteorological component, or stochastic surge residual.

Such a decomposition represents the fundamental basis for the development of the method
proposed by Tomasin and Pirazzoli (2009), following the application of an annual harmonic

52

Finanziato %% Ministero 3 . #5% UNIVERSITA
dall'Unione suropea 79 dell'Universita i Italiadomani 8 | DEGLI STUDI
NextGenerationELJ 7 edella Ricerca B AP e 7 DIFRIESTE




fit to the main tidal constituents and a detrending with respect to the annual mean sea level,
as well as for the method of Caruso and Marani (2022), who adopt a direct approach based
on the sum of the tide and surge components. The method proposed by Ferrarin et al. (2022)
also relies on a similar criterion, albeit modified in some aspects, as will be described below.
Before applying the statistical methods aimed at extracting extreme sea-level values, it is
essential to introduce a key concept for the correct analysis of extreme-level variability:
detrending. The first step requires the definition of a mean sea-level reference against which
variations in extreme levels can be measured. As explained in the previous paragraph, the
observed sea level Z; can be decomposed into three main contributions msl), X,y and Y
(Pugh & Vassie, 1978; Dixon & Tawn, 1999). As observed by Dixon and Tawn (1999) and
more recently by Caruso and Marani (2022) for Venice, the application of extreme value
models requires that the analysed sea-level series be made as stationary as possible over
time. This condition represents a fundamental prerequisite to ensure the statistical validity
of the GEV and GPD distributions, which assume that the data originate from a process with
probabilistic characteristics that are invariant over the analysed period (Coles, 2001). In this
context, it is necessary to remove from the observed signal the long-term component,
namely the mean sea level msl), which incorporates both the secular trend associated with
eustatic rise, steric effects and local subsidence, as well as slow variations of the vertical
datum. Pugh and Woodworth (2014) emphasize that this operation allows the stochastic
part of the signal, composed of meteorological oscillations, to be isolated, thereby making
the residual series more suitable for extreme value analysis and for the estimation of return
levels. This implies that failing to remove the secular trend and/or interannual or seasonal
fluctuations may render sea level a non-stationary process, for which the statistical
extraction of extremes is not constant over time (Dixon & Tawn, 1999). Non-stationarity may
therefore lead to (i) an overestimation of extremes and, consequently, to a distortion in the
estimation of return periods (Méndez et al., 2007), and (ii) biased parameter estimates in
GEV or GPD models, which by definition assume stationarity (Coles, 2001). This issue is
particularly relevant in the Northern Adriatic, where the reference sea level may exhibit
variability across multiple temporal scales. As observed by Tomasin and Pirazzoli (2009),
Ferrarin et al. (2022), and more recent basin-scale analyses in the Mediterranean, such
oscillations may be linked to eustatic rise driven by global warming and to local subsidence,
resulting in a positive long-term trend. Moreover, as analysed by Valle-Levinson et al. (2021)
and Ferrarin et al. (2015) in the context of the Venice Lagoon and the northern Adriatic,
interannual and interdecadal oscillations associated with luni-solar activity are present,
modulating the amplitude of the astronomical tide and, consequently, mean sea-level
fluctuations. In addition, meteorological variability —such as Bora wind events at the northern
Adriatic microscale— can generate higher or lower mean sea levels depending on
seasonality and exposure to the forcing. Therefore, in order to remove the influence of these
factors, isolate short-duration level variations (e.g., surge, seiches), and thus achieve the
stationarity required by EVT, a detrending operation must be applied. This consists of
removing an estimate of the time-varying mean sea level msl, from the observed sea level
Zr recorded by the tide gauge. In this way, fluctuations are analysed relative to a consistent
mean reference level. In the following analyses, mainly based on studies carried out at the
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scale of the northern Adriatic, two application approaches were considered for the
detrending procedure described above:

- the annual mean sea level, following the approach adopted by Tomasin and Pirazzoli
(2009) and, in part, by Caruso and Marani (2022).

- the 19-year moving average, associated with the lunar nodal cycle of 18.61 years
(Valle-Levinson et al., 2021; Caruso and Marani, 2022; Ferrarin et al., 2022).

The two approaches lead to slightly different results in the detrended series, as will be
discussed in the Results and Discussions section.

4.3.2.1 Annual mean sea level detrending

The first application considers the approach adopted by Tomasin and Pirazzoli (2009) and
concerns detrending with respect to the mean sea level calculated on a yearly basis. For
each year, the average of the observed hourly sea levels is first computed and then
subtracted from all hourly values belonging to the same year. As will be discussed later, the
two authors refine this approach by reconstructing the astronomical tide for each year
through harmonic analysis using the seven main tidal constituents (M2, S2, N2, K2, K1, Ox,
P+ from Stravisi e Purga, 1997). In this way, extremes are represented as purely
meteorological anomalies relative to the mean sea level and the tide of that year. By
contrast, Caruso and Marani (2022) choose not to separate surge and tide, but instead
analyse the extreme sea level as a whole above the annual mean sea level, combining tidal
and meteorological fluctuations. Compared to the approach of Tomasin and Pirazzoli, the
choice adopted by Caruso and Marani offers several advantages: (i) it reduces secular
effects governed by eustatism and subsidence; (i) annual maxima retain interannual and
decadal oscillations of mean sea level (e.g., the lunar nodal cycle); and (iii) from the
perspective of coastal defence planning and management, all extremes are referenced to a
mean sea level. This procedure was also adopted by Baldan et al. (2022) in the comparison
between GEV and GPD models applied to the Venice tide-gauge series. The authors show
that this detrending procedure, compared to the use of non-detrended sea-level data,
significantly reduces residual non-stationarity and improves the coherence of the estimated
parameters, yielding more conservative and robust estimates of extreme sea levels and the
corresponding return periods. In conclusion, detrending with respect to the annual mean sea
level emphasises deviations of sea level during storm surge events relative to the average
conditions of the corresponding year. In this sense, it provides a physically intuitive and
statistically stable representation of the meteorological component of the total sea-level
signal.

4.3.2.2 19-years mean move detrending

This second approach is based on the use of a 19-year moving average, selected to define
the reference mean sea level (Pugh & Woodworth, 2014), in relation to the lunar nodal cycle
(18.61 years), which is responsible for modulating, over long timescales, the amplitude of
the main tidal constituents. A 19-year average tends to remove all long-period tidal
components from the mean sea-level signal (Woodworth, 2012). This approach makes it
possible to obtain a more stable “climatic mean sea level”. As demonstrated by Valle-
Levinson et al. (2021) in the Northern Adriatic, low-frequency variations in mean sea level
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can be expressed as a combination of harmonic constants associated with lunar cycles
(from 8.85 to 18.61 years) and the solar cycle (generally 10-11 years), as well as the
interferences they generate. Valle-Levinson et al. (2021) highlight that using a temporal
window on the order of 20 to 30 years is particularly suitable for filtering out slow
astronomical oscillations from mean sea level, while retaining in the residual signal the
variability of mean sea level at interannual and/or interdecadal scales. A similar concept is
also discussed by Orli¢ et al. (2018) and subsequently adopted in the study by Ferrarin et
al. (2022) in the context of non-stationary extreme sea-level analysis. The applied procedure
can be described as follows. Starting from the observed hourly sea-level values, the annual
mean sea level was first computed. Subsequently, for each year, a 19-year centred moving
average was calculated, appropriately adjusting the boundaries at the beginning and end of
the reference time series. Finally, the corresponding 19-year moving-average value was
subtracted from the hourly sea-level observations belonging to the selected year. In this
way, a detrended series was obtained that represents sea-level deviations with respect to a
climatic baseline, rather than with respect to the annual mean sea level alone. This approach
was adopted by Ferrarin et al. (2022) to extract extreme sea-level values for Venice. Baldan
et al. (2022) compared the 19-year moving-average approach with detrending relative to the
annual mean sea level, showing that in both cases the stationarity of the series improves.
However, the multi-decadal moving-average approach provides more consistent results
when dealing with non-stationary models and long-term projections. The resulting value
represents the deviation of sea level with respect to a long-term baseline, which incorporates
both the secular trend of sea-level rise and decadal to multi-decadal oscillations (Haigh et
al., 2011; Bult et al., 2024), associated with luni-solar cycles (Valle-Levinson et al., 2021),
as well as potential variations related to morphological changes (Ferrarin et al., 2022). With
regard to the subsequent statistical extraction of extreme sea-level values, the use of a multi-
decadal moving average acts as a form of low-pass filter on the sea-level signal. This is
because slow-varying trends are absorbed by the selected moving average, while the
resulting detrended series preserves variability at the annual scale driven by the coupling
between tide and surge. In this sense, extreme sea levels become “climatically
homogeneous”, as demonstrated by Ferrarin et al. (2022). From the perspective of
stationarity —a key statistical assumption for the application of Extreme Value Theory (EVT)—
this approach is consistent with the recommendations of Coles (2001) and Dixon and Tawn
(1999) for the application of extreme value models.

4.3.2.3 Detrending and drivers of sea level

Trieste's time series from 1939 to 2024 was treated to guarantee the signal's temporal
regularity and climatic uniformity. A monotonic cubic interpolation technique was used to
interpolate hourly data (Ferrarin et al., 2022). The next phase involved using a detrending
process based on a 19-year centered moving average that was in line with the previously
described lunar nodal cycle. This method eliminates the multidecadal variability, subsidence
effects, and secular sea-level component related to luni-solar cycles. This process makes
the extreme-event signal "climatically homogeneous," according to Pirazzoli et al. (2007).
Harmonic analysis was carried out once the detrended series was acquired. The detrended
series was subjected to a least-squares harmonic analysis using the UTide toolbox created
by Codiga (2011) in order to extract the harmonic component from the overall observed sea
level. Diurnal, semidiurnal, and long-period oscillations were among the maximum of 68 tidal
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elements that were taken into account. In accordance with Ferrarin et al. (2022), a 19-year
moving window was used in the analysis to capture probable tidal oscillations associated
with astronomical and nodal variability, anthropogenic changes (such as port infrastructure
and coastal urbanization), and possibly local morphological changes.

After obtaining the astronomical tidal component, the Non-Tidal Residual (NTR) component
has to be extracted. A preliminary study of the reconstructed harmonic tide was done to
guarantee a precise separation between the astronomical tide and the non-tidal residual.
Despite the reconstruction's great accuracy, it has a low-frequency residual (about >72 h)
that can be attributed to noise, other interactions, and delayed changes in harmonic
parameters. To prevent distortions in the total NTR, this low-frequency part must be
eliminated before deducting the tidal component from the detrended signal.

In order to achieve this, the traditional Godin filter (24-24-25 h), which is frequently utilized
in tide-gauge applications (Godin, 1972; Pugh, 1987), was first used. Frequency-domain
analysis, however, revealed that this filter was insufficiently selective for the case study
under consideration. Specifically, it introduced amplitude distortions in the main tidal
harmonics (K1, O1, M2, S2) and partially attenuated diurnal and semidiurnal oscillations,
making it unsuitable for a refined decomposition of the NTR signal, according to the
methodology used by Ferrarin et al. (2022). A FIR sinc—Kaiser high-pass filter with a pass-
band = 72 h and a stop-band < 36 h was developed and calibrated to get around these
restrictions (see https://tomroelandts.com/articles/how-to-create-a-configurable-filter-using-
a-kaiser-window; acknowledgements to Dr. Raicich, CNR-ISMAR Trieste). The
complementary high-pass component served as the "pure” astronomical tide, and the filter
was applied while maintaining the gaps in the data that already existed (see Table 4). The
variance budget and the strong connection with the tidal signal recovered by UTide both
support the result's physical correctness.

A targeted harmonic fit was carried out directly on the NTR for the O1, K1, N2, M2, and S2
constituents, eliminating any spurious contribution related to each frequency in order to
remove any remaining traces of the primary tidal harmonics inside the NTR. The energetic
contribution of various tidal parts was significantly decreased in this instance (for example,
the false M2 component was reduced by almost 98%). Therefore, in order to produce a very
clean tidal component and a physically consistent NTR that are completely compatible with
the decomposition and multivariate analysis approach created by Ferrarin et al. (2022) and
modified here for the Trieste case study, the Kaiser filter must be applied.

At this point, the detrended NTR, which had been cleared of astronomical residuals, was
broken down into a number of physical components according to their distinctive frequency
ranges, using the method suggested by Ferrarin et al. (2022) and modified for Trieste.
Fourth order IIR Butterworth filters (high-pass, low-pass, and band-pass) were used to
perform the decomposition in the time domain while taking into consideration the existence
of gaps in the otherwise continuous hourly series. In particular, the following elements were
separated: (i) a high-frequency component (<10 h), accounting for the combined effects of
meteotsunamis and local set-up; (ii) a storm surge component with periods between 10 h
and 10 days, obtained after removal of seiche oscillations; (iii) two Adriatic seiche
contributions centred on the fundamental modes at approximately 21.8 h and 10.7 h; (iv) a
low-frequency PAW surge component (10-120 d), associated with the barotropic response
of the Adriatic Sea to atmospheric forcing on synoptic and sub-seasonal scales; (v) an IDAS
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component with periods longer than 120 days, representing the residual inter-seasonal and
multi-annual variability not explained by the 19-year moving mean.

The application of a declustering method was the final preliminary step. In this instance,
events were identified using the independence criterion adopted by Ferrarin et al. (2022), in
contrast to common approaches in the literature that sought to ensure temporal
independence between extreme events by imposing a fixed separation (e.g., 78 hours
between events; Masina and Ciavola, 2011, or 72 hours; Caruso and Marani, 2022). The
hourly data were subsampled for the full historical period from 1939 to 2024 in order to
produce uniformly distributed "high" and "low" water levels. In accordance with the
semidiurnal tidal regime typical of the northern Adriatic, this was accomplished by applying
a 6-hour filter each day, producing about two high-water and two low-water values each day
(Ferrarin et al., 2022). For the years 1939-2024, a total of about 119820 values were found.

4.3.3 Sea level dynamics statistical analysis

Both the time evolution of extreme values and the dependent mechanisms governing the
combination of the various components regulating marine dynamics must be taken into
account in the statistical study of extremes. In order to do this, it is essential to analyse the
existence of non-stationarity on multi-decadal scales in order to confirm if extremes show
consistent fluctuations over time. Simultaneously, because astronomical and meteorological
components do not occur independently in the northern Adriatic (Tomasin and Pirazzoli,
2009), it is crucial to measure the kind and intensity of their non-linear interactions,
particularly during the most intense episodes. The purpose of these two analyses is to
provide an additional essential component for both accurate probabilistic calculation of
extreme sea levels and a thorough characterization of severe variability.

4.3.3.1 Non stationary analysis

The levels corresponding to the 99th percentile was subjected to a non-stationarity analysis
in order to confirm the potential existence of trends in extreme sea levels between 1939 and
2024. The non-tidal residual (NTR) was further broken down into its primary meteorological
and climatic components, storm surge and seiches (short-term variability) and longer-scale
contributions like PAW surge and IDAS, after the astronomical contribution (tide) was
separated from the NTR. In accordance with the method suggested by Orli¢ et al. (2018),
which enables the isolation of slow and decadal fluctuations in extreme sea levels in the
Adriatic, the diagnosis of non-stationarity was carried out by applying a centered 30-year
moving average to the 99th percentiles. Ferrarin et al. (2022) used and modified the same
methodological framework for the Venice site. As a result, the studies that follow are based
on Ferrarin et al. (2022)'s methodology, which was tailored to the Trieste case study.

4.3.3.2 Non linear interactions Tide-NTR

An additional analysis concentrated on the non-linear interaction between these two factors,
which are crucial to the North Adriatic, in order to thoroughly examine the behavior between
the tidal component and the NTR contribution. Because of the basin's semi-enclosed shape
and the existence of persistent free oscillations like seiches, which frequently coincide with
extreme weather events, it can be difficult to distinguish between tide and surge in this
situation (Tomasin & Pirazzoli, 1999; Canestrelli et al., 2001; Pirazzoli & Tomasin, 2007).
Because of this feature, the North Adriatic is an environment where the assumption of
independence among sea-level components is frequently invalid, especially in severe
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circumstances. Previous research has demonstrated that, depending on the true
dependence structure in the data, assuming independence between astronomical tide and
surge (an assumption underlying Joint Probability Method formulations) may result in either
an overestimation or an underestimation of extreme sea levels (Pugh & Vassie, 1979;
Pirazzoli et al., 2006; Tomasin & Pirazzoli, 2007). When tide and NTR have a positive
association, combined extremes tend to be amplified, raising the likelihood that high values
in both components may co-occur. On the other hand, compared to the independent
situation, a negative reliance may produce a compensatory impact that considerably lowers
extreme levels (Ferrarin et al., 2022; Ragno et al., 2023). Numerous studies have
demonstrated the existence of substantial tidal-residual interactions within the North
Adriatic's shallow-water environment, even if these interactions are not always contiguous
in space and time. In this sense, Tomasin & Pirazzoli (2007, 2009) demonstrate that these
interactions significantly contribute to the non-linearity of recorded extreme sea levels when
paired with the seasonality of meteorological occurrences. As a result, tide and surge may
have reciprocal effects, producing more noticeable extreme levels that frequently happen
during low tide or just before a high-tide phase (Williams et al., 2016). In a similar vein,
Ferrarin et al. (2022) emphasize that a joint study of sea-level components, conditioned on
extreme occurrences, reduces distortions associated with simplified independence
assumptions by isolating the effective contribution of dynamic dependencies. Given these
results, a copula-based method was used to analyse the non-linear dependence between
the tidal component and the non-tidal residual (NTR), which enables the dependence
structure to be modelled independently of the marginal distributions. The use of copulas is
driven by the possibility that extreme sea levels may be overestimated or underestimated if
tide and NTR are assumed to be independent (Tomasin & Pirazzoli, 2009; Ferrarin et al.,
2022). The copula formalism (Sklar, 1959; Nelsen, 2006), which allows the marginal
distributions to be modelled independently from the joint dependence structure between
variables, serves as the foundation for the multivariate analyses carried out in this paper.
Because it overcomes the simplifying assumption of independence that is frequently used
in classical approaches, this framework is especially well suited to the analysis of extreme
sea levels because it enables the effect of dependence and/or independence among the
various contributions to total sea level to be explicitly quantified.

The methodology was expanded to evaluate the dependence between the variables
involved, particularly between the astronomical tidal component and the non-tidal residual
(NTR), in a manner similar to that of Ragno et al. (2023). Non-parametric measures were
used to examine dependence, with special reference to Kendall's rank correlation coefficient
T (Kendall, 1938), which enables the identification of dependence structures even in the
presence of asymmetries and non-linear correlations typical of extreme events. The use of
copula-based models in the ensuing modelling stage is justified by the existence of
statistically significant dependence. Following the method used by Ferrarin et al. (2022) for
Venice, a bivariate copula was fitted to characterize the relationship between tide and NTR
after the existence of dependence was confirmed. In particular, percentile criteria of the
detrended sea-level series (99th, 99.5th, and 99.9th), specified throughout the whole period
from 1939 to 2024, were used to identify extreme sea-level values. According to Ferrarin et
al. (2022), the reference time series was sampled at high- and low-tide instants to reduce
false dependence between the forcings and produce a representation consistent with tidal
oscillations. Thus, astronomical tidal maxima and minima with a temporal gap of roughly 6
hours were identified using a declustering approach, which is compatible with the
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semidiurnal tidal regime typical of the northern Adriatic (Ferrarin et al., 2015). The time
intervals at which sea level surpasses the thresholds of the chosen extreme-level dataset
were thus designated as extreme events. A “t” copula was used to represent the dependence
structure, and the marginal distributions of the examined forcings were obtained empirically.
The t copula was selected in accordance with the methods described by Ferrarin et al.
(2022) and Ragno et al. (2023), where this copula shown efficacy in depicting dependency
in the distribution tails. After estimating the copula parameters, 50.000 samples were
produced using Monte Carlo simulations to reconstruct extreme sea levels under both
independent and dependent assumptions between the two drivers. Non-Linear Interactions
(NLI), which are defined as the difference between the extreme level simulated under
dependency and that obtained assuming total independence, are used to compare the two
scenarios. Finally, the study was expanded to include the application of multivariate copulas
to five variables (tide, seiches, storm surge, PAW surge, and IDAS) that are indicative of
extreme sea-level pulsations. This method provides a more comprehensive and physically
consistent depiction of the mechanisms controlling extreme sea levels in the eastern sector
of the northern Adriatic by explicitly modelling the joint reliance among all relevant processes
(Ferrarin et al., 2022).

4.3.4 Trieste extreme values analysis

The definition of the reference mean sea level and the subsequent application of detrending
represent a crucial preliminary step to ensure the stationarity of the analysed signal. Only
once a time series free from slowly varying components and secular trends has been
obtained is it possible to proceed with the application of statistical methodologies for extreme
value analysis —namely GEV (Generalized Extreme Value) and GPD (Generalized Pareto
Distribution)— which require an underlying stationary process.

4.3.4.1 GEV-BM
The first reference methodology is that proposed by Tomasin and Pirazzoli (2009), based
on the analysis of annual maxima of sea level and on the application of the GEV-BM
distribution. In this study, the full Joint Probability Method (JPM) was not adopted; however,
the underlying logical framework of the approach remains analogous. Starting from the
hourly time series, the data were detrended with respect to the annual mean sea level,
treating the astronomical tide and the surge component separately, in order to analyse
extreme total sea-level events relative to their interannual variability. The approach is based
on the construction of an hourly time series cleaned from the secular trend and referenced
to the annual mean sea level, computed year by year to ensure long-term stationarity. The
astronomical tide was reconstructed annually through least-squares harmonic analysis of
the main tidal constituents. Seven constituents were considered —four semidiurnal (M2, S2,
N2, K2) and three diurnals (K1, O1, P1)- which are deemed sufficient to describe the tidal
regime of the northern Adriatic. This criterion allows the harmonic coefficients to be updated
annually and accounts for interannual variations related to astronomical and local
processes. The meteorological residual was then obtained by subtracting from the observed
sea level both the astronomical component and the annual mean sea level, which represents
the reference sea-level elevation for each year, thereby removing both tidal effects and long-
term variations (e.g. mean sea-level oscillations). Annual detrending ensures that the
resulting surge series is stationary and thus comparable over time, avoiding distortions
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induced by secular changes in mean sea level. This approach enables a more robust and
physically interpretable estimation of return levels of extreme events, as the residual peaks
reflect solely the meteorological response of the basin, while the astronomical component
is treated separately (Tomasin and Pirazzoli, 2009). The parameters of the GEV distribution
were estimated using the Maximum Likelihood Estimation (MLE) method, which identifies
the three parameters (¢, o, y) that maximise the probability of observing the sample of
annual maxima. This method represents the standard in extreme value modelling (Coles,
2001; Castillo et al., 2005) and provides consistent and asymptotically efficient parameter
estimates, particularly given the length of the historical time series analysed.

4.3.4.2 GPD-POT

The second methodology adopted refers to the approach developed by Caruso and Marani
(2022), based on the Peaks Over Threshold (POT) framework and on the application of the
Generalized Pareto Distribution (GPD) to exceedances of extreme sea levels. Unlike the
GEV-BM approach described above, the POT methodology exploits all extreme values
exceeding a selected threshold, allowing a more efficient use of the information contained
in the hourly time series. This results in a more accurate representation of the tail of the
distribution. Compared to the application by Tomasin and Pirazzoli (2009), in this case the
hourly series of observed sea levels was detrended according to two different criteria: (i)
with respect to the annual mean sea level msil(t), and (ii) with respect to the 19-year moving
average (consistent with the approach also adopted by Ferrarin et al. (2022), as discussed
in the following section). Both detrending procedures aim to remove the secular component
of mean sea level and to obtain a time series that is as stationary as possible, referenced to
the local mean sea-level baseline. Starting from these detrended series, independent sea-
level peaks were identified through a temporal declustering window of 78 hours, in order to
ensure statistical independence between successive events. This choice allows the
separation of individual events while accounting for the temporal decay of seiche oscillations
following storm-surge events (Masina and Ciavola, 2011). For each cluster, the maximum
peak associated with the storm-surge event was retained. Threshold selection, which is a
critical step for the application of the GPD, was performed through a detailed analysis of
peak percentiles ranging between the 90th and the 99th percentile. The optimal threshold
was identified as the one satisfying the following criteria:

Number of exceedances

The choice of the threshold must ensure that the number of exceedances is sufficiently large
to allow a reliable estimation of the GPD parameters (Coles, 2001). As reported by Lang et
al. (1999) and Scarlett and MacDonald (2012), it is essential to find a trade-off between bias
and variance: a small number of exceedances increases the variance of the estimates,
whereas a low threshold introduces bias. In the present study, a minimum number of
exceedances was selected such that N = 86, corresponding to the number of years covered
by the historical record between 1939 and 2024.

Stability of the shape parameter (§)

The shape parameter is fundamental for assessing the behaviour of the tail of the extreme
value distribution, determining which events can be classified as rare extremes. In addition,
it directly influences coastal risk estimates as a function of the return period (Coles, 2001),
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providing physical insight into the environmental context in which extremes occur. In the
vicinity of the optimal threshold, ¢ should remain approximately constant as the threshold
varies, a condition that confirms the correct applicability of the GPD model (Coles, 2001).
The analysis of the stability of ¢ therefore represents one of the key operational criteria for
threshold selection (Lang et al., 1999). Following the guidelines of Scarrott and MacDonald
(2012), an empirical tolerance of £0.05 between adjacent thresholds is adopted, which is
considered indicative of numerical stability and is thus used as a quantitative constraint for
automatic threshold selection.

Statistical consistency and interpretation

Beyond stability, the shape parameter ¢ directly affects the statistical validity of the model
and the correct physical interpretation of extremes. Values of ¢ >0.5 compromise the
regularity of maximum likelihood estimators (MLE), which lose their properties of normality
and efficiency (Smith, 1985; Coles, 2001). For this reason, the range ¢ <0.5 is commonly
considered appropriate in extreme value applications. The consistency of the GPD model
was further verified using the Kolmogorov-Smirnov (KS) and Anderson-Darling (AD) tests,
as well as QQ-plots comparing theoretical and observed quantiles, in order to ensure
statistical goodness of fit and robustness of parameter estimation. When these conditions
were not satisfied, a conservative threshold corresponding to the 95th percentile was
adopted. Both detrended series vyielded an optimal threshold corresponding to
approximately the 90th percentile, consistently with the results reported by Caruso and
Marani (2022) for Venice. Exceedances above the selected threshold were modelled using
the GPD, whose shape (¢) and scale (o) parameters were estimated via maximum likelihood
estimation (MLE). Assuming that the exceedance process follows a Poisson distribution with
a constant rate A over time, return levels for different return periods were then estimated
according to the following relationship:

RLy =u +% [(4,T)¢ — 1]

where A, represents the mean number of events exceeding the threshold per year. The
validation of the GPD model was carried out using the Kolmogorov—Smirnov (KS) and
Anderson-Darling (AD) tests applied to the normalized residuals, complemented by a visual
inspection of QQ-plots. Finally, to verify the stationarity of the underlying signal, the Mann—
Kendall (MK) test was applied to the detrended annual maxima with respect to mean sea
level; no statistically significant trend was detected (p-value > 0.05). This result confirms the
stationarity assumption required for the application of the GPD-POT model and supports the
validity of the detrending procedure adopted.

4.3.4.3 Multivariate Statistical Approach

In addition to the univariate approaches based on the GEV-BM distribution (Tomasin and
Pirazzoli, 2009) and the GPD-POT framework (e.g., Caruso and Marani, 2022), the physico-
statistical approach proposed by Ferrarin et al. (2022) for Venice, and subsequently
extended by Ragno et al. (2023), was applied and adapted to the Trieste case study. This
methodology aims to quantify the relative contribution of the different physical components
of sea level to extreme events and to explicitly model the non-linear dependencies among
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them. The underlying concept is that extreme sea-level events are not driven by a single
dominant forcing, but rather result from the combination of multiple contributions, such as
the tidal component, storm surge, low-frequency oscillations, seiches, and related
processes, which may interact in a non-linear manner and generate compound extreme
events.

4.3.4.4 Fit validation test

The validity of the statistical models adopted, such as Gumbel BM, GEV-BM and GPD-POT,
was assessed through a set of validation procedures, including QQ-plot analyses comparing
empirical and theoretical quantiles estimated from the fitted distributions. To complete the
validation process, additional goodness-of-fit tests were applied to evaluate the agreement
between empirical and theoretical distributions. The first test considered was the
Kolmogorov-Smirnov (KS) test (Chakravarti, Laha and Roy, 1967), which is sensitive to
overall differences between the empirical and theoretical distributions. The second test was
the Anderson-Darling (AD) test (Anderson and Darling, 1952), which places greater
emphasis on the tails of the distribution and is therefore more suitable for the assessment
of extreme-value models. Finally, predictive performance was evaluated through cross-
validation following the approach of Caruso and Marani (2022), and the Mann-Kendall test
was applied to assess the presence of any residual trends in the analysed extremes.

Probability integral transform (PIT)

The validation of the GEV-BM model applied to annual maxima was performed following the
approach described by Coles (2001) and Majumder et al. (2024), who adopt the Probability
Integral Transform (PIT) to assess the consistency between the observed data and the
theoretical distribution estimated by extreme-value models. For each annual maximum Xi
the transformed value was computed as:

w = Fepy(x]0)

where Fcev denotes the cumulative distribution function of the GEV with the estimated
parameters 0. If the model is adequate, the values ui are expected to be distributed as a
Uniform (0,1), regardless of the specific form of the GEV distribution. This property allows
the application of non-parametric goodness-of-fit tests, such as the Kolmogorov-Smirnov
(KS) and Anderson-Darling (AD) tests, which compare the empirical distribution of the PIT
values with the theoretical uniform distribution. In the absence of statistically significant
deviations (p-value =0.05), the GEV-BM distribution can be considered to satisfactorily
represent the statistical behaviour of the annual maxima, with no significant departures from
the theoretical model.

Cross validation analysis

In addition to evaluating the goodness of fit of the models through QQ-plots and KS and AD
tests, it was also considered necessary to assess the out-of-sample predictive skill of the
extreme value models. To this end, a cross-validation procedure developed by Caruso and
Marani (2022) for Venice was applied. The aim is to quantify how reliable the estimation of
extreme levels remains when the model is calibrated on sub-samples with different temporal
lengths Starting from a total number of available years M, a calibration sub-sample of size
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S is selected. The remaining years, equal to M-S, are excluded from calibration and
constitute an independent validation period V. This procedure is repeated n times, randomly
reshuffling the available years at each iteration. For each calibration sub-sample, the model
(either GEV-BM or POT-GPD) is estimated and the corresponding theoretical return levels
are derived. Similarly, for the validation period, empirical return levels are estimated from
the ordered annual maxima using standard plotting position formulations (e.g., Gringorten).
The comparison between estimated and observed values is summarized through the Non-
Dimensional Error (NDE), a metric that allows the assessment of bias and stability in the
estimated return levels. The procedure was applied for different sizes of the calibration sub-
sample (S=10, S=20, S=30), enabling an analysis of how the amount of available information
affects model performance. Unlike the application by Caruso and Marani (2022), the case
S=5 years was not considered due to the insufficient number of extreme values in such short
windows, which prevents a reliable estimation of model parameters using the GEV-BM
approach. Consequently, larger values of S, such as S=30, simulate more favourable
calibration conditions. For each value of S, the distribution of the NDE obtained from 1000
resampling iterations provides a quantitative indicator of model robustness and of its
sensitivity to the choice of the calibration sub-sample. Consistently with Caruso and Marani
(2022), in addition to standard return periods ranging from 10 to 50 years, the maximum
return period observable within the validation window (T=V+7), corresponding to
approximately 57 years for the Trieste series, was also considered. This value allows the
synthesis of model performance into a single indicator for each combination of S, facilitating
a direct comparison between the GEV-BM and POT-GPD approaches and between short
and long calibration windows.

Mann-Kendall test

Once the two series detrended with respect to mean sea level were reconstructed, a further
aspect becomes important, namely the possible presence of “residual” trends in the
analysed annual maxima. The objective is to verify that the extreme values under
investigation can be regarded as fully stationary over time, thereby excluding systematic
long-term variations that are not attributable to mean sea-level rise. To investigate this
aspect, the Mann-Kendall (MK) test (Mann, 1945; Kendall, 1975) was applied. This test is
widely used in climatological studies to detect monotonic trends in time series. The MK test
evaluates the deviations of annual maxima relative to their reference mean value and allows
assessment of whether the temporal evolution exhibits an increasing trend, a decreasing
trend, or does not significantly depart from statistical randomness. The application of the
Mann-Kendall test therefore makes it possible to verify the robustness of the no-trend
assumption in the detrended series and to confirm the validity of the stationarity requirement
necessary for the subsequent use of GEV-BM and GPD-POT models in the extreme value
analyses.
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4.4  Grado vs. Trieste: Sea Level trend comparison

To develop a medium- to long-term projection of relative sea-level rise (RSLR), mean sea
level at Grado was analysed for the period 1991-2023. To compare the sea-level data from
Grado and assess their significance, the dataset recorded at the Trieste tide-gauge station
was used as a reference. The temporal evolution of sea level at Trieste is monitored by
CNR-ISMAR and is available through the Permanent Service for Mean Sea Level
(PSMSL) database (https://www.psmsl.org/data/obtaining/stations/154.php). The analysed
data include both observed sea level and the subsidence component, which represents a
critical factor for long-term projections. To enable a long-term assessment, published
subsidence estimates by Da Lio and Tosi (2010) and Areggi et al. (2023) were adopted as
reference. The subsidence rate for Grado, derived from SAR interferometry and GNSS
measurements for the periods 2003-2010 (Da Lio and Tosi, 2010) and 2015-2019 (Areggi
et al., 2023), was subsequently compared with the residual obtained from the correlation
between sea-level variations at Grado and Trieste. The resulting mean value was then used
to generate long-term RSLR projections for 2050 and 2100. Using satellite derived sea-level
projections for Trieste provided by the NASA Sea Level Projection Tool
(https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool), the RSLR estimates and the
tectonic contribution were adjusted through a correction factor averaged over the Grado
area. After computing the projected sea-level increases for 2050 and 2100 under ongoing
climate-change scenarios, the corresponding reductions in return periods were evaluated
for selected significant episodic events. This analysis assessed both the magnitude of
flooding and the exposure of the urban environment to flood risk. The considered scenarios
focus first on a single short-term episodic event associated with the updated flooding
threshold, and subsequently on the same event combined with mean sea-level projections
for 2050 and 2100, as described in detail in the Sixth Assessment Report of the IPCC
(Masson-Delmotte et al., 2021).

4.5 Downscaling flooding modelling

This chapter presents the modelling methodologies applied to the coastal settings of Grado,
Muggia, Trieste, and Lignano. The first section addresses the application of a static
modelling approach, namely bathtub modelling, which was applied exclusively to Grado. For
the localities of Muggia, Trieste, and Lignano, dynamic models were adopted, specifically
MIKEZ21, considering selected events that have recently occurred along the coastlines of
Friuli Venezia Giulia.

4.5.1 Bathtub modelling

Flood risk maps were developed for the urban and territorial context of the city of Grado. A
static “bathtub approach” (NOAA, 2012) was applied using a high-resolution Digital Terrain
Model (DTM) and the ESRI ArcGIS Pro 3.1.0 software. The objective was to assess the
elevations of the city’s perimeter waterfront (Figure 8a) in order to identify critical points with
respect to both current water levels and those projected for the future. To analyse the
elevation of the lagoon promenade and the perimeter embankment, the following procedure
was adopted. First, the Digital Terrain Model (DTM) of Grado, derived from a LiDAR survey
conducted in 2018 (courtesy of the Friuli Venezia Giulia Region), was used. The resulting
DTM has a spatial resolution of 0.5 x 0.5 m. The resolution of the DEM/DTM plays a key
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role in determining the reliability of static flooding outputs (van de Sande et al., 2012; Leon
et al., 2014; Wolff et al., 2016). A 6-m-wide buffer was generated from the DTM elevations,
starting from the outermost section of the promenade —specifically from the portion closest
to the water— and extending landward. Given the spatial variability in elevation statistics, the
promenade was subdivided into four sectors, as shown in Figure 8b. This approach allowed
a detailed analysis of promenade elevations and of the entire embankment system bordering
the town on the lagoon side, enabling the identification of both localized critical points and
broader area-scale vulnerabilities. The calculation of the elevation value of the extracted
cells was necessary in order to obtain information on the mean elevation surrounding each
cell, based on a fixed-width buffer. To perform this operation, a GIS analysis tool (Cell
Statistics, part of the Spatial Analyst extension in ArcGIS Pro 3.1.0) was used, allowing the
computation of an average elevation value within a 6 m radius along the entire length of the
embankment section under investigation. Finally, to complete the analysis, elevation values
at the centre of the previously selected cells were extracted and subsequently subjected to
statistical analysis. The analysed elevation points were filtered to exclude negative elevation
values exceeding a predefined threshold. To assess embankment heights in relation to
extreme events, a range of elevations from 70 cm up to a maximum of 155 cm was
considered, depending on the specific sector of the lagoon promenade and/or embankment
analysed. The resulting elevations were represented through a graph illustrating cumulative
statistics as a function of the considered height intervals, indicating the percentage of
embankment remaining safe with respect to the threshold value associated with an extreme
event and its corresponding return period. The same downscaling approach, aimed at
assessing the condition of the perimeter embankments along the lagoon margin (lagoon
promenade) and evaluating the state of the urban waterfront, was also applied to the
municipalities of Lignano, Muggia, and Trieste. In these cases, the range of elevations
analysed varies according to the local context: from 70 cm to 160 cm for Lignano; from 70
cm to 170 cm for Muggia; and up to 220 cm for Trieste. To represent the effects of storm-
surge events through updated water-level thresholds based on trends observed over recent
decades, scenarios with different probabilities of occurrence were analysed. The aim of this
processing is to produce flood hazard maps derived from extreme events, which serve as a
basis for flood risk assessment and management, in accordance with the Floods Directive
2007/60/EC, subsequently transposed into Italian law by Legislative Decree 49/2010. As
explained previously (see Section 4.1), the Floods Directive allows reference to extreme
events only, subject to an evaluation of the level of protection. Some Italian methodological
reports on coastal flooding, such as those produced for the Sardinia region (RAS, update
2018), have pointed out that the lack of a precise regulatory definition of an “adequate level
of protection” suggests refraining from making use of this option. Conversely, on the basis
of territorial urban planning and civil protection measures —particularly in Emilia-Romagna
(Perinietal., 2011; Perini et al., 2012; Perini et al., 2016), a region with coastal physiographic
characteristics comparable to those of Friuli Venezia Giulia— an assessment was carried out
to estimate the impact of marine events with short return periods, thus focusing on nuisance
and therefore recurrent flooding events.
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Figure 8. Downscaling area analysis: (a) elevation of the lagoon promenade considered in the study,
represented by 10 classes subdivided every 0.10 m of elevation. (b) The subdivision of the promenade and
lagoon embankment into 4 macro sectors; the extent of the inhabited area of Grado municipality is also
reported, treating the streets as unobstructed surfaces for water flow while omitting buildings and uninhabited
areas (from Spadotto et al, 2025).

Accordingly, flood risk maps were produced for return periods (Re) of 2, 10, 30, and 100
years. The maps were developed by analysing inhabited areas within the administrative
boundaries of the municipality of Grado, considering roads as surfaces free of obstacles to
water flow and excluding buildings and uninhabited areas. The analysis focused primarily
on the historic centre, which exhibits the highest vulnerability, and was extended eastwards.
The analysed municipal area of Grado covers approximately 0.96 kmz2.

4.5.2 Dynamic Modelling

Coastal areas, increasingly exposed to the effects of sea level rise and to the intensification
of extreme events, require tools capable of complementing statistical analyses with a
dynamic assessment of impacts. Numerical modelling (see Section 1.5) today represents
an essential support for understanding the non-linear interaction between tide, surge, and
waves, as well as for simulating realistic flooding scenarios, even in the presence of defence
failures or morphodynamical changes. The use of hydrodynamic and wave models makes
it possible to reconstruct, in greater detail, the propagation of the water mass within the
urban fabric, identifying pathways of water ingress, flood depths, and flow velocities. For this
reason, the present study integrates MIKE21 by ©DHI modelling, applied to different coastal
typologies and to various meteomarine events, in order to evaluate the response of coastal
urban areas in Friuli Venezia Giulia to the extreme scenarios considered. The MIKE21 by
©DHI package relies on three different modules, each with a specific field of application.
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The Spectral Waves (SW) module is a two-dimensional spectral wave model used to
simulate and propagate waves from their generation area towards the selected coastal
sector. Subsequently, the Flow Model Hydrodynamic (HD) two-dimensional module was
employed to simulate widespread flooding, where the main driver is the variation of the
hydrodynamic water-level component, neglecting the purely wave-related contribution such
as run-up and the subsequent overtopping effect.

45.2.1 MIKE21 Spectral Waves module (SW)

The SW module was used to reproduce wave generation, propagation, and transformation,
including processes such as refraction, shoaling, breaking, bottom friction, and simple
reflection (DHI, 2023a). The model resolution is based on the full spectral formulation of the
wave action balance equation, in which the fundamental variable is the directional-frequency
wave action spectrum. This formulation allows the representation of the main physical
mechanisms governing wave dynamics: energy transfer from wind according to the theory
of Janssen (1989, 1991), non-linear wave-wave interactions (approximated using the DIA
model by Hasselmann et al., 1985), dissipation due to depth-induced breaking following
Battjes and Janssen (1978), white capping dissipation according to the classical formulation
of Hasselmann (1974), and bottom friction following Johnson and Kofoed-Hansen (2000).
This physically based structure makes the SW module suitable for providing a
comprehensive description of wave evolution up to the breaking zone, delivering as output
key parameters such as significant wave height (Hs), peak period (Tp), mean wave direction,
radiation stress components (Sxx, Syy, Sxy), and wave energy (P).

45.2.2 MIKE21 Hydrodynamic module (HD)
The HD module, which is devoted to simulating two-dimensional hydrodynamic circulation
and coastal flooding processes, was used in the modelling phase that followed the SW
module's propagation of the wave field toward the coastal zones. Under the hydrostatic
pressure assumption, the HD model solves the Nonlinear Shallow Water Equations
(NLSWE), which are the fully nonlinear formulation of the shallow-water momentum
equations obtained from the depth-averaged Navier-Stokes equations. This assumption is
true in situations when the velocity fields are primarily horizontal, and the water
depth is minimal in relation to the wavelength. These conditions are common in coastal
environments, particularly in storm-surge and wave-driven occurrences. The NLSWE are
particularly useful in describing processes like run-up, wave-induced set-up, and breaking-
driven currents that are characterized by rapid water-level variations and steep wave fronts.
They describe a non-dispersive flow regime in which wave propagation speed depends on
water depth rather than wave period. The NLSWE are commonly used to predict widespread
coastal inundation and offer a strong foundation for hazard assessment under extreme
events because of their numerical robustness and capacity to precisely replicate wave
kinematics inside the surf zone. (RAS, update 2018; DHI, 2023b). These equations are
discretized using a finite-volume technique on an unstructured triangular mesh in the
MIKE21 HD model, which provides a thorough description of coastal geometry, channels,
and the urban fabric and permits the domain resolution to be adjusted to local morphological
features. First-order numerical techniques in both space and time are used to guarantee
numerical stability and maximum computational efficiency. These approaches enable the
steady simulation of steep water fronts and rapid water-level oscillations, despite the
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moderate amount of numerical dissipation they introduce. The bottom in MIKE21 HD is
taken to be fixed and impermeable, just like in many shallow-water, wave-resolving models.
This simplification is suitable for analyses intended to represent coastal inundation and
water-level propagation, even though it does not permit the simulation of erosion or sediment
transport processes. Free-surface elevation, still and total water depth, current velocities
and their constituent parts, current direction, and associated hydrodynamic variables are
among the model's outputs. The decision was made to develop smaller but higher-resolution
urban downscaling models after creating a wave model that covered the entire Gulf of
Trieste, from the mouth of the Tagliamento River in the east to Muggia in the west, due to
the different layout and orientation of the coastal areas under consideration. One or both
models were employed, as explained below, depending on the exposure of the coastline
area.

45.2.3 Domain setup

The boundaries of the calculation mesh were drawn based on specific criteria. The northern
border was drawn following the shoreline, giving it directional continuity in the presence of
lagoon mouths and river mouths, up to the border with the Gulf of Panzano. The eastern
and south-eastern border, from Panzano, following the rocky coast and Trieste littoral to
Punta Salvore, was drawn parallel to the coastline, simplifying its course. The border
towards the north Adriatic was drawn by connecting the Tagliamento river mouth to the
DWRGL1 buoy and going further, in the same direction, for about 3 km. Finally, it was closed
perpendicularly to the shoreline. For the triangular mesh creation, we set the smallest
allowable angle to 28°. The mesh for the SW module was just one huge zone with the

resolution offshore of 45 x 45 m. The maximum area for the mesh elements was set to

. SN2
satisfy the criterion 22(P28"  The mesh for the north-eastern Adriatic basin is

characterised by 100079 nodes and 228084 elements. To construct the model, bathymetric
datasets from different sources were combined, with high-resolution sources considered
more reliable. Specifically, the bathymetric input data for the Gulf of Trieste, extended to
cover the entire regional coastal area (Figure 9), consists of multiple sources: (i) the model
of the European Marine Observation and Data Network (EMODnet) of 2022
(http://www.emodnet-bathymetry.eu) on a grid of 1/16 x 1/16 arc minute of longitude and
latitude (approx. 115 x 115 m) integrated with (ii) the bathymetric model provided by Petti et
al. (2019), and higher resolution bathymetric models of the northern coastal area on a grid
of 2 x 2 m, and finally (iii) the bathymetric surveys carried out by Trobec et al. (2017). The
different bathymetric models were then interpolated, removing any discontinuities,
especially in the areas where the different data sources connected. This made it possible to
obtain a bathymetric map of the Gulf of Trieste and the Friuli Venezia Giulia coastline that
did not contain any obvious errors or discontinuities that could cause problems for the model
simulations. As input data for the construction of the calculation domain, hydrodynamics and
wave motion modelling also require a digital terrain model (DTM) with a resolution accurate
enough to simulate both the distribution of physical quantities at sea and flooding within the
urban fabric. The DTM was obtained by means of a LIDAR survey in 2018 (courtesy of the
Friuli Venezia Giulia Region) covering the entire regional coastal area. The spatial resolution
of the resulting digital model is 0.5 x 0.5 m. The use of high-resolution DTM tools is a
fundamental element in assessing coastal flooding associated with extreme events. In
Spadotto et al. (2025), for the town of Grado, and in Mannarini et al. (2025), for the case
study of the city of Lecce, it is emphasised that the use of a high-resolution DTM allows the
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identification of area vulnerabilities and specific critical points that control or contribute to the
propagation of water masses, even considering thresholds that are not particularly high
(Spadotto et al., 2025). Similarly, Baldoni et al. (2024) demonstrate that integrating high-
resolution DTM tools with current and future extreme level scenarios allows the boundaries
of water mass expansion in urban grids to be defined, highlighting the hydraulic connection
between the sea and/or lagoon and the urban fabric. The DTM therefore plays a crucial role
in hazard analysis and in supporting the planning of coastal adaptation strategies. Finally,
the EMODnet bathymetry was cropped externally compared to the 2019 DTM, and the mesh
was interpolated on the basis of the two rasters. To obtain a hydraulic flow that is accurately
represented and consistent with reality, it was also necessary to integrate land-use values.
Generally, the impact of soil on hydraulic flow is represented by the bottom friction parameter
defined as roughness, which takes on different values depending on the type of soil
considered. As a rule, roughness is parametrised using the Manning or Strickler coefficient.
Land use values were obtained from the Manning values reported by Papaioannou et al.
(2023). The reciprocal was applied to the Manning values to obtain the Strickler Corine
values used to complete the calculation domain.
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Figure 9. Bathymetry of the mesh used in MIKE21 modules.
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5. Results and discussion
Within Section 5.1, the results obtained from the statistical analyses performed for Grado,
as described in the methodological Section 4.2, are presented. For Trieste, the results
related to the statistical extrapolation are reported in Section 5.2, based on the statistical
methodology outlined in Section 4.3.

5.1 Grado extreme statistical values

5.1.1 Gumbel-BM

The results of the Gumbel distribution applied within the Block Maxima (BM) framework to
extreme water levels are shown in Figure 10. The return periods (RrsS) reported in Table 5
(reference period: 1995-2014; central year: 2006) are associated with the corresponding
updated extreme thresholds. According to the Flood Risk Management Plan of the Eastern
Alps River Basin District for Zone 2 (PGRA), the derived values refer exclusively to the
combined contribution of the meteorological component, the astronomical tide, and the
mean sea-level component (section 4.1.1).
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Figure 10. Extreme water level statistical analysis (Gumbel distribution) observed at the RMLV meteo-
mareographic station in Venice, reference period 1950-2023 (from Spadotto et al, 2025).

The values reported in Table 5 represent an update of those provided in the PGRA, which
is based on the reference period 1985-2005 and incorporates the extreme tide-level
statistics compiled by Tomasin and Pirazzoli (2009). The extreme water levels reported in
the PGRA for events with return periods (Rp) of 30 and 100 years are approximately 8-10
cm lower than those calculated in the present analysis, as also observed for Trieste (see
Table 2b for Trieste).
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Rp (years)

Extreme level (cm)

Cl1 95% (cm)

2 111 107-115
10 136 125-146
30 151 136-165
100 168 147-186

Table 5. Updated extreme level values as a function of return period (reference year 2006, Gumbel distribution)
(from Spadotto et al, 2025).

5.1.2 Analysis of Mean vs. Max levels and Threshold exceedance

The evolution of mean sea level is widely used to derive long-term projections within a given
environmental context. Such projections can be developed at the global scale, as in the
assessments of the IPCC (Masson-Delmotte et al., 2021), at the Mediterranean basin scale
(Cramer et al., 2020), or, as in the present study, at a more local scale, drawing on recent
works developed particularly for Venice (Zanchettin et al., 2021; Lionello et al., 2021; among
others). However, for a proper understanding of the increasingly pronounced temporal
variability observed at short- to medium-term scales, maximum sea-level values can provide
more relevant information with respect to flood risk. In this context, the aim of this analysis
is to compare the temporal evolution of mean sea level with the trend of annual maximum
levels, as shown in Figure 11. he time interval considered spans from 1991 to 2024, covering
slightly more than 30 years and providing a sufficiently long time series to assess the
interannual variability of the meteorological component (Arguez et al., 2011).
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Figure 11. Comparison of the mean sea level (black line) and the maximum sea level (red line) observed in
Grado from 1991 to 2023 (IGM42 reference). The left axis indicates the scale for mean sea level, whereas the
right axis signifies the maximum levels (from Spadotto et al, 2025).

As shown in Figure 11, the observed annual maximum sea levels exhibit an increasing rate
of approximately 10.8 mm/yr, more than twice the trend estimated for mean sea level, which
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is about 4.9 mm/yr. Within the limitations of a roughly 30-year record, this result suggests
that flood risk is increasing more substantially than would be inferred from mean sea-level
projections alone. In general, when referring to risk, it is often implicitly associated with
flooding events. However, risk is not determined solely by the peak water levels reached,
but also by the duration of such events. For this reason, the analysis was extended to assess
sea-level exceedances over a given time interval within each year, specifically considering
events persisting for a minimum duration of 3 hours. Figure 12 illustrates the temporal
evolution of maximum sea levels recorded at Grado that persisted for at least 3 hours. The
year 2006, which represents the centroid of the 30-year reference period, is consistent with
the temporal framework adopted in the IPCC ARG report (Masson-Delmotte et al., 2021),
thereby allowing projections that are approximately aligned with the most recent observed
trends.
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Figure 12. The 30-year trend of maximum sea levels recorded in Grado that persisted for a minimum of 3 h
(threshold exceedance by 3 h). The threshold level of 110 cm (ref. IGM42 datum) is here reported as a
reference value for flooding phenomena in the ‘Old Town’ area (from Spadotto et al, 2025).

By examining Figure 12, it is possible to analyse the average trend of the maximum sea
levels that persist for at least 3 hours within a given year. The estimated slope of the linear
trend is 8.6 mm/yr. The mean value represented by the trend line indicates a 3-hour event
level of approximately 93 cm at the beginning of the series in 1991, increasing to about 118
cm by 2023. Over a period of just over 30 years, maximum sea levels associated with
persistent events have therefore increased by approximately 25 cm. The figure also
highlights a minimum threshold value of 110 cm, which is adopted as a precautionary
reference level. This threshold corresponds to an event with an approximate return period
of 2 years and a high probability of occurrence (Table 5). In the city of Grado, a water level
of 110 cm implies substantial inundation of the historic centre, particularly along the quays
of the Mandracchio Canal. From 2006 to the present, Grado has experienced 10 flooding
events, corresponding to an average frequency of 1.8 events per year, with water levels
exceeding 110 cm for durations close to 3 hours.
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5.2 Trieste extreme analysis

As described in the Materials and Methods section, the analysis of extreme events based
on sea-level data extracted from the Trieste tide gauge, considering the 1939-2024 time
series, was carried out using three different methodologies, the results of which are
presented below: the GEV-BM approach, the GPD-POT approach, and a multivariate
statistical framework.

5.2.1 GEV-BM

The parameters p (location), o (scale), and ¢ (shape) determine the GEV distribution. The
latter governs how the distribution tail behaves: values of £>0 denote a heavy tail (Fréchet
type), ¢=0 denotes the Gumbel case with an exponential tail, and ¢<0 denotes a bounded
tail (Weibull type). This analysis's predicted shape parameter is £=0.0319, which is
extremely near to zero and indicates a behavior that is similar to the Gumbel type with an
exponential tail. This arrangement is in line with the dynamics of exceptional sea levels in
the Northern Adriatic, where storm surges and tidal processes produce powerful but
physically limited events (Tomasin & Pirazzoli, 2009; Ferrarin et al., 2022).

5.2.1.1 Extreme water levels

The results of the goodness-of-fit analysis of the sample to the GEV-BM distribution applied
to extreme sea levels measured above the running mean sea level are shown in Figure 13.
The derived values have been updated to the year 2024 with respect to the analysis
performed by Tomasin and Pirazzoli (2009), which was based on the Trieste time series
covering the period 1939-2006.
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Figure 13. Extreme water level “above running msl” (GEV-BM distribution) observed at Molo Sartorio
meteomareographic station in Trieste (reference period: 1939-2024). 95% Confidence interval in lower and
upper limits.

When taking into account possible effects within the urban fabric, the return periods shown
in Table 6 are especially pertinent because they begin at a value of two years, which
corresponds to a fairly frequent recurrence interval. In this context, return periods of two to
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ten years are typically categorized as nuisance flooding, which refers to those extremely
frequent occurrences that cause considerable and ongoing disruption to the population
despite not being catastrophic.

Extreme levels
Rp (years) “above running msl” C1 95% (cm)
(cm)
2 107 104-110
5 120 115-125
10 129 122-135
30 143 132-156
50 150 136-166
100 159 140-184

Table 6. Updated extreme sea level values above running msl, as a function of return period (GEV-BM
distribution), reference period: 1939-2024.

However, in the paper by Tomasin and Pirazzoli ("Extreme sea levels on the Adriatic coasts:
a comparison of estimation methods"), the 100-year return period (Rp = 160 cm) shown in

Table 2b of the PGRA, is not directly acquired through a formal statistical extrapolation. The
estimates in that study are presented as exploratory or tentative applications of the GEV
and Gumbel approaches rather than as definitive return level values explicitly supporting the
100-year Rp adopted in the PGRA, as shown in table 3 ("Tentative application of GEV
simulations and of the Gumbel method to yearly maximum sea-level hourly heights -cm
above the running MSL-"). In fact, applying the GEV distribution to 68 years of records
provides an extreme sea level of 143 cm for a 100-year return period, according to testing
the methodology across the 1939-2006 period and closely adhering to the two authors’
criterion. The extreme meteomarine event of November 26, 1969, which reached an
extreme level of 194 cm and constitutes the highest value ever recorded since the Trieste
tide gauge has been in service, is excluded from the yearly maxima series for calculating
this number. The extreme elevation "above running MSL" rises to about 158 cm when the
identical scientific technique is repeated with the 1969 meteomarine event explicitly
included. This figure is generally similar with the value stated in the PGRA for a 100-year
return period event, despite some discrepancies pertaining to the reference used to assess
the maximum level reached. Based on this, the extreme sea levels were updated until 2024
using the same selection criterion. Therefore, the predicted extreme level associated with a
100-year return period is roughly 159 cm by applying the GEV distribution to the entire set
of 86 years of available observations and taking into account all recorded yearly maxima,
including the event of November 26, 1969 (Table 6). It should be mentioned that the
reference utilized in the Flood Risk Management Plan is the total extreme water level Zr
(Pugh & Vassie, 1978), which is reached during a meteomarine event, rather than the
"above running MSL" method employed by Tomasin and Pirazzoli. Therefore, while still
taking into consideration a 100-year return period, updated values that also take into account
the contribution of the mean sea level reference —whose magnitude depends on the criterion
adopted (e.g., annual mean sea level, decadal mean, moving average)— are anticipated to
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surpass the 160 cm value reported in the PGRA. For example, the reference values for
Trieste are approximately +3 cm above the IGM42 datum if the mean sea level of the most
recent decade is chosen as the reference, roughly corresponding to the 2010-2024 interval,
and using an approach consistent with that used in the PGRA (updated to 2021). At this
point, the updated extreme sea levels are obtained as the sum of the values derived from
the GEV application and the corresponding mean sea level, as reported in Table 7.

Extreme levels Average MSL (cm) Updated
Re (years) above running msl interval 2010-2024 Total water level
(cm) (cm)
2 107 110
10 129 +3 132
30 143 146
100 159 162

Table 7. Updated total water level values for Trieste considering an average msl of +3 cm (interval from 2010-
2024), as a function of return period (GEV-BM distribution), reference period: 1939-2024.

5.2.1.2 GEV-BM Validation test

This section presents the statistical analyses carried out for the validation tests. The aim is
to verify whether the results obtained from the analysis are statistically robust and
methodologically sound. The validation of the GEV-BM approach is assessed through QQ-
plot analysis and goodness-of-fit validation tests.

QQ-plot analysis
A diagnostic tool for determining whether a theoretical distribution is adequate in relation to

observed data is the QQ-plot (Quantile-Quantile plot). The empirical quantiles of the
observed annual maxima (y-axis) and the theoretical quantiles of the fitted GEV distribution
(x-axis) are contrasted in Figure 14. With no appreciable departures from the 1:1 bisector,
the theoretical distribution accurately replicates the empirical one, as the picture illustrates.
The block maxima approach'’s restricted sample size (n=86 years) and the greater variability
linked to the rarest extreme events are responsible for the tiny deviations seen in the upper
tail, which correlate to the highest quantiles. These variances show the statistical uncertainty
influencing the calculation of high return levels rather than a systematic model distortion.
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Figure 14. Diagnostic QQ-plot of the GEV distribution via MLE applied to annual maximum sea levels at Trieste
(reference period: 1939-2024).

Fit validation test

The validation of the GEV model, carried out through Probability Integral Transform (PIT)
tests following the criterion proposed by Coles (2001) and the application described by
Majumder et al. (2024), confirms a good level of consistency between the observed annual
maxima and the fitted theoretical distribution. The estimated shape, location and scale
parameters are reported in Table 8.

p-value p-value
4 o J KS (KS) AD (AD)
0.0319 11.432 102.32 0.0424 0.955 0.2087 0.795

Table 8. Parameters estimated using the GEV distribution and results of the GEV model validation based on
the Kolmogorov—Smirnov and Anderson—Darling tests.

From an interpretive standpoint, the value of =0 places the fitted distribution in a near-
Gumbel regime, which is consistent with the Northern Adriatic's physical environment, where
severe occurrences can have large amplitudes but are still limited by clearly defined physical
boundaries. When the converted data are subjected to the Kolmogorov-Smirnov (KS) test,
the test statistic is 0.0424, and the bootstrap-based p-value (10000 resamples) is 0.955. The
Anderson-Darling (AD) test yields a statistic of 0.2087 with a p-value of 0.795; this test is
more sensitive to variations in the distribution tails. The null hypothesis of uniformity of the
Probability Integral Transforms is supported by the p-values in both situations, which are
significantly higher than the traditional significance level (a=0.05). Overall, these findings
support the derivation of trustworthy return-level estimates up to a 100-year Rp and verify
that the GEV distribution, calculated by MLE, offers a statistically sound and physically
realistic representation of the annual maxima "above running msl" for the period 1939-2024.
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5.2.2 GPD-POT

The Peaks Over Threshold (POT) method was used to apply the GPD to extreme sea-level
exceedances. A threshold for extreme events was established after the recorded sea levels
were detrended in relation to the mean sea level and the 19-year moving mean. The
threshold was established at the independent peak distribution's 90th percentile, or roughly
74 cm above the chosen reference level. This decision guarantees an enough number of
exceedances for a reliable GPD parameter estimation. Approximately 785 exceedances
were found between 1939 and 2024, which translates to an average rate of 9.13
occurrences annually. Table 9 reports the estimated GPD parameters.

GPD-POT Interval Threshold | exceedances A £ o
series (1939-2024) u (90th) (N>u)
_ Extreme 86 74.21 785 9.13/yr -0.0417 13.798
above msl
. Extreme 86 74.53 785 9.13/yr -0.0525 14.196
above mm19

Table 9. Estimated parameters of the Generalized Pareto Distribution (GPD) applied using the Peaks Over
Threshold (POT) method, considering extremes “above msl” and “above mm19” for Trieste (reference period:
1939-2024).

For both detrended series, the MLE approach was used to estimate the GPD shape (¢) and
scale (o) parameters. The data shown in Table 9 indicate that the upper tail behaves roughly
exponentially, with ¢ values near zero (¢msl=-0.0417; Emm19= -0.0525). The GPD precisely
reduces to an exponential distribution when ¢=0 (Serinaldi & Kilsby, 2015). According to
Merz et al. (2022), meteomarine extreme statistics are characterized by an exponential tail
in the GPD framework. These findings validate that the chosen threshold is suitable and that
the severe sea-level behaviour at Trieste is coherently represented by the GPD-POT model.
The adoption of the ~19-year lunar nodal cycle does not change the structure of threshold
exceedances while improving fit stability, according to the almost identical parameter
estimates obtained from the two detrending procedures.

5.2.2.1 Extreme water levels

Figure 15 and Figure 16 how the return level plots obtained for the extreme sea-level series
at Trieste (1939-2024), detrended with respect to the annual mean sea level (“above msl”)
and the 19-year moving mean (“above mm19”), respectively. The curves represent the
relationship between the expected extreme level and the corresponding return period
(years), estimated using the Generalized Pareto Distribution (GPD), while the dashed lines
indicate the 95% confidence intervals.
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Figure 15. Extreme return level curves estimated using the GPD (solid line) with 95% confidence intervals
(dashed lines) applied to the series of extremes relative to mean sea level. Dots represent the empirical
maxima ordered by return period.
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Figure 16. Extreme return level curves estimated using the GPD with 95% confidence intervals, applied to the
series corrected for the lunar nodal cycle (mm19); the fit remains stable and consistent with the empirical
distribution up to return periods of 100 years.
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For both the "above ms|" and "above mm19" series, the GPD curves displayed in the plots
show good agreement with the empirical point estimates, demonstrating the GPD's
usefulness in depicting the tail behaviour of extreme sea levels. In particular, the estimated
confidence intervals for Rp up to around 50 years stay quite narrow, suggesting low
uncertainty in the prediction of moderately common (30-50 years) and frequent (up to 10
years Rp) events. The confidence intervals gradually get wider for uncommon events, as
those connected to a 100-year return time. The small sample size of extreme events in this
range is reflected in this behaviour. The estimated extreme levels along with their confidence
ranges and matching return durations are shown in Table 10a, 10b (for the "above msl" and
"above mm19" scenarios, respectively).

Re (years) :,;‘;:,Zmrﬁ;f" (i'lsn) C1 95% (cm)
2 112 109-115
5 123 118-128
10 131 124-137
30 143 133-154
50 149 136-161
100 156 141-172

Table 10a. Updated extreme sea level values “above msl”’, as a function of return period (GPD-POT
distribution) and 95% confidence interval, reference period: 1939-2024.

Extreme levels
Rp (years) “above mm19” C1 95% (cm)
(cm)
2 113 110-116
5 124 119-128
10 132 125-138
30 144 133-153
50 149 136-161
100 156 141-170

Table 10b. Updated extreme sea level values above running 19-years mean move (mm19), as a function of
return period (GPD-POT distribution), and 95% confidence interval, reference period: 1939-2024.

The extreme levels obtained after the preliminary detrending procedure and analysed using
the GPD are effectively equivalent. In fact, the estimated return levels for periods ranging
from 2 to 100 years are very similar for the two detrending approaches, with differences
smaller than 1 cm.
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5.2.2.2 GPD-POT Validation test

Similarly, to the approach adopted for the GEV-BM, the results obtained from the GPD-POT
distribution were validated through the following diagnostic tests: QQ-plot analysis,
goodness of fit validation tests, cross-validation tests, and the Mann-Kendall trend test.

QQ-plot analysis
Figure 17 and Figure 18 show the QQ-plots obtained for the detrended series “extreme

above mm19” and “extreme above msl|”, respectively. In both cases, the points are well
aligned along the 1:1 line, indicating a close agreement between empirical and theoretical
guantiles. This confirms that the adopted GPD model accurately reproduces the distribution
of exceedances above the selected threshold. Minor positive deviations are observed for
the most extreme events; however, these departures remain within the associated
confidence intervals and do not indicate a systematic lack of fit.

QQ-plot GPD "extreme above msl"
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Figure 17. Diagnostic QQ-plot of the GPD distribution via MLE applied to exceedances of extreme sea levels
at Trieste (reference period: 1939-2024). Series detrended with respect to the 19-year moving mean (“extreme
above mm19”). The close agreement between empirical and theoretical quantiles confirms the adequacy of
the GPD-POT model in representing the statistical distribution of extreme events.
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Figure 18. Diagnostic QQ-plot of the GPD distribution via MLE applied to exceedances of extreme sea levels
at Trieste (reference period: 1939-2024). Series detrended with respect to mean sea level (“extreme above
msl”). The close agreement between empirical and theoretical quantiles confirms the adequacy of the GPD-
POT model in representing the statistical distribution of extreme events.

Fit validation test

The Kolmogorov-Smirnov (KS) and Anderson-Darling (AD) statistics were used in
goodness-of-fit tests to further evaluate the correctness of the chosen distribution model.
The findings shown in Table 11, demonstrate that the KS statistics are extremely low (0.0194
and 0.0283, respectively) for both detrended series ("above msl" and "above mm19"), with
corresponding p-values of 0.546 and 0.921, considerably over the standard significance
criterion of a=0.05. These results corroborate the robustness of the fit by showing no
statistically significant variations between the theoretical GPD model and the empirical
distribution of exceedances.

GPD-POT Threshold p-value p-value
series Interval U (90th) KS (KS) AD (AD)
“above msl|” 74.21 0.0283 0.546 0.644 0.093
1939-2024
“above mm19” 74.53 0.0194 0.921 0.338 0.504

Table 11. Parameters derived from the validation of the GPD-POT model as a function of the threshold u (90th
percentile), assessed using the Kolmogorov—Smirnov and Anderson—Darling tests.

The results of the KS test are further supported by the AD test. The "above msl" series
displays AD=0.644 with a p-value of 0.093, but the "above mm19" series provides an AD of
0.338 with a p-value of 0.504. Given that the AD statistic is explicitly intended to highlight
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deviations in the top tail of the distribution, these values fall within the range associated with
a successful GPD fit (Stephens, 1974). These findings are in line with Choulakian and
Stephens's (2001) demonstration of the usefulness of the AD test in evaluating the GPD's
goodness of fit. They also showed that AD<1 indicates a satisfactory fit, particularly when
parameters are estimated using MLE, as in this study, using critical values and Monte Carlo
simulations. Additionally, the classification that was achieved is consistent with the reference
criteria outlined in Stephens (1974, 1976, 1979) and Pettitt and Stephens (1977), which
show that the theoretical model is strongly supported by tiny KS and AD values along with
high p-values. Overall, the GPD model's capacity to accurately depict the distribution of
threshold exceedances is confirmed by the consistently high p-values (p=0.05) and the well-
aligned dots in the QQ-plots.

Cross validation test

The GEV-BM and POT-GPD models' stability and dependability as a function of the
calibration window length are quantitatively evaluated using the cross-validation process. A
calibration window of S=5 years could not be used because of inadequate data, as indicated
in the Materials and Methods section. As a result, more reliable windows (S=10, S=20, and
S=30 years) were chosen. These windows produce rather consistent parameter estimations
by ensuring a sufficient number of annual maxima and threshold exceedances. The
validation based on the Normalized Deviation Error (NDE) was only carried out on the series
detrended using the 19-year moving mean, in accordance with the methodological
framework suggested by Caruso and Marani (2022). This detrending approach is supported
by the length of the examined period (1939-2024), which eliminates multi-decadal sea-level
variability that may otherwise skew the model assessment. The NDE statistics for each
calibration window, namely the median, mean, and standard deviation, are reported in Table
12 The models were validated on the remaining M-S years and calibrated on a subset of S
years for a particular window length S, where M=86 is the entire length of the available
record. [Re=(M-S)+1] is the return level that is used to compare simulated and observed
values. As a result, the validation is carried out over 56 years for S=30 years, and the
comparison relates to the extreme level linked to Rp=57 years.

_ S=10 years S=20 years S=30 years
variables
BM POT BM POT BM POT
NDE median -0.186 -0.218 -0.186 -0.205 -0.183 -0.199
NDE mean 0.252 -0.120 -0.070 -0.099 -0.046 -0.064
NDE SD 4.24 0.305 0.254 0.224 0.217 0.207

Table 12. Parameters derived from the cross-validation procedure, considering calibration on subsamples
S =10, 20, and 30 years, applied to the BM and POT approaches.

The median NDE stays roughly constant (about -0.19) across all the calibration windows
when the BM is applied to the GEV distribution. This suggests a persistent tendency to
underestimate the observed return level throughout the validation phase. For both the BM
and POT techniques, the mean NDE falls as S rises (from 0.25 to -0.046), indicating an
overall improvement in model performance with larger calibration windows. As the number
of calibration years grows, there is a gradual decrease in variability and an increase in
estimate stability. When looking at the NDE standard deviation for the BM model, this
behavior is especially clear: values are very high for S=10 (=4.24), indicating strong
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instability when short calibration windows are used, while they become significantly lower
for S=20 and S=30 (=0.25 and 0.22, respectively), reflecting much more stable and reliable
estimates. In a similar vein, the median NDE for the POT model stays roughly constant at
-0.20, suggesting a consistent propensity to underestimate the return values. However, the
POT model shows significantly less fluctuation and more stable mean values when
compared to the BM approach. As S grows, the standard deviation drops from 0.30 to 0.21
and the mean NDE falls from -0.12 to -0.064, indicating a smoother behaviour and less
susceptibility to the number of the calibration subsamples than the GEV-based BM model.
Overall, when calibrated on brief temporal frames, both approaches exhibit a minor
underestimating of extreme return levels. However, expanding the calibration window
enhances model reliability; the most stable and methodologically sound setup is S=30.

Mann Kendall test

The annual maximum sea-level values for detrended series were subjected to the Mann-
Kendall (MK) test. To separate long-term behaviour from more recent changes, the entire
database from 1939 to 2024 was then split into three temporal intervals (1939-1990, 1991-
2024, and 2006-2024). Theil-Sen slope estimator (Sen, 1968), a reliable indicator of trend
size, was used in conjunction with the MK test for each chosen period. Table 13 reports the
outcomes for each interval.

series N p-value Theil-Sen slope

1939-2024

“above msl” 0.817 0.017 cmlyr

“above mm19” % 0.788 0.014 cm/yr
1991-2024

“above msl” 0.213 0.426 cm/yr

“above mm19” > 0.091 0.477 cmlyr
2006-2024

“above msl” 0.6243 0.676 cm/yr

“above mm19” " 0.6243 0.385 cm/yr

Table 13. Parameters derived from the Mann-Kendall test and corresponding Theil-Sen slope estimates, as a
function of the selected temporal interval.

The findings presented in Table 13 demonstrate that the MK test does not reveal a
statistically significant trend (p-value=0.05) for any of the temporal intervals taken into
consideration. Once the mean sea-level component and the 19-year Metonic cycle are
eliminated, Trieste shows no discernible trend in annual maximum sea levels for the whole
1939-2024 period. The "above ms|" and "above mm19" series had p-values of 0.817 and
0.788, respectively. P-values for the more recent years 1991-2024 are 0.213 ("above msl")
and 0.091 ("above mm19"), which are lower but still above the significance level. P-values,
which are 0.624 for both detrended series, are non-significant even when the study is limited
to the most recent period (2006-2024). In every instance, the Theil-Sen slope estimates are
weakly positive: roughly +0.19-0.20 cm/yr for the entire period, +0.38—0.48 cm/yr for 1991—
2024, and +0.38-0.68 cm/yr for 2006-2024. The MK test, however, indicates that these
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slopes cannot be statistically separated from zero. Overall, the findings suggest that there
is no discernible trend in the yearly maximum sea levels at Trieste, either throughout the
whole record or in the most recent decades, once the long-term mean sea-level component
is eliminated. This behavior is in contrast to Caruso and Marani's findings for Venice, where
a notable trend was found and linked to local characteristics such lagoon structural changes
and subsidence (Zanchettin et al., 2021). The findings for Trieste are consistent with the
theory that mean sea-level oscillations and meteorological forcing are the main factors
influencing yearly maximum variability, with no discernible extra signal associated with local
morphological changes like uplift or subsidence

5.2.3 Multivariate Statistical Approach

5.2.3.1 Decomposition drivers of sea level

By considering the various combinations between the tidal component and the residual
component known as non-tidal residual (NTR), the first analysis inside the multivariate
framework seeks to determine the primary factor governing extreme sea levels.

Choosing the proper threshold is a crucial first step. Threshold selection is not unique and
relies on the analysis's goal, as Ferrarin et al. (2022) explain for Venice. The elevation of
the urban waterfront (Le Rive), which is roughly 111 cm in relation to the IGM42 datum,
could serve as a potential reference in the instance of Trieste. The criterion used in this
analysis, however, is based on the distribution of observed sea levels detrended with respect
to the 19-year centred moving mean, taking into account the entire historical record from
1939 to 2024, in accordance with the methodology suggested by Ferrarin et al. (2022).
With values of 66.2 cm, 73.8 cm, and 91.3 cm for Trieste, respectively, the chosen
thresholds represent the 99th, 99.5th, and 99.9th percentiles of the detrended sea-level
distribution, corresponding to 1956, 966, and 176 extracted events. These thresholds, which
are discretized based on the semidiurnal tidal regime, reflect hourly exceedances of sea
level, assuming temporal independence between "high-water" values that occur twice in a
single day. Following the definition of the extreme-level percentiles, the primary causes of
sea-level variability —the astronomical tidal component and the non-tidal residual- were
broken down using frequency-band filtering. The latter include PAW surge, storm surge,
seiches, meteotsunami, and the low-frequency variability linked to mean sea-level
pulsations related to IDAS. The decomposition results (Table 14) show that, for Trieste, the
tidal component largely controls extreme sea levels at the 99th percentile, while the NTR
component predominates over the tidal contribution at the 99.5th and 99.9th percentiles.
The NTR makes up around 58% of the overall sea-level signal in the most extreme scenario
(99.9th percentile). Lionello et al. (2021) and Ferrarin et al. (2022) have also observed a
similar domination of the NTR component for the highest percentiles for Venice. At the 99th
percentile, there is a more evident difference between Trieste and Venice. In Trieste, the
tidal contribution accounts for roughly 57% of the total sea level, while in Venice it is only
about 49% (Ferrarin et al., 2022). The specific factors influencing the non-tidal residual were
further examined after the relative contributions of tide and NTR were measured.
Specifically, processes like meteotsunami-related events that have characteristic
frequencies between 10 h and 10 d are included in the storm surge component. Seiches
were handled and examined separately inside the storm surge component.
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Forcings 99th 99.5th 99.9th
Astronomical tide 57.4 52.6 42.3
Non Tidal Residual (NTR) 42.6 47.4 57.7
Storm surge 25.7 27.6 344
Seiches 17.1 17.4 16.6
NTR
PAW surge 35.2 35.1 32.5
IDAS 22.0 19.9 16.5

Table 14. Average contribution of the different components to extreme sea levels, as a function of the 99th,
99.5th, and 99.9th percentiles.

In particular, the storm surge contribution rises with the extreme event's severity and
overtakes the other contributions, accounting for up to 34% of the overall NTR. The most
intense incident on November 26, 1969, saw the largest storm surge event ever recorded in
Trieste, measuring 97 cm (sea level measured at 194 cm IGM42 with a 10-minute sampling
frequency; rescaled to 177 cm IGM42 when considering hourly data). Additional extremely
strong storm surge incidents were noted on December 10, 1954 (91 cm), November 4, 1966
(87 cm), and during the more recent Vaia storm in 2018 (76 cm). The two Adriatic seiche
modes' contributions are distinguished by their greatest magnitudes, which were measured
in March 1958 and exceeded 56 cm. The numbers reported by Godin and Trotti (1975; table
14, p. 23) are consistent with this order of magnitude. December 2019 saw another high
value of about 52 cm. A value of roughly 43 cm was noted, which is comparable to what
Ferrarin et al. (2022) found for Venice over the same time period. In all situations, the storm
surge component did not significantly contribute to the same events.

The largest magnitude of the high-frequency component (<10 h), which is solely described
in this study as a meteotsunami contribution, was recorded in November 1965 and exceeded
48 cm. Lastly, the PAW surge and the IDAS component are the final two contributions taken
from the NTR. According to Ferrarin et al. (2022) for Venice, these two contributions typically
decline as event magnitude increases. In contrast to Venice, where they make up roughly
44% and 29% of the total NTR, respectively, the storm surge and PAW surge contributions
in Trieste are very closer to one another. For the IDAS contribution, a significant variation is
also noted. For a 99.9th percentile occurrence, IDAS makes up about 16—-17% of the total
NTR in Trieste, which is similar to the entire contribution of seiches; in Venice, this
percentage is about 11%. In December 1954, the PAW surge reached a maximum value of
48 cm, which was greater than what was reported for Venice (Ferrarin et al., 2022). Although
it is commensurate with levels seen in Venice, the maximum positive IDAS result is roughly
25 cm (November 2010).
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5.2.3.2 Non stationary analysis

Following the definition and breakdown of the detrended sea level into its constituent parts,
a further analysis was carried out, concentrating on the 99th percentile, to find a potential
rising trend in extreme sea levels as a function of the previously determined components.
As previously mentioned, this process is a supplementary method to the Mann-Kendall test
applied to the GPD-POT framework by Caruso and Marani (2022). In particular, the 99th
percentiles were subjected to a centered 30-year moving average (Orli¢ et al., 2018), which
eliminated decadal fluctuation in sea level over the northern Adriatic and allowed for the
examination of gradual changes in extremes. The detrended levels (black line) and their
breakdown into the tidal component (blue dashed line) and non-tidal residual component,
NTR (red dashed line), expressed in terms of the rise and/or fall of the representative 99th
percentile extreme, are compared in Figure 19 with reference to a centered 30-year moving
average. The dynamics of extreme values seem to be steady within a range of about +1 cm
for the whole historical period from 1939 to 2024. The 99th percentile of total sea level shows
a period of comparatively high values between 1950 and 1970, a marked minimum between
the late 1970s and the mid-1980s, and a fairly monotonic increase beginning in the
1990s.After 2000, this growth becomes more noticeable and persists to this day. Between
2015 until 2020, there was a small decline; but, from then on, there has been a sharp
increase, totalling almost +1.5 cm. The tidal component's variations have a small amplitude
and exhibit a sluggish oscillation without a distinct trend. There is a rise of about +1 cm from
1990 and 2020. In line with Ferrarin et al. (2022), this conclusion generally validates the tidal
component's essentially stationary contribution to extreme sea levels. The behaviour of the
total NTR curve, which exhibits a greater excursion than the total sea level, is especially
significant since it suggests that residual contributions are primarily responsible for the
variability of the 99th percentile. The analysis specifically shows that, up to about 2010, the
decade 1960-1970, historically linked to two of the most significant events ever documented
in the northern Adriatic (1966 in Venice and 1969 in Trieste), exhibits the biggest increases
in NTR. NTR decreased until 1970, then had a period of relative stasis at levels of about -1
cm until around 2000. Following this, a distinct and ongoing increase is seen, culminating in
a total rise of roughly +3 cm in recent decades.
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Figure 19. Fluctuation of the 99th percentile extreme from 1939 to 2024, comparing the detrended sea level
(black line) with its two components: tide (blue dashed line) and non-tidal residual, NTR (red dots line).

Thus, it can be concluded, within the bounds of a non-stationary analysis, that the recent
rise in the 99th percentile of sea level is mainly due to an intensification of NTR extremes
rather than changes in the tidal component, especially between 2000 and 2024, when a total
increase of about +4.8 cm has been observed.

The variability of the 99th percentile of the NTR is broken down into its primary components
in Figure 20: PAW surge and IDAS (climatic components) and seiche and storm surge
(meteorological contributions). In this instance as well, 99th percentile anomalies are
presented in relation to the mean for the years 1939-2024.

With mostly positive values and a peak between the 1960s and the mid-1970s, the
meteorological factors linked to storm surge and seiche account for a significant amount of
the variations of the chosen extreme up until the 1970s. The dynamics shift starting in the
1980s. While the storm surge contribution decreases, the seiche component becomes
comparatively more stationary. The PAW surge and IDAS components, on the other hand,
show a longer-term, climatically driven pattern that is more noticeable. Between 1950 and
1960, their evolution reveals highly positive values for the IDAS component and moderately
positive values for PAW surge. The IDAS component thereafter had a noticeable downward
inflection until the 1980s and 1990s. With a considerably less noticeable decline soon after
1980, the PAW surge component is almost same. With a slightly more noticeable increase
in recent decades, the PAW surge contribution appears to be generally steady, consistent
with the behaviour of storm surge and seiche. In contrast, during the historical period
1939-2024, the IDAS component exhibits a considerably more noticeable growth. The IDAS
component shows periods of relative stagnation in the 1990s and early 2000s, followed by
a gradual and noticeable increase to the present.
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Figure 20. Comparison between the different components of the non-tidal residual (NTR), distinguishing
between meteorological components (<10 days) and climatic components (>10 days).

An oscillation between roughly -3.8 cm and +3 cm has been seen since 1980, which
corresponds to a trend of roughly 0.18 cm/yr. In conclusion, the study shows that during the
time under investigation, the solely climatic IDAS component has experienced particularly
notable variations. Therefore, rather than a straightforward amplification of individual storm
events, this behaviour probably suggests that the rise in severe NTR levels is increasingly
associated with low-frequency components, such as barometric persistence and
seasonal/interannual circulation patterns. According to multiple studies (Crisciani et al.,
1994; Supic¢ et al., 1999; Raicich, 2010), this kind of sea-level behaviour is typical of the
northern Adriatic and has a clear seasonal signature. In the final analysis of this kind,
meteorological and climatic contributions were essentially contrasted by comparing short-
term components (approximately shorter than 10 days) and long-term components (>10 d).
The data presented in Figure 20 is summarized in Figure 21 which separates the long-term
(PAW + IDAS, green dashed line) and short-term (seiches + storm surge, red line)
contributions to the 99th percentile of total NTR. Similar to earlier figures, a 30-year moving
frame is used to report anomalies of the 99th percentile. With positive anomalies of around
1-1.5 cm, the short-term component reaches its peak between the late 1960s and the late
1970s. Around 2000, it gradually declines into weakly negative values. Values have been
essentially constant over the past 20 years, fluctuating between -1 cm and 0 cm. This
research indicates that there hasn't been a systematic increase in storm strength or daily-
scale oscillations over the long run. On the other hand, beginning in the 1980s, the long-
term component clearly displays a growing signal. With an amplitude that is on par with or
even higher than the overall 99th percentile of total NTR, long-term anomalies change from
negative values in the 1970s to clearly positive values in recent decades.
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Figure 21. Summarize comparison between the different short-term components (green line) and the long-
term components (red line).

The long-term component's greatest value to date is more than +2 cm (led by the combined
contribution of IDAS and PAW surge). With the exception of a few periods of standstill, there
has been a fairly constant increase of about +4.4 cm during the past 40 years.

These results are broadly consistent with those obtained for Venice by Ferrarin et al. (2022),
although evaluated over a shorter temporal window. It follows that the increase in extreme
sea levels at Trieste appears to be primarily explained by the growth of the low-frequency,
and therefore climatic, component of the NTR (PAW surge + IDAS), namely by a rise in the
“background level” upon which tides and storm-surge events are superimposed. In other
words, even in the presence of storms with characteristics comparable to those observed
historically, the elevation of the seasonal-interannual background level makes the
exceedance of critical sea-level thresholds more likely.

5.2.3.3 Non linear interaction Tide-NTR

A substantial and negative non-linear relationship between the astronomical tidal
component and the non-tidal residual (NTR) across the examined percentile thresholds is
revealed by the study performed on the declustered severe events. Estimated on extreme
events, Kendall's T coefficient (which ranges from -1 to 1) takes values of -0.51, -0.53, and
-0.56 for the 99th, 99.5th, and 99.9th percentiles, respectively, with 95% confidence
intervals continually deviating from zero. These findings confirm what has previously been
documented in the literature for the Northern Adriatic (Tomasin & Pirazzoli, 2007; Tomasin
& Pirazzoli, 2009; Ferrarin et al., 2022; Ragno et al., 2023) and show a clear tendency for
NTR maxima to occur in conjunction with decreasing tidal contributions or, more generally,
during low-tide phases. Therefore, it may be said that systems that are very temporally
conditioned by the tidal phase govern the most extreme sea-level events. This behaviour is
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in line with the physical interpretation, which states that the strongest storm surges typically
form outside of high-tide phases (Horsburgh & Wilson, 2007). This is partially due to
dynamical constraints and increased dissipation over shallow waters in the Northern Adriatic
basin (Tawn & Vassie, 1989). The same analysis was then applied solely to the storm-surge
component in respect to the tidal component in order to gain a more thorough understanding
and determine whether there was any reliance or independence between the two. This
decision is in line with standard procedure in statistical evaluations of extreme sea levels,
which usually concentrate on the interplay between surge and tidal components (e.g.,
Tomasin & Pirazzoli, 2009). According to the data, the reliance between tide and storm
surge shows a different behaviour from what was seen for the tide-NTR interaction. The
reliance between the two forcings reduces with increasing extreme event severity, falling
from —-0.28 (99th percentile) to -0.26 (99.5th) and finally to —-0.21 (99.9th). This result
suggests that the interaction strength attenuates little towards the distribution’s tail.

This implies that the most severe sea levels are more in line with the results of Ragno et al.
(2023) rather than being tightly controlled by the co-occurrence of the greatest storm surge
with the minimum tidal phase, as noted by Ferrarin et al. (2022). Because the storm-surge
component may occur during slightly different tidal phases and/or in conjunction with other
processes like seiches, PAW surge, or low-frequency contributions like IDAS, the most
extreme events seem to arise from more heterogeneous interactions. As a result, even if
there is still a tide-storm surge compensation mechanism, its impact diminishes in the most
extreme regime. The physical mechanisms governing the maximum elevations of extreme
sea levels are more complex, as evidenced by this behaviour. Further and more thorough
investigations were carried out to better understand the various dynamical behaviours of the
forcings in order to further explore the potential dependence among them.

By specifically taking into account the relationship between storm surge and seiches,
additional evaluations concentrated on the NTR contribution.

The level of the significant anti-correlation between the two factors increases with the
severity of the extreme event under consideration, ranging from —-0.11 (99th percentile) to
-0.12 (99.5th) and up to —0.17 (99.9th). The results are in line with what Ferrarin et al. (2022)
reported for Venice. The distinct temporal dynamics between the climatic forcing and the
ensuing free oscillation of the northern Adriatic basin can account for this behaviour
(Tomasin and Pirazzoli, 1999; Ragno et al., 2023). Following the description of potential
meteorological interactions, additional analyses were performed for the slow-variability
component with a characteristic climatic signature, represented by the IDAS forcing, and the
low-frequency PAW surge component. Despite operating on separate temporal scales, the
link between storm surge and PAW surge is very weak or non-existent, suggesting that the
two processes are not synchronous. Similar to this, a mild negative reliance that tends to
weaken toward the most extreme percentiles characterizes the relationship between storm
surge and IDAS. The idea that IDAS represents seasonal to decadal-scale processes
unrelated to extreme weather events is supported by this behaviour. Lastly, an analysis of
the PAW surge—IDAS pair was conducted. Kendall's 17 values are around zero in this
instance as well, indicating that there is no significant dynamical interaction between the two
contributions. In accordance with what was tested for Venice by Ferrarin et al. (2022) and
Ragno et al. (2023), the Student's t copula was used for the examination of interdependence
among the various sea-level components. This decision is driven by the t copula’'s capacity
to depict dependency in the distribution's tails, which is crucial for accurately interpreting
extreme occurrences. Extreme sea level was assessed as the sum of the tidal component
(tide) and the residual part (NTR), taking into account the bivariate case. Simulated samples
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were created assuming both dependence and independence between tide and NTR for each
dataset of extremes defined by the 99th, 99.5th, and 99.9th percentiles of the detrended
series. The 99th, 99.5th, and 99.9th percentiles of the corresponding distributions were then
extracted in order to compare the simulated values. The findings demonstrate that there is
a negative difference between the quantiles simulated under independence and
dependency assumptions, which causes an overestimation of extremes when
independence is assumed in contrast to scenarios that take into account the dependence
seen in the recorded data. In particular, the bivariate tide-NTR copula yields values that vary
from -21 cm to —56 cm, with the biggest reductions linked to the highest extremes. For the
99th, 99.5th, and 99.9th percentiles and the associated non-linear interactions, Table 15
presents the extreme levels calculated by the Student's “t” copula model, taking into account
both the dependence (NLIdip) and independence (NLIind) assumptions.

bivariate copula
Dataset Percentile (tide,NTR)

Extreme DEP (cm) Extreme IND (cm) NLI
99th 115 136 -21
99th 99.5th 123 150 -26
99.9th 146 201 -55
99th 122 147 -25
99.5th 99.5th 131 161 -30
99.9th 159 215 -56
99th 147 201 -54
99.9th 99.5th 164 215 -51
99.9th 196 224 -28

Table 15. Assumption of extreme dependence and independence through a bivariate copula model of tide and
NTR, accounting for their non-linear interaction.

The values shown in Table 15 are in line with what Ferrarin et al. (2022) found for Venice.
Tail dependence, which restricts the likelihood of co-occurrence of tidal maxima and residual
maxima, is linked to the decrease in extreme values. Consequently, extreme occurrences
are limited in their severity. These findings are consistent with the qualitative data for the
North Adriatic provided by Tomasin and Pirazzoli (2009). There is no obvious monotonic
relationship between dataset, percentile, and NLI for the 99.9th percentile dataset. Even
while this behaviour might seem unusual, it is consistent with what is expected when
estimates are based on simulated samples and a small number of extreme occurrences
(176 events for the 99.9th percentile) are analysed. According to Ferrarin et al. (2022), this
behaviour results from the non-linear dependence between the tide and NTR components
as well as the inherent variability of extreme-event data.

The same method was used with a multivariate copula once the bivariate analysis was
finished, taking into account the five primary variables that determine the NTR. Therefore,
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the explicit combination of the tidal contribution, seiches, storm surge, PAW surge, and IDAS
is used to analyse the entire extreme sea level. The non-linear interactions between the
many dynamic factors that define the overall extreme level can be more precisely quantified
by simultaneously analysing these five variables. The resulting differences are still negative
when using the multivariate copula, but their size is more constrained, ranging from -22 cm
to —38 cm. In order to account for non-linear interactions through the multivariate copula,
Table 16 presents the extreme levels calculated using the t-copula model for the 99th,
99.5th, and 99.9th percentiles under the assumptions of dependence (NLIdip) and
independence (NLIlind). The effect of breaking down the NTR into its physical components,
which effectively minimizes the amplification of co-occurrence commonly observed between
tide and NTR, is responsible for the narrower range. As a result, the multivariate copula
offers an estimate that is both potentially more accurate in capturing the non-linear
interactions underlying extreme events and unquestionably more conservative than the
bivariate model. Overall, it can be said that the co-occurrence of the forcings controlling
extreme sea levels in the North Adriatic can be better realistically explained by using both
bivariate and multivariate models. The distortions brought about by the straightforward
independent accumulation of individual contributions are lessened by this method.

multivariate copula
Dataset Percentile (tide,storm surge, seiches, PAW surge, IDAS)
Extreme DEP (cm) Extreme IND (cm) NLI
99th 108 130 -22
99th 99.5th 113 137 -24
99.9th 123 150 -27
99th 115 139 -24
99.5th 99.5th 120 147 -27
99.9th 131 164 -33
99th 133 164 -32
99.9th 99.5th 138 171 -33
99.9th 148 186 -38

Table 16. Assumption of extreme dependence and independence through a multivariate copula model of
(tide,storm surge, seiches, PAW surge, IDAS), accounting for their non-linear interaction.

In this way, more reliable estimates of the non-linear effects among meteomarine forcings
are made possible by the multivariate approach. Lastly, episodes with extremely high storm
surge forcings were identified and analysed by assessing the matching astronomical tidal
level at the time of the peaks in order to validate the statistical interpretation. Within the
bounds of the statistical method, the results, which are presented in Table 17, offer empirical
proof of the tidal component's influence on the intensity of extreme occurrences.
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Data event Storm surge (peak) Tide
26/11/1969 +96.9 +2.1
10/12/1954 +90.6 -46.5
04/11/1966 +84.6 +19.1
29/10/2018 +75.8 -24.7
07/11/2000 +75.6 -28.2

Table 17. Major storm surge events recorded at their peak and correlated with the tidal level measured at the
same time. The values were extracted during the decomposition of the NTR component using different
frequency spectra.

As reported by Ferrarin et al. (2022) for Venice, also with regard to the most significant surge
events recorded in Trieste, the observed peak is consistently associated with a falling tide
or a low-tide phase. By way of example, the 4 November 1966 event in Venice produced a
storm surge of about 107 cm (Ferrarin et al., 2022), while the sea level at the time of the
surge peak was only about 10-15 cm (see figures on p. 26 in Canestrelli et al., 2001).
Moreover, as documented by Tomasin and Pirazzoli (2007; 2009) for the 99.9th percentile,
the typical surge peak occurring between October and December (linked to severe
meteorological conditions) and the typical tidal peak associated with equinoctial tides occur
in different periods of the year in the Northern Adriatic. This further highlights the presence
of a non linear anticorrelation between surge and astronomical tide, as previously identified.

5.2.4 Analysis of Mean vs. Max levels and Threshold exceedance

To analyse the behaviour of extreme sea levels and to further substantiate the interpretation
of the observed increase in maximum water levels, the same comparison previously applied
to Grado, was also performed for Trieste. In particular, the analysis focuses on the different
rates of increase of mean sea level and annual maximum sea levels over the last 30 years.
The trends were directly derived from observations recorded by the Trieste tide gauge over
the period 1991-2024. Both trends are shown in Figure 22.
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Figure 22. Comparison of the mean sea level (blue line) and the maximum sea level (red line) observed in
Trieste from 1991 to 2024 (IGM42 reference). The left axis indicates the scale for mean sea level, whereas
the right axis signifies the maximum levels.

As shown in Figure 22, the observed annual maximum sea levels are increasing at a rate of
7.6 mm/yr, more than twice the rate estimated for mean sea level, which is approximately
3.4 mml/yr. Within the limits imposed by a 30-year statistical window, this result indicates
that flood-related risk is increasing more rapidly than suggested by projections based solely
on mean sea level rise. Risk is commonly associated with the occurrence of flooding events;
however, it is not determined exclusively by the maximum levels reached, but also by the
duration of such events.

5.3 Grado vs. Trieste: Sea Level trend comparison

Once the extreme-value statistics for Grado and Trieste had been updated, and the
comparison between mean and maximum sea levels had been assessed for both sites over
a comparable time window, the need emerged to directly compare the two locations. The
aim is to discuss the recorded values and to quantify the potential influence of factors not
yet explicitly addressed, namely coastal exposure and orientation with respect to the
dominant forcings The analysis is based on the trends of mean and maximum sea levels for
Grado shown in Figure 11, and the corresponding trends for Trieste reported in Figure 22.
The comparison indicates that Grado exhibits a higher vulnerability to extreme events in
terms of maximum sea levels reached. This behaviour is most likely related to its exposure
and orientation with respect to the Scirocco wind, combined with the strong inverse
barometric pressure gradient that characterises the northern Adriatic (Lionello et al., 2012).
In recent years, however, intense Libeccio-driven events have also been observed, such as
the multi-day storm between 27 October and 5 November 2023.
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In contrast, Trieste is located in a more sheltered setting within the Gulf of Trieste. The Istrian
Peninsula provides partial protection from the Scirocco fetch, which may explain the
generally lower extreme levels observed. Compared to Grado, the Trieste coastline is more
favourably oriented towards Libeccio winds, which tend to generate not only a significant
sea level rise but also an enhancement of wave forcing. This effect is particularly relevant
along the high and urbanised eastern coasts of the Gulf of Trieste, as documented by Busetti
et al. (2024).

5.3.1 Grado Long-term projections

After analysing the maximum sea levels, the trends in mean sea level were also compared
for the two locations. Considering the last 30 years (1991-2023), the sea level rise trend at
Grado is characterised by a rate of about 4.8 mm/yr (Figure 11). When the reference time
window is shortened, the estimated trend increases, and interannual sea-level fluctuations
can reach up to +10 cm, as observed in 2010.The mean sea-level trends at Grado and
Trieste show notable similarities. This is expected, as both tide gauges are located within
the same regional context, namely the northern Adriatic, although they are embedded in
markedly different environmental settings. As discussed in Section 3.6.2 (see Figure 3) the
Trieste tide gauge is located directly along the open coast, whereas the Grado tide gauge
is situated within the Grado Lagoon and is therefore more likely affected by ground
subsidence related to the stratigraphic characteristics of the underlying sediments (Tosi et
al.,, 2010). It is therefore plausible that the difference between the observed rates
approximately 4.8 mm/yr at Grado and 2.8 mm/yr at Trieste (Figure 23 from Spadotto et al.,
2025), can be at least partly attributed to subsidence, i.e. vertical land motion (VLM). Trieste
represents the only coastal site in the northern Adriatic where subsidence is minimal
compared to the surrounding areas (Sanchez et al., 2018; Zerbini et al., 2021). The vertical
land motion (VLM) inferred from the comparison between observed sea-level trends and
values reported in the literature (Da Lio et al., 2018; Areggi et al., 2023) falls within the range
of 1-2 mm/yr. Accordingly, a mean subsidence rate of 1.5 + 0.5 mm/yr was adopted for
Grado, as a representative value for the formulation of relative sea-level rise (RSLR)
projections for 2050 and 2100. Using sea-level projections closest to Trieste from the NASA
Sea Level Projection Tool (hitps://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool), the
VLM contribution was computed by multiplying this rate by the number of years elapsed
since the reference year 2006. This corresponds to 44 years for the 2050 horizon and 94
years for the 2100 horizon. The resulting VLM contributions to be incorporated into the SLR
scenarios are therefore 6.6 £ 2.2 cm by 2050 and 14.1 + 4.7 cm by 2100.
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Figure 23. The 30-year trend of sea level change in Grado (black line) and Trieste (blue line) with IGM42
reference. Elevation in ordinate has been kept to scale for each series. Trends can be calculated based on
linear regression (form Spadotto et al., 2025).

Table 18 summarizes the projected sea-level values for 2050 and 2100 based on the
calculations described above.

SLR Scenario
Y Reference 2006 Trieste Total VLM (cm) Total Sea Level
ear . for Grado
Baseline Sea Level (cm) (Average Rate) for Grado (cm)
(1995-2014) 9
SSP1-2.6 (median) 17 6.6 23.6
2050
SSP5-8.5 (median) 21 6.6 27.6
SSP1-2.6 (median) 39 141 53.1
2100
SSP5-8.5 (median) 67 141 81.1

Table 18. Projection of sea level in 2050 and 2100 according to IPCC AR-6 (Masson-Delmotte et al., 2021),
as reported in the NASA Sea Level Projection Tool. Sea level projections refer to the city of Trieste. Vertical
land motion (VLM) for Grado is assumed at a rate of 1.5 + 0.5 mm/yr. The total sea level for Grado is calculated
by adding the two components.

At this point, focusing on the most relevant rare events for urban planning namely the 10-,
30-, and 100-year return periods (RpS) —it is possible to assess how the effective Rps may
shift by accounting for the projected sea-level rise by 2050 and 2100 under both best- and
worst-case scenarios. In particular, for an episodic extreme event with low probability of
occurrence (Rp=100 years), combining the projected sea-level rise for 2050 and 2100 under
the high-emission scenario SSP5-8.5 allows anticipating the following potential situation:

Critical threshold,ysy = current Rp100y — RSLR,450 = 168 cm — 28 cm = 140 cm
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Considering a worst-case scenario, the 168 cm level in 2050 becomes, after subtracting 28
cm of sea-level rise, approximately 140 cm. This adjusted level corresponds to an episodic
event with an estimated return period (Rp) of about 14-15 years. In probabilistic terms,
exceedance of the 168 cm threshold by 2050 would therefore occur at a frequency almost
seven times higher than under present-day conditions. This implies a marked increase in
the occurrence of extreme sea-level events in the near future. The same reasoning can be
applied to an episodic event currently associated with Rp=100 years when considering
projections to 2100. In this case, subtracting 53 cm yields an adjusted level of about 115
cm. This value is consistent with an episodic event with an Rp of roughly 2-3 years.
Probabilistically, exceedance of the 168 cm threshold by 2100 could therefore occur about
33 times more frequently. These shifts in effective return periods, derived for the eastern
sector of the northern Adriatic, are broadly consistent with the results reported by Lionello
et al. (2021), who quantify analogous Rp changes under projected sea-level rise for the
western northern Adriatic by 2050 and 2100.

5.3.2 Trieste Long-term projections

The same approach adopted for Grado can be applied to Trieste by using the VLM estimates
reported in Table 18, while updating the statistical thresholds with the GPD-POT results
provided in Table 10b, derived for the “above mm19” series. The analysis is performed in
terms of total extreme sea level, defined as the sum of: (i) a reference mean sea level and
(i) the storm-related contribution, i.e., the combined effect of astronomical tide and
meteorological surge. Consistently with the mm19 detrending framework (section 4.3.2.2),
the reference mean sea level is taken from the most recent period coherent with the centred
19-year moving mean, i.e., approximately 2006-2024. This choice also ensures consistency
with the operational convention adopted in the PGRA (see Table 2b Under this reference,
mean sea level at Trieste over 2006—2024 is approximately +2 cm relative to the IGM42
datum. Accordingly, the updated extreme levels used for the projections are obtained by
adding the Trieste reference mean sea level (+2 cm, IGM42) to the return levels estimated
through the GPD-POT model (above mm19). The resulting updated extreme thresholds
—adopted here to support the long-term projections for the Trieste-Muggia sector— are
reported in Table 19.

Re (years) Extreme levels Average MSL (cm) Totalljcl‘:?tt:?evel
Py “above mm19” (cm) interval 2006-2024 (om)
2 113 115
10 132 +2 134
30 144 146
100 156 158

Table 19. Updated total water level values for Trieste, considering an average msl of +2 cm (interval from
2006- 2024), as a function of return period (GPD-POT distribution), 1939-2024 reference period.

Still focusing on the most severe extremes and on urban planning relevant return periods
(Rp =10, 30, and 100 years), changes in recurrence can be assessed by accounting for the
projected mean sea-level rise by 2050 and 2100 under both optimistic and pessimistic

97

Finanziato % Ministero . = #5% UNIVERSITA
dall'Unione europea g dell'Universita i Italiadomani el | DEGLI STUDI
NextGenerationEU W edella Ricerca SRS PR e DITRIESTE




scenarios (see Table 18). For a rare episodic event associated with Rp=100 years,
combining the baseline extreme threshold with the projected sea-level rise under the SSP5—
8.5 pathway allows anticipating a potential shift in effective return periods, as outlined below:

Critical threshold,ysy = current Rp100y — RSLR,450 = 158 cm — 21 cm =137 cm

Assuming a pessimistic scenario, the 158 cm threshold in 2050 becomes approximately 137
cm after subtracting 21 cm of projected mean sea-level rise. This adjusted level corresponds
to an episodic event with an estimated return period of about 14-15 years. In probabilistic
terms, exceedance of the 158 cm threshold by 2050 could therefore occur almost six to
seven times more frequently. Consequently, the frequency of extreme events is expected to
increase substantially in the near future. The same logic can be extended to a 100-year
episodic event under an optimistic projection to 2100. In this case, subtracting 67 cm yields
an adjusted level of roughly 92 cm in 2100. This value corresponds to an event with a return
period well below annual recurrence. A level of 92 cm has a high likelihood of being reached
even under the occurrence of a single very intense surge event (see Table 17) making it
plausible that —under future conditions— it could shift to multi-annual recurrence. In
probabilistic terms, exceedance of the 158 cm threshold by 2100 could occur more
frequently than once per year, potentially at semi-annual frequency or even higher.

5.4 Muggia extreme values

This section presents and discusses the updated statistically derived extreme sea levels for
the town of Muggia. Given its close proximity to Trieste, the same extreme-level estimates
obtained from the statistical analysis of the Trieste tide-gauge record (1939-2024) are
adopted. Specifically, the values used for Muggia are those derived from the GPD-POT
analysis based on extremes referenced “above mm19” (see Table 10b). Since the statistical
extraction was performed relative to the centred 19-year moving mean, the total extreme
sea level is reconstructed as the sum of the reference mean sea level and the astronomical
tide plus surge components. Accordingly, adopting as reference the mean sea level of the
most recent decade (approximately 2006-2024), and following the application framework
used in the PGRA (see Table 2b the reference mean sea level for Trieste is about +2 cm
relative to the IGM42 datum. The updated extreme sea levels for Muggia are therefore
obtained by summing the GPD-POT derived extreme values and the above reference mean
sea level from Trieste, as reported in Table 19. Once defined, these extreme levels were
used as boundary conditions for the subsequent dynamic modelling, carried out with the
MIKE21 hydrodynamic model.

5.5 Lignano extreme values

This section presents and discusses the updated statistically derived extreme sea levels for
the town of Lignano. The site is located along the western margin of the Grado—Marano
Lagoon and is therefore in close proximity to Grado. For this reason, the same extreme sea-
level values estimated for Grado using the Gumbel Block Maxima (Gumbel-BM) approach
were adopted for Lignano. Accordingly, the values used for Lignano were derived following
the methodology described in Section 4.3 and are reported in Table 5. As for the other study
sites, once the extreme levels were defined for Lignano, they were subsequently employed

98

Finanziato %% Ministero 3 . #5% UNIVERSITA
dall'Unione suropea 79 dell'Universita i Italiadomani 8 | DEGLI STUDI
NextGenerationELJ 7 edella Ricerca B AP e 7 DIFRIESTE




as input conditions for the dynamic simulations performed with the MIKE21 modelling
framework.

5.6 Downscaling bathtub approach analysis of Grado

This chapter presents and discusses the results obtained from the application of the static
bathtub approach, implemented using ArcGIS Pro 3.10. For each generated inundation
scenario, the updated flood thresholds reported in Table 5 are adopted as reference levels.

5.6.1 Downscaling analysis of short-term flooding

This section presents the set of marine flooding hazard maps derived from the developed
inundation scenarios. Each scenario represents an episodic event associated with a specific
return period (Rp) and is defined by a critical threshold corresponding to the total water-level
rise reached during the event. The simulations were carried out using a static (bathtub)
approach combined with a qualitative assessment of the results, deliberately neglecting
dynamic variables such as inflow velocity and flood duration. The wave component was
excluded from the analysis, as water enters through the Grado inlet and propagates within
the lagoonal system, where wave set-up is progressively damped. Table 20 provides a
summary of the analysed scenarios, reporting the Rp associated with each threshold value
and the total extent of the urbanised area affected by flooding, expressed both in square
kilometres and as a percentage of the entire municipality.

Re (years) Extreme levels Inhabitatezd Flooded
(cm) Area (km?) Area (%)
2 111 0.016 1.67
10 136 0.20 20.8
30 151 0.40 41.7
100 156 0.61 63.5

Table 20. Extreme water levels with return periods, which correspond to the relative flooded areas, expressed
in terms of size (km?2) and percentage value with respect to the built-up area of the Municipality of Grado of
0.96 km? (from Spadotto et al., 2025).

The following section presents the hazard maps derived from the analysed episodic events.
The hazard maps are constructed by representing the water depth, defined as the maximum
hypothetical elevation of water above the ground surface reached during each flooding
event. Water depth is computed as a function of the initial DTM elevations and the spatial
extent of the inundated area.
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5.6.1.1 The 2-Year Return Period Episodic Event
In the case of a meteomarine event with a Rp=2 years, the water level has a total elevation
of approximately 111 cm. The flood hazard map is shown in Figure 24.
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Figure 24. Flood hazard map representing an event with a 2-year Re (111 cm). The blue colours represent the
water depths as a function of the city's DTMs elevations. As for the Old Town, the water enters from the Riva
Brioni promenade and the docks of the Mandracchio Canal. The eastern part of the town (Grado East) is not
affected by ingress because it is characterized by higher embankments (from Spadotto et al., 2025).

The downscaling analysis (scale 1:5000) enables detailed verification of the problems
caused by flooding. On the map, it is possible to establish that the criticalities occur mostly
around the Mandracchio Canal and the Brioni promenade. Both stretches correspond to the
lowest urban areas that allow the water mass to advance inwards. The criticalities found
mostly concern the propagation of the water mass into the interior of the old town by means
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of the urban network. The nearby historic centre, located south of the Mandracchio Canal,
does not exhibit any particular criticality.

5.6.1.2 The 10-Year Return Period Episodic Event
In the case of a meteomarine event with a Rp=10 years, the water level has a total elevation
of 136 cm. The flood hazard map is shown in Figure 25.
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Figure 25. Flood hazard map representing an event with a 10-year Rp (136 cm). The blue colours represent
the water depths as a function of the city’'s DTM elevations: (a) The inundation map of the ‘Old Town’ sector
shows that this area is almost entirely affected by the extent of the flooding. Flooding also affects parts of the
historic centre. (b) It depicts the slight expansion of flooding to the east as well, with some ingressions of the
water mass toward the built-up area by the Moreri Canal. (¢) Flooding in the western part of the historic centre
during 27 October 2023 (photo credits: Cester E.). (d) Expansion of the water mass along the western docks
of the Mandracchio Canal during 27 October 2023 (photo credits: Cester E.). (e) expansion flooding along A.
Manzoni Street during 29 October 2018 (photo credits: Folla M.) (from Spadotto et al., 2025).

The 1:5000 downscaling analysis made it possible to observe more clearly the extended
criticality along the lagoon promenade of Riva Brioni, the town’s primary western
encroachment area. We could also observe a generalised extension of the water mass
around the Mandracchio Canal through its perimetral docks. Compared to the previous
simulation, the water mass extends both to the east and west of Mandracchio, almost
completely affecting the old town and partially affecting the historic core to the south. There

101

Finanziato Ministero UNIVERSITA
dall'Unione curopea dell’Universita 4 DEGLI STUDI
NextGenerationELJ e della Ricerca B DITRIESTE




is also an eastern expansion of the water mass through two areal criticalities of the lagoon
promenade along the Moreri Canal.

5.6.1.3 The 30-Year Return Period Episodic Event

Compared to the previous scenario, in the simulation of a storm surge event with a return
time of 30 years and a total elevation of 151 cm, the urban flooding also extends along the
eastern part of the town (Figure 26).
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Figure 26. Flood hazard map representing an event with a 30-year Rp (151 cm). The blue colours represent
the water depths as a function of the city’s DTMs elevations: (a) The inundation map of the ‘Old Town’ sector
shows that this area is completely flooded. The extent of the flooding also affects much of the historic centre.
(b) The widespread flooding in the city’s ‘Grado East’ area. Water flows inland through the Moreri Canal’s
embankment at several places. (c¢) Flooding near the southwest dock of the Mandracchio Canal during 27
October 2023 (photo credits: Cester E.). (d) Flooding in front of the St. Eufemia Cathedral during 12 November
2019 (photo credits: Patruno V.). (e) Extensive flooding along the end of the Moreri Canal embankment,

Monfalcone Street during 27 October 2023 (photo credits: Rai Tgr Fvg website) (from Spadotto et al., 2025).

The flooding affects the entire old town, particularly the historic core surrounding the St.
Eufemia Cathedral and the Baptistery. It extends approximately 2000 metres along the
lagoon promenade of the Moreri Canal, impacting many areas in the eastern part of the city.
The additional 15 centimetres, compared to the 10-year Rp scenario, clearly illustrate how
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a meteomarine event of this magnitude can lead to an expansion of the water mass covering
a significant portion of the urban fabric.

5.6.2 Lagoon promenade downscaling analysis

This section presents the results of the downscaling analysis applied along the entire
promenade bordering the interface between the city and the lagoon. The assessment
encompasses the full perimeter embankment stretching from Riva Brioni to the easternmost
part of the Moreri Canal, divided into four macro-sectors (Figure 8). This approach enabled
a more thorough examination of the embankments, assessing both specific and broader
critical issues. Table 21 presents the analysed promenade/embankment sectors along with
their respective lengths, the total length of the embankments, and the percentage of each
section in relation to the total length.

Promenade/embankment Percent (%) of total
Length (m)
sector lenght
Riva Brioni - Mandracchio C. 573 9

Mandracchio C. 1392 22
Schiusa Island 1681 27
Mandracchio C - Moreri C. 2685 42
Total embankment 6334 100

Table 21. Lagon promenade/embankment sectors analysed for elevation analysis aimed at the flooding
assessment (from Spadotto et al., 2025).

The two-lagoon promenade and docks sectors most vulnerable to marine ingression are
described below. The first stretch considered concerns the Riva Brioni-Mandracchio sector.
The second section concerns the Mandracchio Canal. The other two sectors, Moreri Canal
and Schiusa Island, are shown and described in the Supplementary Materials in Spadotto
et al., (2025).

5.6.2.1 Riva Brioni - Mandracchio C.

The section considered has a total length of 260 m. La Figure 27 displays the analysis of
the promenade’s heights along the entire Riva Brioni. The survey covered a total of 6188
measured points within an elevation range of 70 to 125 cm. Hence, approximately 85% of
the height of the promenade section considered is below 111 cm (Figure 27b). This means
that, already with a meteomarine event with a high probability of occurrence, having a Re of
2 years, the perimeter promenade is not in a safe condition. On the other hand, considering
an episodic event with a Rp of about 5 years and approximately 125 cm of water level, the
entirety of the promenade is not in a safe condition, causing the expansion of the water mass
in the western area of the urban centre.
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Figure 27. Critical sector promenade of Riva Brioni: (a) represents the elevations extracted from the 6-m buffer
of the promenade. The elevation values of the promenade range from 70 to 125 cm. (b) represents the
statistical distribution of the elevations extracted from the promenade of Riva Brioni. Shown in red is the 111-
cm elevation column, which represents about 85% of the cumulative statistics. The promenade is then flooded
with an event with a very high probability of occurrence (Rr=2 years) (from Spadotto et al., 2025).

5.6.2.2 Mandracchio C.

The Mandracchio Canal has a total length of 1392 m, corresponding to 22% of the total
lagoon promenade. The analyses of the canal’'s banks covered a total of 31782 measured
points within an elevation range of 70 to 155 cm. Historically, the main flooding within the
built-up area of Grado occurs through the docks of the Mandracchio Canal, the preferential
route of water ingression within the ancient centre. Infatti, come descritto nella sezione 5.1.2
(see Figure 12), la soglia di 110 cm e stata superata per 3 ore in un anno quasi 9 volte negli
ultimi 15 anni (2008-2023). This statistic is corroborated by the graph in Figure 28b, which
shows that 50% of the Mandracchio docks are not in a safe condition for an event with a Rp-
2 year. It follows that even with a very low elevation threshold, the historic centre is
experiencing significant flooding. On the other hand, considering a Rp of 10 years, with a
medium-high frequency of occurrence and a level of 136 cm, the entire docks of the Canal
do not guarantee any safety, entailing extensive flooding both to the west and east of the
Mandracchio itself, also affecting the portion of the historic core post south of the Canal
(Figure 25a,c).
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Figure 28. Critical sector of Mandracchio Canal docks: (a) represents the elevations extracted from a 6-m buffer
of the docks. The elevation values of the canal docks range from 70 to 155 cm. (b) represents the statistical
distribution of the elevations extracted from the Mandracchio Canal docks. Shown in red is the 111 cm
elevation column, which represents about 50% of the cumulative statistics. Shown in orange is the elevation
of 136 cm, the level of an event with a medium to high probability of occurrence (Rp=10 years), resulting in
complete submergence of the canal docks (from Spadotto et al., 2025).

5.6.3 Bathtub vs. Dynamic modelling

In according to applications at the territorial and urban scales (e.g., Mariano et al., 2021,
Mannarini et al., 2025), the static bathtub approach was employed as a first screening tool
to confirm possibly flooded urban regions, as detailed in Section 4 of the materials and
methods. Nevertheless, the static model ignores friction losses and local hydraulic
restrictions, as well as the dynamic mechanisms that control the spread of the extreme
event's peak. As emphasized by Vousdoukas et al. (2016) and Didier et al. (2019), if these
factors are not taken into account, they can nearly always result in overestimations of
flooded regions, with occasionally serious inaccuracies. In order to quantify any spatial
differences and evaluate the static model's applicability limits, the results of the static
approach were compared by simulating the event of November 4-5, 2023, in hydrodynamic
form, using the town of Grado as the first case study under analysis. This was done in
accordance with recent literature (Sanders et al., 2024).

The comparison between the static bathtub approach and the hydrodynamic simulation
highlights clear spatial discrepancies in the predicted inundation event (Figure 29). A more
consistent and laterally continuous flood pattern is produced by the static model, which is
distinguished by a “horizontal filling” of low-lying areas once the threshold elevation is
surpassed. This causes water to penetrate farther inland, especially in areas where small
topographic depressions are connected by narrow passageways. On the other hand, the
hydrodynamic model displays a flooding pattern that is more spatially selective. Local
hydraulic controls, such as friction effects, urban impediments, and temporary water-level
gradients, have a significant impact on the simulated inundation, which is restricted along
preferential flow pathways. Because of this, certain regions that the bathtub approach
indicated as flooded stay dry in the dynamic simulation, while, other regions, show more
constrained spatial distributions and lower flood depths.
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Max inundation extent: 4-5 November 2023
Water level: 144 cm

Bathtub approach

- Hydrodynamic model (MIKE21 HD)

Figure 29. Maximum inundation extent for the 4-5 November 2023 event in Grado (peak water level: 144 cm,
IGM42), comparing the static bathtub approach (light blue) and the dynamic hydrodynamic model MIKE21 HD
(dark blue). The dynamic simulation accounts for hydraulic constraints and flow processes, resulting in a more
physically consistent flood pattern compared to the static assumption of uniform water spreading.

The bathtub approach ignores energy dissipation and momentum redistribution process and
assumes instantaneous hydraulic connection, which is the main cause of these
discrepancies. By taking into account flow resistance, boundary conditions and the temporal
evolution of the event peak, the dynamic model, explicitly resolves the propagation of the
water mass through the urban fabric.

5.6.4 Dynamic modelling: Event calibration of 4-5 November 2023

To verify whether the inundated areas associated with Rp of 2, 10, 30, and 100 years are
broadly reliable, a calibration was performed using a recent flood event that affected the
coasts of the Friuli Venezia Giulia region. The selected case study corresponds to the event
of 4-5 November 2023. The event reached a maximum sea level of 132 cm at Trieste at
04:20, while higher values were recorded at Grado, with a peak of 144 cm at 05:20,
approximately one hour later than Trieste. Based on the previously estimated return periods
(Table 5), the peak level observed at Grado is representative of an event with an
approximate return period of 20 years.The onset of urban inundation occurred at around
02:25 in the areas adjacent to Riva Brioni (Figure 27), when the water level reached
approximately 117 cm (Figure 30a). Up to levels of about 130 cm, recorded shortly after
03:00, flooding remained limited to a small number of streets near the Mandracchio Canal
(Figure 28) and Riva Brioni (Figure 30b). The maximum spatial extent of inundation (Figure
30c) occurred between 05:00 and 06:00, corresponding to water levels close to 144 cm, with
the involvement of a significant portion of the urban fabric north of the port area (excluding
the Schiusa Island). Despite the wide spatial extent, flood depths were generally moderate,
reaching approximately 40-45 cm in some inner sectors.
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Figure 30. Onset of marine flooding along Riva Brioni and adjacent areas, with partial inflow also occurring
from the south-western banks of the Mandracchio Canal. Ingress points are marked by yellow circles. (b) Flood
extent at a water level of 130 cm. The affected areas remain confined to zones adjacent to the Mandracchio
Canal and Riva Brioni. (c) Maximum flood extent at the peak water level of 144 cm. Flood depths is generally
limited, reaching approximately 40-45 cm. Results derived from a 2D hydrodynamic simulation.
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5.6.5 Future projections of the 4-5 November 2023 event

By considering mean sea-level projections, it is possible to simulate the November 2023
storm surge as if it were to occur again in the future. The analysed episodic event is
associated with an approximate return period of 20 years, and it is therefore statistically
plausible that a similar or more severe event may occur within the next 25-75 years. The
simulation was carried out using the MIKE21 HD model, allowing the identification of critical
urban areas under medium- and long-term conditions. Accordingly, the sea-level projections
for Grado reported in Table 18, were expressed both relative to the reference baseline
(1995-2014) and relative to 2022. In the latter case, the observed mean sea-level rise rate
at Grado over the period 1991-2022 (+4.7 mm/yr) was applied and multiplied by the 18 years
elapsed since the baseline period (Table 22).

SLR Scenario
Y Reference 2006 Total VLM (cm) Total Sea Level Total Sea Level
ear Baseline for Grado for Grado (cm) for Grado (cm)
(1995-2014) (Average Rate) (2006-2022)
SSP1-2.6 (median) 6.6 23.6 15
2050
SSP5-8.5 (median) 6.6 27.6 19
SSP1-2.6 (median) 141 53.1 44
2100
SSP5-8.5 (median) 141 81.1 72

Table 22. Global and local sea-level values at Grado under SSP1-2.6 and SSP5-8.5, projected for 2050 and
2100 and expressed in cm, considering the time interval between the 2006 baseline and 2022.

The projection of the November 2023 storm surge to 2050 and 2100 highlights markedly
different scenarios. In the medium term, under the pessimistic scenario —characterized by a
mean sea level approximately 4 cm higher than in the optimistic case— the flooded area
(Figure 31) is clearly more extensive than that affected by the present-day event. In the
western sector of the town, an increase in water depths is observed, while the spatial
expansion of the inundated area remains relatively limited. If one considers the simple
superposition of the 2023 episodic event peak (144 cm) onto the projected mean sea-level
rise under the SSP5-8.5 scenario for 2050, the resulting water level would reach
approximately 163 cm (144 cm + 19 cm by 2050). Under these conditions, the November
2023 storm, when projected to 2050, would produce impacts comparable to those of an
event with a return period of about 70-80 years relative to the 2006 baseline (Figure 10),
This clearly illustrates the strong reduction in return periods induced by sea-level rise, with
significant implications for flood risk amplification in the coming decades.
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Figure 31. Maximum extent of flooding scenario for 2050, corresponding to a peak water IeVeI of 163 cm.
Results derived from a 2D hydrodynamic simulation.

Therefore, from a probabilistic perspective, consistently with the framework described in
Section 5.3.1, the resulting situation can be summarized as follows:

Critical threshold,yso = 2023 event Rp20y — RSLR;p50 = 144 cm — 28 cm =116 cm

Under a pessimistic scenario, the 144 cm level observed in 2023 would, in 2050, effectively
correspond to about 116 cm once the projected sea-level rise of 28 cm is subtracted. This
value is consistent with a threshold associated with an episodic event having a return period
slightly greater than 3 years (Figure 10). From a probabilistic standpoint, exceedance of the
163 cm threshold in 2050 would therefore occur with a frequency almost seven times higher
than under present-day conditions. As a consequence, the frequency of extreme flooding
events is expected to increase substantially in the near future.

This effect becomes even more pronounced under long-term projections to 2100. In this
case, a water level of approximately 190 cm, reachable under an optimistic scenario (SSP1-
2.6), would place the urban fabric in a condition of severe and widespread criticality. Nearly
the entire town would be inundated, with water depths frequently exceeding 50 cm (Figure
32). Also in this case, considering the simple superposition of the November 2023 episodic
event (144 cm) onto the water table represented by the projected mean sea-level rise under
the pessimistic SSP5-8.5 scenario for 2100, a total water level of about 188 cm would be
reached (144 cm +44 cm by 2100). Consequently, the November 2023 storm, if projected
to 2100 under a pessimistic scenario, would produce impacts comparable to those of an
event with an associated return period of about 250 years, referred to the 2006 baseline.
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Figure 32. Maximum extent of flooding scenario for 2100, corresponding to a peak water level of 188 cm.
Results obtained from a 2D hydrodynamic simulation.

The same reasoning can be applied to the same episodic event under an optimistic
SSP1-2.6 projection for 2100. In this case, subtracting the projected sea-level rise of about
44 cm (Table 22) the reference level of 144 cm would effectively be reduced to
approximately 100 cm. This value corresponds to an episodic event with a return period
close to annual or even semi-annual recurrence. From a probabilistic perspective, the
exceedance of the 144 cm threshold by 2100 could therefore occur with a frequency up to
about 20 times higher than under present-day conditions.

5.7 Downscaling analysis and flood modelling of Muggia

This chapter presents and discusses the results obtained from the downscaling analysis for
Muggia, carried out using statistical analyses within ArcGIS Pro 3.10. For each flood
simulation, the inundation thresholds reported in Table 19 are adopted as reference values.
The application of the downscaling analysis to the town of Muggia is essential to identify the
main critical factors controlling seawater intrusion during extreme “acqua alta” events.
Similar to Grado, Muggia represents one of the most vulnerable coastal settlements in Friuli
Venezia Giulia with respect to extreme sea-level conditions. The primary issue is related to
the local elevation of the urban waterfront, particularly within the inner harbour basin
(darsena), as discussed below. The low-lying topography promotes increasingly frequent
seawater intrusion events over recent decades. A key difference with respect to Grado, in
addition to the different orientation and exposure of Muggia (see Figure 7), concerns the
coastal setting. Unlike Grado, Muggia is located along a high and highly urbanised rocky
coast, where the local topographic gradient plays a dominant role in controlling inland
propagation of floodwaters.
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5.7.1 Water-front promenade analysis

This section presents the results of the downscaling analysis applied to the waterfront
promenade, which represents the main pathway for seawater intrusion into the historic
centre of Muggia (Figure 33) along the entire boundary separating the city from the lagoon.

Downscaling Analysis
Promenade eksvation (m)

1.2-13
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Figure 33. Downscaling area analysrs (a) elevation of the waterfront promenade considered in the study,
represented by 10 classes subdivided every 0.10 m of elevation. (b) The subdivision of the promenades into
4 micro sectors; (c) the extent of the inhabited area of Muggia municipality is also reported, treating the streets
as unobstructed surfaces for water flow while omitting buildings and uninhabited areas.

The assessment covers the full waterfront surrounding the Mandracchio Canal. Specifically,
four waterfront sectors were analysed, extending from the area adjacent to the historic
centre towards the outer harbour basin in the seaward direction, following both the right and
left banks of the Mandracchio (see Figure 33b). This approach allows a detailed
investigation of the primary ingress pathways, addressing both site-specific criticalities and
more general vulnerability patterns. Table 23 summarises the analysed waterfront sectors,
reporting their individual lengths, the total waterfront length, and the relative contribution of
each sector expressed as a percentage of the overall waterfront extent.
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Water-front promenade Length (m) Percent (%) of total
sector lenght

Mandracchio C. 98 19
Sala da Mar restuarant 103 19
Molo C. Colombo 126 24
Circolo della Vela 86 16
Nazario Sauro park 115 22
Total promenade 528 100

Table 23. Muggia water-front promenade sectors analysed for elevation analysis aimed at the flooding
assessment.

The following section describes the sectors of the waterfront promenade that are vulnerable
to seawater intrusion. The analysed stretches encompass the entire waterfront along the
Mandracchio Canal, subdivided into four micro-areas that characterise the portion closest
to the historic centre of Muggia. A second sector corresponds to the Mandracchio Canal
itself. The municipal area of Muggia considered in this analysis was selected because of the
generally very low elevations on which the historic centre is developed, which represents
the primary focus of the following assessments. Within this area, as discussed in the
subsequent sections, the progressive inland propagation of seawater occurs as a function
of the severity of the extreme event considered.

5.7.1.1 Mandracchio Canal promenade waterfront
The Mandracchio Canal waterfront considered in this analysis has a total length of 413 m.
Based on the elevation of the promenade, the sector was subdivided into four micro-areas.

Mandracchio Canal waterfront

This sector accounts for 19% of the total waterfront promenade. The analysis of the canal
banks was carried out on a total of 2572 measurement points, with elevations ranging
between 70 and 120 cm. The main flooding pathways affecting the built-up area of Muggia
occur through the Mandracchio Canal waterfront, which represents the primary preferential
route for seawater ingress into the historic centre. This evidence is confirmed by the graph
in Figure 34b, which shows that nearly the entire waterfront (=99%) of the Mandracchio
Canal is not in safe conditions for an event with Rp=2 years. Consequently, even for an
elevation threshold of 115 cm, the historic centre remains highly vulnerable to very frequent
flooding events.
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Figure 34. Critical sector promenade of Mandracchio canal promenade: (a) represents the elevations extracted
from the 6-m buffer of the promenade. The elevation values of the promenade range from 70 to 120 cm. (b)
represents the statistical distribution of the elevations extracted from the promenade of Mandracchio docks.
Shown in red is the 115-cm elevation column, which represents 99% of the cumulative statistics. The
promenade is then flooded with an event with a very high probability of occurrence (Rp=2 years).

Sala da Mar restaurant waterfront

The adjacent sector located to the left of the main Mandracchio Canal waterfront
corresponds to the promenade of the restaurant Sala da Mar. This stretch has a length of
approximately 103 m and represents the second critical micro-sector of the Mandracchio
Canal. The analysis of the canal banks was conducted on a total of 2126 measurement
points, with elevations ranging between 70 and 150 cm. This area does not constitute a
primary flooding pathway toward the historic centre, as it is partially shielded by the built
structure of the restaurant itself. Nevertheless, it still represents a potential ingress route
due to the generally low elevation of the promenade. This is confirmed by the graph in Figure
35b, which shows that about 21% of the surveyed elevations lie below the 115 cm threshold.
More critical conditions emerge when considering events with a 10-year return period. In
fact Figure 35b indicates that the western waterfront of the Mandracchio Canal is largely not
in safe conditions for an Rp=10 years event. Consequently, with an elevation threshold of
134 cm, the historic centre becomes vulnerable to relatively frequent flooding events.
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Figure 35. Critical sector promenade of Sala da Mar restaurant promenade: (a) represents the elevations
extracted from the 6-m buffer of the promenade. The elevation values of the promenade range from 70 to 150
cm. (b) represents the statistical distribution of the elevations extracted from the promenade of Sala da Mar
restaurant. Shown in red is the 134-cm elevation column, which represents 98% of the cumulative statistics.
The promenade is then completly flooded with an event with a very high probability of occurrence (Rp = 10
years.

C. Colombo waterfront promenade

The sector adjacent to the right side of the main Mandracchio Canal waterfront corresponds
to the C. Colombo pier waterfront. This stretch is approximately 126 m long and represents
the third critical micro-sector of the Mandracchio Canal. The analysis of the canal banks was
carried out on a total of 2904 measurement points, with elevations ranging between 70 and
170 cm. This sector represents a secondary flooding pathway, as it does not directly affect
the historic centre. Nevertheless, it still constitutes a potential route for water ingress due to
the generally low elevation of the waterfront. This is confirmed by the graph in Figure 36b,
which shows that about 22% of the surveyed elevations lie below the 115 cm threshold. The
most critical condition again emerges for events with a 10-year return period. As shown in
Figure 36b the quays of this sector of the Mandracchio Canal waterfront are largely not in
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safe conditions for an Rp=10 years event, highlighting its vulnerability to relatively frequent
extreme water levels.
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Figure 36. Critical sector promenade of Cristoforo Colombo promenade: (a) represents the elevations
extracted from the 6-m buffer of the promenade. The elevation values of the promenade range from 70 to 170
cm. (b) represents the statistical distribution of the elevations extracted from the promenade of Cristoforo
Colombo docks. Shown in orange is the 134-cm elevation column, which represents 94% of the cumulative
statistics. The promenade is then completely flooded with an event with a very high probability of occurrence
(Rp=10 years).

Circolo della Vela waterfront

This stretch represents the last sector analysed and includes the most critical portion of the
Mandracchio Canal. It has a length of approximately 86 m and constitutes the second critical
micro-sector of the Mandracchio Canal. The analysis of the canal banks was performed on
a total of 1967 measurement points, with elevations ranging between 70 and 150 cm.
Although it does not represent a primary flooding pathway towards the historic centre,
potential water ingress may still cause significant issues along the waterfront area of Muggia.
The elevation statistics for this sector are among the lowest within the Mandracchio system.
As shown in Figure 37b the quays of this waterfront are largely unsafe for an event with a
10-year return period, with approximately 90% of the analysed elevations being overtopped.
Consequently, for an elevation threshold of 134 cm, the western waterfront area of Muggia
is highly vulnerable to relatively frequent flooding events.
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Figure 37. Crmcal sector promenade of Circolo della Vela promenade: (a) represents the elevations extracted
from the 6-m buffer of the promenade. The elevation values of the promenade range from 70 to 150 cm. (b)
represents the statistical distribution of the elevations extracted from the promenade of Circolo della Vela
promenade. Shown in orange is the 134-cm elevation column, which represents 90% of the cumulative
statistics. The promenade is then almost completly flooded with an event with a very high probability of
occurrence (Re=10 years).

0%

Nazario Sauro park promenade

The last micro-sector considered corresponds to the Nazario Sauro parking promenade.
This stretch is located in a more marginal area compared to the previously described sectors
and has an approximate length of 115 m. The analysis of the waterfront elevations was
carried out on a total of 2616 measurement points, with elevations ranging between 70 and
160 cm. This sector does not represent a primary flooding pathway towards the historic
centre. However, potential water ingress may still generate critical conditions along the
waterfront of Muggia, especially during less frequent events, such as extremes with a 30-
year return period, or even rarer events with a 100-year return period. The elevation
statistics extracted for this sector are the highest among those analysed along the
Mandracchio Canal. As shown in Figure 38b approximately 46% of the waterfront elevations
are not safe under a 30-year return period event. At a water level of 158 cm, the quays are
completely overtopped. Consequently, for an elevation threshold of 146 cm, the western
waterfront area of Muggia becomes highly vulnerable to high-magnitude flooding events.
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Figure 38. Critical sector promenade of Circolo della Vela promenade: (a) represents the elevations extracted
from the 6-m buffer of the promenade. The elevation values of the promenade range from 70 to 160 cm. (b)
represents the statistical distribution of the elevations extracted from the promenade of Nazario Sauro park
promenade. Shown in red is the 146 cm elevation column, which represents 53% of the cumulative statistics,
considering a Rp=30 years. The promenade is then almost completely flooded with 158 cm, extreme level with
a very rare probability of occurrence (Rp = 100 years).

5.7.2 Bathtub vs. Dynamic modelling

Using the event of November 4-5, 2023, as a case study, a preliminary comparison between
the bathtub approach and dynamic modelling was also conducted for Muggia, as was done
for Grado (Figure 39). The event reached a maximum level of 132 cm (RP=10 years). The
static approach was initially applied as a rapid screening tool, aimed at identifying areas
potentially subject to flooding based solely on altimetric criteria. However, unlike Grado, the
morphological context of Muggia is characterised by a more pronounced topographical
gradient, a complex port configuration and a greater presence of morphological and
infrastructural constraints that significantly influence the propagation of water masses.
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Water level: 132 cm

Hydrodynamic model (MIKE21 HD)

- Bathtub approach

Figure 39. Maximum inundation extent for the 4-5 November 2023 event in Muggia (peak water level: 132 cm,
IGM42), comparing the static bathtub approach (dark blue) and the dynamic hydrodynamic model MIKE21 HD
(light blue). The dynamic simulation accounts for hydraulic constraints and flow processes, resulting in a more
physically consistent flood pattern compared to the static assumption of uniform water spreading.

Significant variations in the scope and trajectories of flooding are revealed by comparing the
two scenarios. Specifically (i) the dynamic model exhibits a larger flooded area expansion
than the bathtub model; (ii) preferential propagation paths are revealed, associated with the
harbour’s configuration and the quays' geometry; (iii) a local amplification contribution is
identified, probably, due to seiche wave within the harbour basin (+3 cm), which cannot be
captured by a static approach. The static approach, based exclusively on exceeding an
altitude threshold, is unable to represent any losses due to friction, peak timing, possible
local accumulation phenomena and any interactions between port oscillations and
meteorological forcing. In this case study, the dynamic model not only modifies the extent
of flooding, but also changes its spatial geometry and depth distribution, providing a more
realistic picture of the physical processes governing the event.

5.7.3 Downscaling dynamic flood modelling

Once the downscaling analysis of the critical segments along the Mandracchio Canal
waterfront —the primary pathway for water ingress— was completed, a high-resolution
dynamic modelling approach at the urban scale of Muggia was adopted. Compared to the
static bathtub simulations applied to Grado, this approach allows the dynamics of extreme
events to be explicitly resolved, making it possible to capture their temporal evolution and
propagation within the urban network. This provides a more accurate interpretation of how
flooding develops and spreads in this specific urban context. In the case of Muggia, similarly
to Grado, flooding is mainly driven by high water level events (“acqua alta”). Therefore, wave
action was not included in the simulations, as it is expected to be significantly damped. This
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assumption is consistent with the coastal setting and the orientation of the town with respect
to the dominant wave forcing, which is likely shielded by the Istrian Peninsula (Figure 7).
Under these conditions, the adoption of a 2D hydrodynamic model for downscaling proved
to be the most appropriate and comprehensive choice. The preliminary step consists of
using the updated sea-level thresholds derived for Trieste and transferring them to the
Muggia context, given the close proximity of the two sites and their exposure to the same
extreme hydrometric forcing. As for Grado and Trieste, the same reasoning can be applied
by directly considering the VLM values reported in Table 18, while updating the statistical
thresholds using the results obtained from the GPD-POT approach Table 10b, extracted
with reference to the “above mm19” series. The total extreme water level is defined as the
sum of the reference mean sea level and the combined contribution of astronomical tide and
storm surge. Accordingly, the mean sea level of the most recent decade is adopted as
reference, approximately spanning the 2006-2024 period, which is consistent with the last
19 years of the recent trend and with the centred 19-year moving-average detrending
applied in Section 4.3.2.2. This choice also follows the methodological framework adopted
within the PGRA (see Table 2b). Under this assumption, the reference mean sea level for
Trieste over 2006-2024 is approximately +2 cm relative to the IGM42 datum. The updated
extreme levels for Muggia are therefore constructed by adding this reference mean sea level
to the extreme values obtained from the GPD-POT analysis, as reported in Table 19. The
hydrodynamic (HD) model developed for the town of Muggia was built starting from the
implementation of a wave model at the scale of the Gulf of Trieste, as described in Section
4.5.2.3. The hydrodynamic model for Muggia was configured to generate an unstructured
computational mesh with a spatial resolution of 1x1 m over the urban area of interest (see
Figure 33). The resulting mesh, shown in Figure 40 consists of a total of 100079 nodes and
348694 elements.

-----
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The selected spatial resolution was dictated by the presence of narrow alleys and piers
within the historic centre of the town. This choice allows the model to accurately capture and
interpret the propagation dynamics of the water mass once it overtops the Mandracchio
Canal waterfront (Figure 34). The final computational mesh also incorporates land-use
information derived from CORINE data through Strickler coefficients. In this way, spatially
varying surface roughness is accounted for, reflecting the different flow resistances
encountered by the water mass after entering the urban fabric. Buildings were explicitly
excluded from the computational domain (see Figure 40). Within the dynamic-model
outputs, in addition to the flooded areas, the five previously defined micro-sectors are also
displayed. This representation facilitates the identification of the critical zones responsible
for water ingress (section 5.7.1, Figure 33a). For all the simulations presented and discussed
below, the selected extreme water level (i.e., the hydrometric level) is imposed continuously
at the external boundary of the computational domain constructed for Muggia.

5.7.3.1 MIKE21 HD with Rp = 2 years

Once the computational mesh was completed, the 2D hydrodynamic model was propagated
starting from the external boundary of the Muggia downscaling domain. The selected total
water-level threshold Z; was set to 115 cm, corresponding to a return period of Rp = 2 years
(Table 19). The results of the maximum water-mass propagation for an extreme level of 115
cm are shown in Figure 41.

.....

1 Total water depth [m]
7! M Above 0.50
0.45-050
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0.35-0.40
030-035

™ Ml 025-030

0.20-0.25
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0.05-0.10
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Figure 41. Maximum flood extent at a water level of 115 cm (Rp = 2 years), obtained using the 2D HD
hydrodynamic model. Water depths are limited to a maximum of 50 cm.

Figure 41 shows that water ingress occurs exclusively through the Mandracchio Canal
waterfront, which represents the primary entry pathway into the historic city centre (see
Figure 34). From this point, the water mass progressively propagates inland, mainly affecting
the areas adjacent to the harbour basin. The resulting water depths reach approximately 23
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cm within the core of the historic centre, exceeding the local ground elevations of the urban
fabric.

5.7.3.2 MIKE21 HD with Rp = 30 years

Once the extreme threshold of 115 cm was dynamically analysed and calibrated, the same
modelling framework was applied to an event with a return period of Rp=30 years,
characterised by a total extreme water level Z; of 146 cm (Table 19). The results of the
maximum propagation of the water mass under this extreme level are shown in Figure 42.
Compared to an event with Rp=2 years, in this case the propagation of the water mass also
affects areas located farther from the historical centre. Flooding extends to the entire
historical core adjacent to the Mandracchio Canal waterfront (dark red area in Figure 33b).

“*1Total water depth [m}
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Figure 42. Maximum flood extent at a water level of 146 cm (Rp=30 years), obtained using the 2D HD
hydrodynamic model. Water depths are limited to a maximum of 50 cm.

.....

An additional flooded area is identified east of the historical centre. However, this sector is
associated with a relatively high level of uncertainty, mainly due to the elevations extracted
from the reference DTM (LIDAR survey, 2018) used in the present modelling framework. It
is likely that the waterfront in this sector is characterised by vertical structures with
thicknesses smaller than 50 cm, which corresponds to the effective resolution limit of the
LiDAR-derived DTM. Consequently, the areas highlighted within the dashed red quadrant
are interpreted as zones potentially affected by flooding rather than as definitively inundated
areas.

5.7.3.3 MIKE21 HD with Rp =100 years

The final simulation for Muggia concerns an extreme water level corresponding to a total
threshold Zt of 158 cm (Table 19) associated with an extreme event with a return period of
Rp=100 years. The results obtained from the dynamic model for this scenario are shown in
Figure 43. The propagation of the water mass extends across a large portion of the municipal
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area considered in this analysis. Although Muggia is located within a high and urbanized
coastal setting, with urban development occurring along sloping sectors, an extreme water
level of 158 cm results in the complete inundation of the historic centre. In several areas
close to the Mandracchio Canal waterfront, water depths exceed 50 cm.

As in the previous case (Rp=30 years), the western sector is highlighted by a dashed red
rectangle, indicating a potential flood extent in areas not fully constrained by point-based
topographic surveys. Nevertheless, the water mass propagates southward relative to the
orientation of the municipality of Muggia, spreading along urban drainage pathways
characterized by elevations exceeding 130 cm.
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Figure 43. MaX|mum flood extent at a water IeveI of 158 cm (Rp 100 years) obtamed using the 2D
hydrodynamic (HD) model. Water depths are limited to a maximum of 50 cm.
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5.7.4 Muggia long-term projection

By focusing on the most relevant extreme events and considering urban planning horizons
associated with return periods of 10 and 30 years, it is possible to assess how return periods
are expected to change as a function of projected sea-level rise by 2050. By considering
mean sea-level projections, it is possible to simulate the November 2023 storm surge as if
it were to occur again in the future. The analysed episodic event is associated with an
approximate return period of 10 years. Accordingly, the projections for Trieste reported in
Table 18, were expressed both with respect to the reference baseline (1995-2014) and
relative to the year 2022. In the latter case, the observed mean sea-level rise rate at Trieste
over the period 1991-2022 (+2.8 mm/yr) was adopted and multiplied by the 18 years elapsed
since the baseline, as reported in (Table 24). This consideration is motivated by the fact that
Muggia is frequently affected by marine flooding associated with episodic events
characterised by very high occurrence probabilities (return periods of 2-10 years) and
moderately high probabilities (around 30 years). For this reason, from an urban planning
and risk mitigation perspective, it is particularly important to prioritise the assessment of
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those events that are expected to recur most frequently, as they represent the dominant

source of impact on the urban fabric and local infrastructure.

SLR Scenario Total Sea Level
Year Reference 2006 Trieste Trieste - Muggia
Baseline Sea Level (cm) (cm)
(1995-2014) (2006-2022)
SSP1-2.6 (median) 17 12
2050
SSP5-8.5 (median) 21 16
SSP1-2.6 (median) 39 34
2100
SSP5-8.5 (median) 67 62

Table 24. Local sea-level values for the Trieste-Muggia area under SSP1-2.6 and SSP5-8.5, projected for
2050 and 2100 (cm), considering the interval from the 2006 baseline to 2022.

The projection of the storm surge to 2050 and 2100 highlights markedly different scenarios.
In the medium term, under the optimistic scenario, the area affected by flooding (Figure 44)
is clearly larger than that impacted by the present-day event. In the western sector of the
town, an increase in water depths is observed, accompanied by only a limited expansion of
the flooded area. As described in Figure 42 and Figure 43, in Figure 44 the areas highlighted
within the dotted red quadrant are also interpreted as areas potentially subject to flooding.
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Figure 44. Maximum flood extent projected for 2050 at a peak water level of 144 cm, obtained through 2D
hydrodynamic simulation.

By considering the simple superposition of the 2023 episodic event (132 cm) and the mean
sea-level rise projected under the optimistic SSP1-2.6 scenario for 2050, a total water
level of approximately 144 cm would be reached (132 cm + 12 cm). Consequently, if the
November 2023 storm surge were to occur under 2050 mean sea-level conditions, it would
exhibit the effects of an event with an approximate return period of 30 years relative to the
2006 baseline, clearly highlighting the significant reduction in return periods induced by sea-
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level rise (Table 19). Therefore, from a probabilistic perspective and following the framework
described in Section 5.3.1, the resulting situation can be summarized as follows:

Critical threshold,yso = 2023 event Rp10y — RSLR;p50 = 132 cm — 12 cm = 120 cm

Under an optimistic scenario, the 132 cm level observed in 2023 would effectively
correspond to approximately 120 cm in 2050 after subtracting the projected mean sea-level
rise of 12 cm. This value is consistent with a threshold associated with an episodic event
characterized by a return period of about 4 years (Figure 10). From a probabilistic
standpoint, exceedance of the 120 cm threshold in 2050 could occur with a frequency nearly
six times higher than at present, affecting essentially the same flooded areas shown in
Figure 42. This indicates that even moderate-intensity extreme events are expected to
become significantly more frequent in the near future. The same reasoning can be extended
to rarer episodic events, such as those associated with a 100-year return period, under
optimistic projections toward 2100. As previously observed for Grado, the effect becomes
even more pronounced for the town of Muggia when projecting the current conditions to
2100. Under an optimistic scenario (SSP1-2.6), the hydrometric level could reach
approximately 166 cm, placing the urban fabric in a state of critical vulnerability. Most of the
town would be flooded, with impacts exceeding those associated with a present-day event
characterized by a 100-year return period (Figure 32). In the long term, even under the
optimistic SSP1-2.6 scenario, the flooded area (Figure 45) is therefore substantially larger
than that affected by the current event.
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F|gure 45 MaX|mum extent of roodlng prOJected for 2100, at the attainment of a maximum Water level of 166
cm. Results obtained using a 2D hydrodynamic simulation model.

Compared to the episodic event of 2023 projected to 2050 in an optimistic scenario (Figure
44), the area represented by the red dotted rectangle increases if we consider an optimistic
projection to 2100 of the same event (Figure 45). Also in this case, considering the simple
superposition of the 2023 episodic event (132 cm) onto the mean sea-level increase
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projected under the SSP1-2.6 scenario for 2100, a total water level of approximately 166 cm
would be reached (132 cm at present + 34 cm by 2100). Consequently, the November 2023
storm surge, if projected to 2100, would produce effects comparable to an event with a return
period exceeding 100 years, referred to the 2006 baseline. Conversely, in 2100 the present-
day level of 132 cm would correspond to an effective level of approximately 98 cm. This
value is consistent with an episodic event characterised by a multi-annual recurrence (Table
19). From a probabilistic perspective, exceedance of the 132 cm threshold by 2100 could
therefore occur about 15 times more frequently than under present-day conditions. This
hypothetical, yet not unrealistic, future scenario is further exacerbated by the elevation of
the Mandracchio Canal waterfront promenade (Figure 34b) within the historic town centre,
where most of the surveyed elevation points fall within the 90-100 cm range. Once this
waterfront threshold is overtopped, the incoming water mass would directly impact the
historic core located landward of the promenade, triggering a progressive, oil-spill-like
expansion of flooding across the historic urban fabric. Figure 46 provides a detailed
representation of the elevations extracted from the topographic survey within the historic
centre, highlighting the particularly low-lying nature of this area.

s me__S

~ oy e
1 ' 4 1‘179*51,41304 ‘
@  Topographic point

e Fromenade Mandracchio Canal [S88

Muggia municipality ,i,', Ty

Figure 46. Topographic detail survey on historic centre area point elevation.

As can be observed, most of the topographic elevations derived from point-based GPS
surveys (using the STONEX S900+ model) fall within the 90-120 cm range. Within the
historic centre, elevations generally do not exceed 100 cm. This implies that once the water
mass overtops the Mandracchio Canal promenade under an event with Rp=2 years (see
Figure 41) flooding rapidly propagates into the historic core, flowing along the narrow streets
that characterize the local urban layout. Only by considering long-term projections, such as
those for 2100, and by analysing rare episodic events (e.g., Rr=100 years) in combination
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with projected sea-level rise, do the implications become evident: this coastal setting is
highly sensitive even to small sea-level fluctuations, such that modest increases in mean
sea level can substantially amplify flooding impacts for events of comparable meteorological
intensity.

5.8 Downscaling analysis and flood modelling of Lignano

This chapter presents and discusses the results of the downscaling analysis for Lignano,
carried out using statistical analyses within ArcGIS Pro 3.10. For each simulated flooding
scenario, the updated inundation thresholds reported in Table 5 are adopted. The
application of the downscaling approach to Lignano is essential to identify the critical
conditions leading to seawater intrusion during extreme high-water events. Compared with
Grado and Muggia —both highly vulnerable to extreme events— Lignano exhibits a more
conservative response, despite its greater exposure to meteorological forcings.
Nevertheless, the downscaling analysis allowed a detailed assessment of the most critical
sectors, particularly in relation to the 12 November 2019 event, which reached sea levels of
approximately 150 cm (IGM42) and required the activation of the regional Civil Protection
system. The primary criticality concerns the area near the private marina, located along the
lagoon-side promenade, which represents the main pathway for water ingress during
extreme events, as discussed in the following sections.

5.8.1 Downscaling analysis of lagoon promenade

This section presents the results of the downscaling analysis applied to specific sectors of
the promenade separating the town from the lagoon. The assessment covers the entire
perimeter of the urban marina, the promenade of the private marina (Circolo dei Canottieri),
and Riva Zanelli. The analysed promenade is therefore subdivided into three micro-sectors
(see Figure 47). his approach enables a more detailed examination of the waterfront
embankments, allowing both sector-specific criticalities and more general issues to be
identified. Table 25 reports the analysed promenade sectors together with their respective
lengths, the total length of the investigated stretch, and the percentage contribution of each
section relative to the overall length.

Lagoon promenade sector Length (m) Percer}ter(:gr)nof total
C. Canottieri 86 7
Riva Zanelli 28 2
Molo A 1103 91
Total promenade 1217 100

Table 25. Lignano lagoon promenade sectors analysed for elevation analysis aimed at the flooding
assessment.

Below, the three sectors of the lagoon-side promenade and the piers most vulnerable to
water ingress are described. The first sector considered corresponds to the promenade of
the Circolo dei Canottieri. The second sector includes Riva Zanelli and the dockyard Molo
A.
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Downscaling Analysis

- e Promenade Circolo Canottieri 86m

S I— Promenade Riva Zanelli 28m

Promenade Molo A 1106 m

| Lignano municipality

Downscaling Analysis
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Figure 47. Downscaling area analysis: (a)The subdivision of the promenade and lagoon embankment into 3
micro sectors; (b) Elevation of the lagoon promenade considered in the study, represented by 10 classes
subdivided every 0.10 m of elevation. (c) the extent part of the inhabited area of Lignano municipality is also
reported, treating the streets as unobstructed surfaces for water flow while omitting buildings and uninhabited
areas.

5.8.1.1 Promenade C. Canottieri

The total length of the lagoon-side promenade in this sector is 86 m, corresponding to 7%
of the lagoon promenade analysed for Lignano. The elevation analysis was performed on a
total of 1792 points, with elevations ranging between 70 and 140 cm. The main flooding
processes affecting the built-up area of Lignano occur through the promenade in this sector,
which represents the primary pathway for water ingress. This is confirmed by the histogram
shown in Figure 48b, indicating that almost the entire promenade of the Circolo dei Canottieri
(about 99%) is not in safe conditions for an event with a Rp=5 years. Consequently, even
for a threshold elevation of 126 cm, the promenade experiences significant water ingress
(Figure 48).
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| Downscaling of C. Canottieri
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Figure 48. Critical sector promenade of C. Canottieri: (a) represents the elevations extracted from the 6-m
buffer of the promenade. The elevation values of the promenade range from 70 to 140 cm. (b) represents the
statistical distribution of the elevations extracted from the promenade of C. Canottieri. Shown in red is the 126-
cm elevation (Re=5 years, Table 5) column, which represents 89% of the cumulative statistics. The promenade
is then completely flooded with an event with a very high probability of occurrence (Rp=10 years).

5.8.1.2 Promenade Riva Zanelli

This small promenade sector, adjacent to the main marina of the town, accounts for about
2% of the analysed lagoon-side promenade. The elevation analysis was carried out on a
total of 550 points, with elevations ranging between 70 and 160 cm. This sector represents
a secondary pathway for water ingress into the urban area. This behaviour is confirmed by
the histogram shown in Figure 49b, which indicates that about 36% of the promenade is
inundated for an event with a Rp of 10 years. For an Rp of 30 years (e.g. the 12 November
2019 event), characterised by a medium—low frequency of occurrence and a water level of
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151 cm, approximately 84% of the embankments are submerged, thus activating a
secondary ingress pathway compared to the Circolo dei Canottieri promenade (Figure 49b).
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Figure 49. Critical sector promenade of Riva Zanelli: (a) represents the elevations extracted from the 6-m

buffer of the promenade. The elevation values of the promenade range from 70 to 160 cm. (b) represents the

statistical distribution of the elevations extracted from the promenade of C. Canottieri. Shown in red is the 136-

cm elevation (Re=10 years) column, which represents 36% of the cumulative statistics. The promenade is then

almost completely flooded with an event with a very medium probability of occurrence (Rr=30 years).
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5.8.1.3 Dockyard Molo -A promenade

This sector represents the most extensive stretch of promenade, with a total length of 1107
m. The analysis of the embankments was carried out on 26115 surveyed points, with
elevations ranging between 70 and 180 cm. Based on the extracted elevation statistics, it is
plausible that this sector may act as a potential pathway for water ingress when extreme
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events reach threshold levels between 151 and 168 cm, corresponding to very extreme
events with progressively lower probabilities of occurrence and Rp between 30 and 100
years. This interpretation is supported by Figure 50 which shows that about 31% of the
promenade is inundated for an Rp=30 years, considering a 6 m buffer. Conversely, for an
Re of 100 years, characterised by a rare occurrence and a water level of 168 cm,
approximately 99% of the embankments are submerged (Figure 50b) activating a potential
ingress pathway that would likely lead to the inland propagation of floodwaters towards the
urban centre.

b Downscaling of Darsena Molo A

=g - ‘ >
> -
a ) N
50 100 200 Metres
(I ) { L |

2000 eeerorese 100%

1800 168 em; =23 0%

-0 of

1600 ——cumulate B0%

1400 70%

1200 0%
{ |
2
i 1000 m 50% 3
3

800 0%

151 cem; 2 1%

500 0%

400 20%

200 ‘ 10%

P T .u-.u..nn..m-..m|||.u|||ll|l.l||| |||n. %

L R R I R IR T NI I R R N

v ¥ N N

$
Elevations interval (cm} ’ b
Figure 50. Critical sector Dockyard -A promenade: (a) represents the elevations extracted from the 6-m buffer
of the promenade. The elevation values of the promenade range from 70 to 180 cm. (b) represents the
statistical distribution of the elevations extracted from the dockyard -A promenade. Shown in orange is the
151-cm elevation (Rp=30 years) column, which represents 31% of the cumulative statistics. The promenade
is then completly flooded with an event with a very medium probability of occurrence (Rr=100 years).
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5.8.2 12 Novembre 2019 event calibration

Once the downscaling analysis of promenade performance and the associated potential
ingress pathways was completed, data provided by the Regional Civil Protection allowed
the effects of the event that affected the entire Northern Adriatic coastal sector on 12
November 2019 to be evaluated. This event was analysed and subsequently modelled by
the Civil Protection using HEC-RAS 5.0, developed by the Hydrologic Engineering Center
(HEC), which enables two-dimensional hydrodynamic flow modelling. For Lignano, the
recorded peak water level reached 1.73 m relative to ZMPS, corresponding to approximately
23.56 cm above the national datum, i.e. about 150 cm IGM42. The following section
presents screenshots of the simulations (Figure 51) produced using a dynamic modelling
approach, explicitly accounting for water depth (hydraulic head), flow velocity at the points
of ingress, and flooding duration within the urban area of Lignano.

Figure 51. screenshots of the critical area analysed through the modelling of the 12 November 2019 event
(HEC-RAS 5.0; courtesy of Dr. Peressi, Regional Civil Protection of Friuli Venezia Giulia).

The main access point for floodwater ingress into the urban area of Lignano occurs through
the promenade adjacent to the Circolo Canottieri parking area. As previously shown (Figure
48), the elevations along the Circolo Canottieri promenade reach a maximum of about 136
cm, corresponding to an Rp=10 years when applying the Grado-based thresholds to Lignano
(Table 5). Consequently, an event such as that of 12 November 2019, led to overtopping
and subsequent ingress of water through this sector. To further support this interpretation,
the downscaling analysis also verified the local DTM elevations around the breach point
identified by Dr. Peressi. Based on the LIDAR survey conducted in 2018, ground elevations
in this area generally range between 120 and 135 cm (Figure 52 a,b), confirming the intrinsic
vulnerability of this sector to relatively frequent extreme events. These values are well below
the water level recorded on 12 November 2019. Consequently, it became necessary to verify
—through a targeted GPS topographic survey (STONEX S900*)— whether the ingress breach
responsible for the inland propagation of floodwaters within the urban area of Lignano (see
Figure 51) had been raised following the 2019 event (Figure 52a,b).
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Flgure 52 Temporal comparlson of the topography at the rood mgress breach Iocated near the Circolo
Canottieri promenade. (a) Point-based DTM elevations derived from the 2019 dataset; (b) detailed extraction
in the vicinity of the breach (dashed circle) overtopped during the 12 November 2019 extreme event (source:
https://www.telefriuli.it/cronaca/piogge-e-alta-marea-lacqua-tracima-a-lignano-grado-e-trieste/);

(c) comparison with the topographic survey conducted in November 2025.

During the topographic survey carried out in November 2025, measurements were collected
at the identified ingress location (Figure 52c). The elevations at this breach were found to
have been raised by approximately 20-30 cm. As shown in Figure 52 the maximum elevation
now reaches about 159 cm, i.e., roughly 9 cm higher than the peak level of the 12 November
2019 event (Rp=30 years). Based on this evidence, the primary ingress point responsible
for the 2019 flooding has been effectively mitigated. As a result, Lignano can currently be
considered in a condition of relative safety with respect to events exceeding Rp=30 years,
and plausibly also for events up to Rp=50 years (Figure 10). Accordingly, future
assessments of the structural performance of the waterfront promenade should focus on
rare events, such as Rp=100 years, which for Lignano corresponds to a level of 168 cm
(Table 5).

5.8.3 Lignano long-term projections

The Lignano setting proves to be markedly different from the nearby town of Grado.
Although both localities are located along lagoon margins in proximity to their respective
tidal inlets, they experience different impacts, not so much due to the intensity of the extreme
event itself —which, as discussed in the previous sections, is plausibly controlled by exposure
and orientation, as well as by the peak expression of specific forcings such as deep low-
pressure systems (Lionello et al., 2012)— but rather due to the elevation of the urban context
in which the two tourist hubs have developed. In contrast to Grado, Lignano exhibits a much
more conservative geomorphological and topographic setting. From an urban-planning
perspective, it therefore appears reasonable to focus on rarer events, with Rp ranging
between 50 and 100 years (Figure 10). This approach allows an assessment of how return
periods are expected to change as a function of projected sea-level rise by 2050 and 2100
under both optimistic and pessimistic scenarios. For Lignano, Vertical Land Motion (VLM)
values consistent with those reported in Table 18 for Grado were adopted. This choice is
supported by unpublished analyses carried out by Dr. Piovesan, showing that VLM rates
derived for the Lignano area from INSAR data, and cross-validated with nearby GNSS
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stations, are broadly consistent with the values inferred from the tide-gauge comparison
between Grado and Trieste over the 1991-2023 period (Figure 23).

Within the context of a rare episodic extreme event, characterized by a low probability of
occurrence and associated with an Rp of 100 years, and accounting for the projected sea-
level rise by 2050 and 2100 under the pessimistic SSP5-8.5 scenario, the following
potential situation can be anticipated:

Critical threshold,yso = current Rp100y — RSLR,450 = 168 cm — 28 cm = 140 cm

Under a pessimistic scenario, the threshold of 168 cm projected for 2050 effectively
decreases to approximately 140 cm once the expected sea-level rise of 28 cm is removed.
This level corresponds to an episodic event with an Rp of about 14-15 years. In probabilistic
terms, exceedance of the 168 cm threshold by 2050 would therefore occur with a frequency
nearly seven times higher than at present. As a result, the occurrence of extreme events is
expected to increase substantially in the near future. The same reasoning applies to a 100-
year episodic event projected to 2100 under an optimistic scenario. In this case, subtracting
53 cm of sea-level rise yields an effective level of approximately 115 cm. This value
corresponds to an event with an Rp of roughly 2-3 years. From a probabilistic perspective,
exceedance of the 168 cm threshold by 2100 could occur up to 33 times more frequently.

5.9 Downscaling analysis and flood modelling of Trieste

This chapter presents and discusses the results obtained from the downscaling analysis
applied to the city of Trieste, carried out using ArcGIS Pro 3.10. For each flooding simulation,
the inundation thresholds reported in Table 19 are considered. The application of a
downscaling approach to the regional capital of Trieste is essential to identify and interpret
the critical conditions that lead to localised seawater intrusion during high-water (“acqua
alta”) events. Compared with the other case studies analysed, Trieste represents the site
least affected by direct marine intrusion through the urban waterfront. This behaviour is
primarily related to the city’s geographical setting with respect to the main extreme
meteorological forcings acting in the northern Adriatic (Lionello et al., 2012), and secondarily
to its sheltered position within the Gulf of Trieste, protected by the Istrian Peninsula. In
addition, a key role is played by the elevation of the structures along the urban waterfront
and by the pronounced topographic gradient associated with the Carso relief. The
downscaling analysis therefore focuses on identifying residual criticalities, particularly in
relation to the 12 November 2019 event, which reached sea-level values of approximately
145-150 cm (IGM42). Within the analysed sectors, waterfront elevations range between
about 70 cm and 220 cm, allowing a detailed assessment of local vulnerability under
different extreme water-level scenarios.

5.9.1 Downscaling of marine waterfront and promenade

This section presents the results of the downscaling analysis applied to two specific sectors:
(i) the marine waterfront “Le Rive” and (ii) the promenade of the Ponterosso district. The
assessment covers part of the Le Rive waterfront and almost the entire extent of the two
promenades in Ponterosso (Via Rossini and Via Bellini). Accordingly, the critical sectors
were subdivided into three macro-areas (see Figure 53). Table 26 summarises the analysed
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promenade sectors, reporting their individual lengths, the total length of the investigated
stretch, and the percentage contribution of each section to the overall length.

Waterfront promenade Length (m) Percent (%) of total
sector length
Via Bellini 273 22
Via Rossini 273 22
Le Rive 713 56
Total promenade 1259 100

Table 26. Trieste marine waterfront and promenade sectors analysed for elevation analysis aimed at the
flooding assessment.

The three sectors analysed are described below, namely the Ponterosso promenades along
Via Rossini and Via Bellini, and the Le Rive waterfront. The first sector considered
corresponds to the Via Rossini promenade in the Ponterosso area. The second sector
includes the Via Bellini promenade, while the third concerns the Le Rive waterfront, with a
specific focus on the area facing Piazza Unita.

“ A
wnscaling Analysis

— Promenade Ponlerassa (Via Beflim) 273 m

wen  Promenade Ponlerosso {Vis Rossimry 273 m %

Promenade Le Rive Ti5m | WS

[ : & G S LA d Traste meumcoaity . ! 2 5 N 1 ;
Figure 53. Downscaling area analysis: (a)The subdivision of the waterfront and the promenade into 3 sectors;
the extent part of the inhabited area of Trieste municipality is also reported, treating the streets as unobstructed
surfaces for water flow while omitting buildings and uninhabited areas. (b) Elevation of the Trieste waterfront
and Ponterosso promenade considered in the study, represented by 10 classes subdivided every 0.10 m of

elevation.

5.9.1.1 Ponterosso promenade: Via Rossini

The Via Rossini promenade in the Ponterosso sector has a total length of approximately
273 m, corresponding to 22% of the critical sectors analysed for Trieste. The analysis of the
promenade edges was based on a total of 10321 surveyed points, with elevations ranging
between 70 and 200 cm. The primary pathway for water ingress into the urban fabric of
Trieste occurs through this sector, mainly along the western portion of the promenade, in
proximity to the Le Rive marine waterfront (Figure 54a). This is confirmed by the plot in
Figure 54b, which shows that about 30% of the elevations are submerged for an event with
Rp=10 years (Table 19).
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Figure 54. Critical sector of Ponterosso promenade: via Rossini (a) represents the elevations extracted from
the 6-m buffer of the Via Rossini promenade. The elevation values of the promenade range from 70 to 200
cm. (b) represents the statistical distribution of the elevations extracted from the promenade of Via Rossini.
Shown in red is the 134-cm elevation (Re=10 years, Table 19) column, which represents 33% of the cumulative
statistics. Shown in orange, the promenade is then half flooded with an event with a low probability of
occurrence (Rp=30 years), which represents 44% of the cumulative statistics. Shown in yellow, the promenade
is then a little bit more flooded with an event with a rare probability of occurrence (Rp = 100 years), especially
in the east side of the promenade.

When considering an event with Rp=30 years (146 cm, corresponding to the extreme water
level of the 12 November 2019 event), the percentage of submerged elevations increases
to 52%, particularly affecting the western part of the sector. Overall, the promenade does
not become completely submerged even under a rare Rr=100-year event (158 cm).
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5.9.1.2 Ponterosso promenade: Via Bellini

The Via Bellini promenade in the Ponterosso sector has the same characteristics of Via
Bellini promenade. Via Bellini represents a secondary pathway for water ingress into the
urban context of Trieste, again mainly along the western promenade (Figure 55a). However,
it is a secondary and relatively less active ingress sector, as will be shown in the
reconstruction of the 12 November 2019 event.
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Figure 55. Critical sector of Ponterosso promenade: via Bellini (a) represents the elevations extracted from the
6-m buffer of the Via Rossini promenade. The elevation values of the promenade range from 70 to 200 cm.
(b) represents the statistical distribution of the elevations extracted from the promenade of Via Rossini. Shown
in red is the 134-cm elevation (Rp=10 years, Table 19) column, which represents 30% of the cumulative
statistics. Shown in orange, the promenade is then half flooded with an event with a low probability of
occurrence (Rp=30 years), which represents 52% of the cumulative statistics. Shown in yellow, the promenade
is then a little bit more flooded with an event with a rare probability of occurrence (Rp=100 years), especially
in the east side of the promenade.
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This behaviour is confirmed by the plot in Figure 55b, which shows that about 33% of the
elevations are submerged for an event with Rp=10 years (Table 19). When considering an
event with Rp=30 years, the percentage of submerged elevations increases to 44%, which
is higher than in the Via Rossini case. Overall, the promenade does not become fully
submerged even under a rare Rp = 100-year event, for which about 56% of the elevations
experience inundation.

5.9.1.3 Marine waterfront: Le Rive

This represents the most extensive analysed sector, with a total length of 713 m. The
analysis of the elevations along the Trieste marine waterfront was carried out using a slightly
different approach compared to the other cases described above. In order to evaluate as
accurately as possible the elevations of the Rive and, consequently, the potential ingress
and inland propagation of seawater, a 26-m buffer was adopted, encompassing the entire
Trieste waterfront sector. A total of 81725 points were analysed, with elevations ranging
from 70 to 220 cm. Based on the extracted elevation statistics, this sector can be considered
a potential pathway for water ingress when extreme events exceed thresholds higher than
146 cm (Rp =30 years). As shown in Figure 56a, most of the elevations between 70 and 146
cm are concentrated close to the waterfront, particularly in the central portion facing Piazza
Unita d’ltalia. This result is confirmed by the plot in Figure 56b which indicates that about
44% of the waterfront is submerged for an Rp=30 years event when considering the 26-m
buffer. In contrast, for a rare Rr=100 years event, corresponding to a water level of 158 cm,
approximately 67% of the waterfront is submerged (Figure 56b) generating a potential
ingress pathway that could lead to the inland expansion of seawater towards the city centre,
particularly Piazza Unita and the Borgo Teresiano area.
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Figure 56. Critical sector of marine waterfront: Le Rive (a) represents the elevations extracted from the 26-m
buffer of the waterfront. The elevation values of the waterfront range from 70 to 220 cm. (b) represents the
statistical distribution of the elevations extracted from the marine waterfront Le Rive. Shown in red is the 134-
cm elevation (Re=10 years, Table 19) column, which represents 24% of the cumulative statistics. Shown in
orange, the promenade is then half flooded with an event with a low probability of occurrence (Rr = 30 years),
which represents 44% of the cumulative statistics. Shown in yellow, the promenade is then a little bit more
flooded with an event with a rare probability of occurrence (Rp=100 years), especially in the east side of the
promenade.
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5.9.2 Bathtub vs. Dynamic modelling

Using the event of November 12, 2019, as a reference case, a preliminary comparison
between the hydrodynamic simulation and the static bathtub approach has also been out for
the city of Trieste (highest water levels 149 cm, hourly based recordings from the Molo
Sartorio tide gauge), as shown in Figure 57. The bathtub model was first used as a first-
order screening method to identify locations that would be flooded based just on elevation
thresholds, just like in the earlier case studies. The static approach indicates that once the
threshold elevation of roughly 145-149 cm is exceeded, seawater may propagate inland
due to the relatively modest topographic gradient of the waterfront sector between Le Rive
and Piazza Unita d'ltalia. However, unlike Grado and differently from Muggia, the
comparison reveals that the hydrodynamic model produces a more constrained and
physically coherent flooding pattern. While the static approach assumes direct hydraulic
continuity between the waterfront and Piazza Unita, the dynamic simulation demonstrates
that the primary inflow pathway is instead located along the Ponterosso promenade, with
water propagating southwestward. Essentially, the dynamic model limits direct overflow in
front of Piazza Unita, and the maximum extent of flooding remains confined to the areas
adjacent to the seafront.

v Ll

W o ! | 2
Max inundation extent: 12 November 2019
Water level: 149 cm

Bathtub approach

- Hydrodynamic model (MIKE21 HD)
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Figure 57. Maximum inundation extent for the 12 November 2019 event in Trieste (peak water level: 149 cm,
IGM42), comparing the static bathtub approach (light blue) and the dynamic hydrodynamic model MIKE21 HD
(dark blue). The dynamic simulation accounts for hydraulic constraints and flow processes, resulting in a more

physically consistent flood pattern compared to the static assumption of uniform water spreading.

The static approach, which disregards hydraulic resistance, the temporal evolution of the
peak and the interaction of certain phenomena during the storm surge, may suggest a
simplified “basin” expansion that does not fully reflect the physical processes governing the
event. In this case study, hydrodynamic simulation proves essential not only for refining the
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spatial extent of the flooding, but also for correctly interpreting the mechanisms responsible
for the propagation of water inland.

An initial evaluation of Trieste's flood patterns was given by the preliminary comparison of
the static and dynamic techniques, but it also brought to light a crucial interpretive problem.
Effective hydraulic connectivity during extreme events is not always implied by the DTM-
based analysis's suggestion of apparent altimetric continuity between the coastline and
Piazza Unita. To determine if topographic continuity alone might account for the inland
propagation seen during the incident on November 12, 2019, a specific downscaling
analysis of the waterfront elevations was initially conducted. However, in order to determine
the real flow routes and quantify the effective propagation mechanisms governing the
flooding dynamics, a full 2D hydrodynamic calibration of the 2019 event was subsequently
carried out due to the limits of purely geometric analysis. This step represents a necessary
transition from morphological interpretation to process-based modelling.

5.9.3 12 Novembre 2019 event calibration

However, the analysis of the waterfront elevations raised an additional question regarding
the inland expansion of seawater towards Piazza Unita during the 12 November 2019 event.
As noted above, the event reached water levels of approximately 149 cm, with oscillations
between 142 and 150 cm based on 10-minute records from the Molo Sartorio tide gauge.
For this reason, a detailed analysis was carried out in the area facing Piazza Unita d’ltalia
in order to assess the local elevations that, starting from the marine waterfront, may have
enabled the propagation of seawater towards the square, as also reported by local
newspapers in the days following the event.(https://www.ilnordest.it/economia/acqua-alta-
a-trieste-sommerse-le-rive-e-piazza-unita-la-regione-chiede-lo-stato-di-emergenza-e-non-
e-finita-gk77gxpv). The elevations of the Rive were therefore analysed using a 26-m buffer,
together with the road elevations using a buffer of approximately 22 m. The aim was to verify
whether a topographic continuity could exist between the marine waterfront and Piazza
Unita, which are separated by a distance of about 50 m. To assess the contiguity of
elevations using the 0.5 x 0.5 m DTM resolution Figure 58a shows a detailed view of the
area highlighted by the black dashed rectangle, together with a transect of approximately
140 m oriented NE-SW between the boundary of the Rive buffer and the road buffer. As can
be observed from the extracted transect (Figure 58b), the elevations in the area immediately
landward of the waterfront and facing Piazza Unita range approximately between 140 and
150 cm. Therefore, considering the 2019 event, it is likely that a topographic continuity
existed, allowing the seawater to propagate from the Rive waterfront towards Piazza Unita.
This provides a plausible explanation for the flooding observed in this area during that
event.(https://www.ilnordest.it/economia/acqua-alta-a-trieste-sommerse-le-rive-e-piazza-
unita-la-regione-chiede-lo-stato-di-emergenza-e-non-e-finita-gk77gxpv).
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Figure 58. (a) Downscaled intersection between the 26-m buffer of the waterfront (expressed in elevation) and
Le Rive Street with a 22-m buffer. The red dashed area represents the 140-m transect. (b) Detailed view of
the elevations along the extracted transect from the DTM. The area of contiguity between the waterfront buffer
and the street facing Piazza Unita shows elevations ranging between 140 and 150 cm.

Once the downscaling analysis of the contiguity between the waterfront and Piazza Unita
was completed, the final step consisted in the calibration of the 12 November 2019 event
using MIKE21 with a 2D Hydrodynamic model. The objective was twofold: (i) to verify the
spatial extent affected by an acqua alta event comparable to that of 2019 (with total water
levels between 140 and 150 cm), and (ii) to reproduce the inflow from the waterfront and the
subsequent propagation of the water mass toward Piazza Unita. As shown in Figure 59a
the first and primary inflow pathway (around 19:00) is associated with the Ponterosso
promenade, specifically along the western sector of Via Rossini, where overtopping begins
at water levels of approximately 135 cm (Rp=10 years Table 19) simultaneously mirrored by
inflow from the corresponding western sector of Via Bellini. Continuing with the event
evolution, around 19:30 an intermediate expansion of flooding occurs (Figure 59b), leading
to the involvement of urban grids located northeast and southwest of the Ponterosso
promenade, with greater contiguity toward the southwestern sector, in the direction of Borgo
Teresiano and Piazza Unita d’ltalia.
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Figure 59. (a) Onset of marine flooding along the Ponterosso promenade (Via Rossini and Via Bellini), primarily
along the western section of the promenade. The initial overtopping occurred at an approximate water level of
135 cm. (b) Flood extent at 140 cm for streets perpendicular to Via Bellini and 145 cm for those perpendicular
to Via Rossini. The affected areas are confined to zones adjacent to the Ponterosso promenade, with
documented inundation also impacting the Le Rive waterfront. (c) Maximum flood extent at peak water levels
of 145-150 cm, between the Ponterosso promenade and Piazza Unita. Water encroachment is observed within
the waterfront area shown in Figure 51a (red circle). Maximum water depths remain within 40-45 cm. Results
derived from 2D hydrodynamic simulation.

Following a brief phase of partial drainage and stagnation in the Ponterosso area
(approximately 20:00-20:30), the maximum expansion of the water mass occurs around
21:10, as shown in Figure 59c. As can be observed, the maximum flood extent, with water
depths not exceeding 20 cm, does not reach Piazza Unita. Therefore, contrary to what might
be assumed, the waterfront area in front of Piazza Unita was not overtopped by the 150 cm
water level (red circle, Figure 59c). Although the transect shown in Figure 58b allows the
elevation range orthogonal to the potential expansion of the water mass beyond the marine
waterfront to be assessed, these elevations were not exceeded during the 12 November
2019 high-water event, one of the most intense events of the last 50 years. Consequently,
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the flooding observed in Piazza Unita is likely attributable to a combination of factors: the
expansion of the water mass through the Ponterosso promenade toward the southwest,
together with the intense precipitation recorded during those days and the hydraulic
drainage conditions of the urban sewer system, which are constrained by the local
topographic gradient. The superposition of these processes likely produced flooding
characterized by a bathtub type effect.

5.9.4 SLR projections (SSP5-8.5) applied on nuisance extreme events

Even for events like the one that occurred on November 12, 2019, when the overall water
level hit 150 cm IGM42, the city of Trieste is currently in a reasonably safe state. The
Ponterosso promenade is primarily home to the few crucial places that permit seawater
intrusion, as the dynamic modelling results demonstrate. Although the current state of the
waterfront between Le Rive and the Ponterosso area may be regarded as generally stable,
future scenarios must take into consideration the additional impact of sea-level rise (SLR) in
addition to the overall water levels achieved during extreme high-water occurrences. In order
to determine probable key locations and the size of the zones concerned, three scenarios
were simulated using a static "bathtub" technique. As was previously mentioned, Trieste is
less impacted by extremely high extreme water levels than Grado and Lignano. This is due
to the city's elevated waterfront structures, prominent topographic gradient, and different
exposure to meteorological forcings. When taking into account simply the hydrometric level
and ignoring wave forcing, Trieste has seldom ever encountered extreme events lasting
longer than 30 years, excepting uncommon occurrences with a return period of 100 years.
Thus, a pessimistic sea-level rise scenario for 2100 is added to events with very high (Rp=2
years), high (Rr=10 years), and medium (Rp=30 years) recurrence. The impact of apparently
insignificant events, such the Rp=2 years level of around 115 cm, can be evaluated using
this method when combined with the anticipated pessimistic sea-level increase by 2100.
Therefore, the projections for Trieste reported in Table 18, are expressed both relative to
the reference baseline period (1995-2014) and relative to the year 2022. In the latter case,
the observed mean sea-level rise rate at Trieste over the period 1991-2022 (+2.8 mm/yr)
was adopted and multiplied by the 18 years elapsed since the baseline, as reported in (Table
27).

SLR Scenario
Reference TOLtEeli/SIea Current R 2100 ESL
Year 2006 . Pl ESL (cm)
Baseli Trieste (cm) (years) (cm)
aseline | ;5065022
(1995-2014)
2 115 177
2100 SSP5-8.5 +62 10 134 196
(median)
30 146 208

Table 27. Local sea-level values for the Trieste under SSP5-8.5, projected for 2100 (cm). Total water level
elevations projected for 2100, obtained by summing a storm surge event with a 2, 10 and 30 year and the
projected SLR under SSP5-8.5 scenarios.

ArcGIS Pro 3.10 was used to create a set of hazard maps for Trieste, which were similar to
those created for the short-term flooding hazard maps for the city of Grado. Only open flow
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surfaces were regarded as potentially flooded areas, and built-up structures were not
included in the analysis, according to the same analytical requirement. Figure 60
demonstrates that an extreme water level of 177 cm is obtained by starting from an event
with a return period of Rp=2 years, combining the pessimistic sea-level rise scenario for
2100 (+62 cm), and taking projections from 2022 to 2100 (rather than from 2006, which
represents the temporal barycentre of the 1995-2014 reference baseline).

.....
..........

lood hazard map combining
I' SLR and extreme events

RP= 2y +SSP5-85 2100 SLR
- RP =10y + SSP5-8.5 2100 SLR

B RS ek Sl - RP=30y+ SSP5-85 2100 SLR

o e | waktt”. { » i .
Figure 60. Coastal flood hazard map for the city of Trieste, considering the overlap of extreme events with Rp
2, 10 and 30 years combined with the pessimistic SSP5-8.5 scenario of SLR by 2100 (ArcGis Pro 3.10, 2025).

Assuming the accepted scenario is plausible, this estimated level for 2100 precisely matches
the sea level attained on November 26, 1969, which is still Trieste's worst high-water event
since the tidal gauge was installed. An event with a high chance of occurrence (Rp=10 years)
was then combined with the same sea-level rise prediction, yielding a total water level of
196 cm. (Table 27). In this case, the hazard map Figure 60 highlights a spatial expansion of
flooded areas towards the NE sectors relative to Piazza Unita d’ltalia and the Borgo
Teresiano. In the end, a medium-probability event (Rr=30 years) was taken into account,
resulting in a total estimated water level of 208 cm by 2100 (Table 27). With regard to Piazza
Unita d'ltalia, this level causes a gradual but still restricted expansion of inundation,
especially along the eastern and northeastern parts. However, the inland penetration of
floodwaters remains relatively limited due to the geomorphological and urban characteristics
of the territory on which Trieste is constructed, particularly towards the ancient city centre
and the Borgo Teresiano neighbourhood.
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6 Adaptation Plans and Conclusions

It is now widely known that Northern Adriatic coastal communities situated in low-lying,
sandy coastal environments are far more vulnerable to the consequences of sea level rise
than other regions (Galluccio et al., 2024). However, severe sea levels and rising mean sea
levels are increasingly affecting not only low and sandy shores but also coastal sections with
high and heavily populated shorelines, like the town of Muggia. In order to deal with the
increasing frequency of extreme events, it has become necessary to implement adaptation
and mitigation strategies for other, smaller but equally vulnerable coastal realities, much like
the safety measures implemented for the city of Venice with the activation of the Mo.S.E.
barrier system in 2020 (van de Wal et al., 2024). Additionally, as current coastal defence
infrastructures age and gradually deteriorate, the effects of coastal floods are predicted to
worsen (Mel et al., 2021). In order to guarantee a sufficient degree of safety, urban coastal
defences, such as waterfronts, promenades, and similar structures, must be evaluated from
a structural standpoint and have their crest elevations closely monitored, modified, and, if
needed, raised (Shayegh et al., 2016). Plans for elevating embankments and coastal walks
should therefore be adjusted in accordance with the anticipated rise in sea level (Sriver et
al., 2018), especially in the event of severe weather. The forecasts of future sea-level rise
themselves, as well as the level of uncertainty surrounding extreme-value statistics, will
determine the kind of measures that should be put in place (Cin et al., 2020; Horton et al.,
2020; Hinkel et al., 2021). Extreme coastal flooding events ought to be treated as a risk
management and planning issue rather than just a hydrodynamic and/or statistical issue.
From the identification of crucial concerns to site-specific design and impact assessment,
Rizzo et al. (2025) emphasize how varying degrees of model complexity might be essential
in various stages of coastal adaptation planning. As a result, while advanced and
complicated dynamic models are required to capture elements like flow velocity, flooding
periods, etc., simpler methods like bathtub models can offer an initial evaluation of the most
vulnerable areas in cities. The development of coastal places is thus made possible by this
kind of practical approach, which is supported by scientific correctness. Thus, it is now
possible to develop adaptation and urban-planning hypotheses for the most vulnerable
areas of lagoon promenades, like those of Grado and Lignano, as well as for urban
waterfronts, like those of Muggia and Trieste, thanks to the statistically updated extreme
water-level thresholds, which are site-specific and based on historical data from recent
decades. In fact, for many decades to come, the creation of medium- to long-term adaptation
plans would enable the identification of definitive answers to site-specific flooding issues.
The hopeful SSP1-2.6 pathway, which is impacted by the possible rise in the frequency and
severity of extreme events, and short- to medium-term scenarios are now the focus of the
most trustworthy future projections. The potential urban adaption solutions for the various
coastal environments examined in this thesis study will be covered in the upcoming chapter.
As a result, the following factors will be looked at in addition to the statistical analyses
created and used in accordance with the particular environmental context: (i) exposure to
extreme water levels; (ii) the orientation of the sectors most susceptible to marine intrusion,
considering both current episodic events and long-term assessments based on projected
sea-level rise; and (iii) the scope of intervention within the urban fabric, assessed in terms
of available urban space, the spatial extent of the most vulnerable areas, and the viability of
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building and/or modifying existing defence structures, taking into consideration the potential
reduction of urban impacts.

6.1 Grado adaptation plans

Grado is the first location that underwent a thorough statistical analysis to determine how
the frequency of extreme events has gradually increased over the past few decades (Figure
12), This analysis took into account both the most recent extreme-value statistics and the
maximum sea levels observed over the previous thirty years. Localized criticalities were then
found along particular sections of the lagoon promenade through an evaluation carried out
at the size of the urban detail (Figure 27 and Figure 28). Starting from the data of the
scenarios and the Rp of the events, the embankment sealing hypothesis starts from the
evidence that one must proceed by considering, in a modular way, interventions that, in
order of priority, start from the most critical sections. The entire urban stretch facing the
lagoon has docks whose elevation cannot guarantee sealing for events with very frequent
return times. Consequently, based on the study conducted, a safety threshold level of 180
cm can be chosen. This figure roughly corresponds to a meteomarine event, which
statistically occurs with a Rp of approximately 250 years. Thus, considering a pessimistic
sea level rise to 2050 calibrated on the city of Grado, equal to an increase of approx. 28 cm,
on a probabilistic level, a lowering of the threshold level to 152 cm would occur. The value
in question corresponds to an event with a Rp of ca. 30 years, defined as having a medium
probability of occurrence. At present, this type of intervention secures the territory and, in
the future forecast, will allow sufficient time to prepare —should it be deemed necessary—
appropriate modifications or additions. The value of 180 cm, therefore, allows us to have a
certain margin of coverage that is much more reliable than a safety value that, correlated
with a less reliable projection, would have a greater degree of uncertainty. Once the
threshold level of security and the most vulnerable sectors to be safeguarded have been
ascertained, based on downscaling simulations and elevation analysis, the next step
concerns which adaptation strategies to put in place. The provision of defensive measures
depends on various factors, such as political, regional and local decision-making wills. An
example of this approach is the SECAP project, undertaken to incorporate adaptation
measures and climate mitigation strategies at the municipal level for the city of Trieste
(Manzan et al., 2022). Nevertheless, additional factors will be closely related to the layout of
the urban fabric (Barnard et al., 2021) and therefore directly controlled by anthropogenic
elements, such as urbanisation, accommodation space, adaptability, land-use change, as
well as the configuration and size of the road network (Toledo et al., 2024). The first two
stretches in need of timely intervention concern the perimeters that extend over two sectors,
from Riva Brioni to the Mandracchio Canal inclusive, for a total of 1919 m. Within this section,
the two perimeters requiring timely intervention are Riva Brioni (260 m) and the Mandracchio
Canal (1392 m). Riva Brioni is characterised by a promenade that, throughout its entire
extension, has heights ranging from 70 to 115 cm. The road surface width, measured from
the outer edge of the promenade to the pavement on the opposite side, is approximately 14
m (Figure 27). Of this, the space relating to the urban road is approx. 5 m. The area where
changes will be made for raising the shoreline or changing the lagoon promenade is about
7 m wide: 3 m for the lagoon promenade and 4 m for parking spaces, which could be
adjusted if needed. These characteristics make Riva Brioni one of the few city areas that
are most exposed to flooding, where it is possible to implement a significant change in the
urban fabric. One possibility concerns the application of bulkhead planter systems or of a
bank (see Toledo et al., 2024) extended along the entire affected area (see Figure 61). A
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further hypothesis is the application of a seawall-walk barrier system that transforms the
Riva Brioni promenade into a fully-fledged barrier that maintains the existing pedestrian
section connected to the waterfront.

Figure 61. The Riva Brioni promenade. (a) Photo of a promenade section, taken at coordinates 45°68'28.63”
N, 13°38'06.56” E (photo credits: Spadotto S.). (b) Design of a bulkhead planter system, built along the entire
promenade. Toward the lagoon, the promenade is maintained. Toward the street, parking spaces are created
parallel to the bulkhead planter, and the roadway is maintained. (c) Rendering of what Riva Brioni might look
like. For the sake of clarity, possible regulated openings needed between the planters for pedestrian transit
and dock access are not depicted here.

The situation is different for the Mandracchio Canal. The docks surrounding the canal are
characterised by a higher elevation than those at Riva Brioni. However, these fail to provide
adequate defence, resulting in a general ingression of the water mass into the built-up area,
affecting the historic centre to a certain extent, even with water levels that are not particularly
critical, slightly higher than 110 cm. The layout of the streets and buildings surrounding the
canal, for nearly their entire length, does not permit significant modifications to the urban
fabric. The space available from the docks, where there are boat moorings, to the walls of
the buildings on the opposite side is approximately 6 m. It follows that the usable space for
a possible intervention is completely absent. For this reason, a possible proposal concerns
the design of mobile defence systems at the Mandrachio lagoon entrance (Figure 62a,b),
similar conceptually to those already widely used in Northern Europe, especially in the
Netherlands with the Maeslant Barrier in Rotterdam (Bol, 2005), designed for protection
against very extreme flood events (Jorissen et al., 2016). In Cesenatico, Emilia Romagna,
Italy, there exist mobile defence systems known as Porte Vinciane (Da Vinci's gates), a
Project by Binini Partners (https://www.bininipartners.it/progetti/porta-vinciana-a-
cesenatico/) (Figure 62c). Another possible solution could be a mobile system like
the Mo.S.E (Munaretto et al, 2012) designed in Chioggia, called Baby
Mo.SE (Il Baby MOSE, 2015) (Figure 62e). Constructing these weirs directly in the upper
opening part of the Mandracchio, approximately 20 m wide, can guarantee a safe condition
in the city surroundings. Additionally, from an economic perspective, the intervention would
be less costly than designing an extended dock elevation for the entire Mandracchio Canal.
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Figure 62. The Mandracchio Canal docks. (a) View of the Mandracchio C. lagoon entrance (Photo credits:
Fontolan G.). (b) Plan view of the Canal opening. (c) Example of Porte Vinciane (Da Vinci’'s gates) mobile
system for flood defence in Cesenatico, a Project by Binini Partners (www.bininipartners.it). (d) Functional
design of Baby Mo.SE floodgates in Chioggia (after (www.bininipartners.it) modified). () Example of mobile
floodgate in operation in Chioggia (after (Il Baby MOSE, 2015) modified).

6.2 Muggia adaptation plans

After Grado, the second coastal town that has been increasingly affected by extreme
weather events of marine origin in recent decades is Muggia. Compared to Grado, which is
exposed to the Sirocco and Libeccio winds, Muggia is located within a protected area of the
Gulf of Trieste (Figure 7). The Istrian peninsula allows for almost total damping of wave
forcing. However, meteorological forcing related to extreme hydrometric levels still has a
significant impact in this context. Although Muggia is located within a coastal area with high,
urbanised coastlines, most of the historic town centre has elevations within the range of 90-
120 cm (Figure 46). The elevation of the land and therefore of the urban fabric is gradually
leading to a critical situation with regard to the ingress of water, depending on the extreme
event. Therefore, as in the case of Grado, the possibility of adapting the urban marine
waterfront was also evaluated for Muggia, based on downscaling analysis (Figure 33).
Compared to the case applied and discussed for Grado, water ingress in Muggia occurs
through the waterfront and promenade of the small Mandracchio Canal. As explained above,
the main route of ingress is precisely the waterfront in this sector. The urban areas around
the waterfront, which is about 98 meters long, are quite constrained, as illustrated in

Figure 34b. It should be noted that the total buffer employed for the extraction and statistical
analysis of the waterfront elevations includes the walkway and road in addition to the
embankment itself (Figure 63b). It follows that it would not be a very appropriate solution to
raise the embankment along the Mandracchio C. Along the banks of the Mandracchio Canal,
specifically on the C. Colombo promenade (Figure 63c), it is evident that space constraints
hinder modifications, such as the implementation of a modular embankment rise (Shayegh
et al., 2016). Figure 63 illustrates that the promenade section is not a primary access route;
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however, it serves as a secondary route connected to the primary waterfront of the
Mandracchio Canal. The conditions vary for the promenade of the Sala da Mar restaurant
compared to the Circolo della Vela. The space in the first case is significantly larger than
that in the two preceding cases. The 6-m-buffer encompasses a smaller area than the entire
analysed quay. This section is not a primary connection route to the historic centre, as
illustrated in Figure 34. Nonetheless, like the C. Colombo promenade, it may be regarded
as a secondary marine access route.

Downscaling Analysis

Promenade elevation (m)
k2
13-
1.4-
1.5-1

18-

Figure 63. Details of the most critical sector of the Mandracchio Canal waterfront in Muggia: (a) waterfront and
promenade elevation along Mandracchio Canal; (b) Google earth photo of the Mandracchio Canal waterfront,
main marine water ingression; (¢) Google earth photo of C. Colombo promenade; (d) Google earth photo of
Sala da Mar restaurant promenade; (e) Google earth photo of the Circolo della Vela promenade; (f) Google
earth photo of the Nazario Sauro park promenade.
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The modification in this case excludes the embankment elevation due to the absence of a
direct connection. Consequently, despite the existing urban space, an intervention in this
area would be largely ineffective. In the case of the Circolo della Vela promenade (Figure
63e), the space covers the entire 6-m buffer zone for long stretches (Figure 37). This section
of the waterfront similarly does not facilitate a direct connection to the sea ingress in the
historic centre. The aforementioned description pertains to events with a recurrence interval
ranging from 2 to 10 years, characterised by level thresholds of 115 cm and 134 cm,
respectively (Table 19). The incidence of flooding and associated critical issues escalates
with the increasing severity of the event. In the scenario with a return period of 30 years
(Figure 42), water ingress is observed not only all around the Mandracchio Canal waterfront
(Figure 63b) but also due to secondary ingress from the Sala da Mar restaurant promenade.
When the water surpasses the maximum elevation of the promenade in this region, it
progressively extends towards the historic centre. From an urban planning perspective, it is
essential to evaluate the potential risks associated with the most extreme event analysed in
this study, specifically the Rr=100 years, which corresponds to a total water level of 158 cm.
Figure 41 illustrates that the expansion of the water mass occurs not only through the
primary waterfront of the Mandracchio Canal but also via the secondary promenades to the
west, namely the Circolo della Vela promenade and the Nazario Sauro car park. Water
masses are thus interconnected, influencing the entire road network along the Muggia
seafront. Thus, by examining very extreme (Rp=30 years) and rare (Rr=100 years) events,
we can derive a comprehensive understanding of urban characteristics in relation to extreme
levels. This analysis pertains not only to short-term impacts associated with episodic events
influenced by current sea conditions but also to long-term implications related to ongoing
climate change. The analysis of return period reduction presented in section 5.3.2 is
informative. The urban section adjacent to the waterfront features promenade areas whose
elevation fails to ensure resilience against events with high frequency return periods,
particularly in proximity to the historic city centre. Consequently, based on the current
analysis, it is possible to choose a safety threshold level of 165 cm. A threshold of 165 cm
is associated with a meteorological event that statistically has a return period of roughly 250
years (Figure 16). Thus, accounting for a pessimistic sea level rise by 2050 for the city of
Muggia, estimated at approximately 21 cm (Table 18), the threshold level would
probabilistically decrease to 144 cm. This latter value represents an event with a return
period of approximately 30 years, characterised as a scenario with a medium probability of
occurrence. This intervention currently secures the waterfront area, particularly the historic
centre characterised by low elevations (Figure 46). Future projections indicate that there will
be adequate time to implement necessary modifications or additions, if required. The value
of 165 cm provides a reliable margin of coverage, surpassing the uncertainty associated
with a safety value related to a more uncertain scenario. However, raising the entire
waterfront would probably not be the most appropriate choice, both in terms of available
urban space and economic cost. In recent years, due to increasingly frequent flooding, it
has been decided to install a system of mobile flood barriers that can be erected when
high water alerts are issued (https://www.informatrieste.eu/ts/blog/incubo-acqua-alta-
scongiurato-test-positivo-paratie-sul-mandracchio-a-muggia/). However, these systems are
effective when extreme levels are contained (Figure 64). Raising the entire waterfront may
not be the most suitable option, considering the constraints of urban space and associated
economic costs. In recent years, the rise in flooding frequency has led to the decision to
implement a system of mobile flood barriers that can be deployed during high water alerts
(https://www.informatrieste.eu/ts/blog/incubo-acqua-alta-scongiurato-test-positivo-paratie-
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https://www.informatrieste.eu/ts/blog/incubo-acqua-alta-scongiurato-test-positivo-paratie-sul-mandracchio-a-muggia/

sul-mandracchio-a-mugagia/). However, these systems are effective when storm surge levels
are low (Figure 64) and cannot be considered a permanent solution.
& - ; BRI e
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Figure 64."i'E-$<:zAinﬁ'pié of a movable gate barrier applied to the Mandracchio Canal waterfront (Figure 34) (from
https://www.rainews.it/tgr/fvg/articoli/2025/01/allerta-meteo-acqua-alta-nel-mandracchio-a-muggia-
posizionate-le-barriere-mobili-9f41a40f-4d3b-49c4-8962-29ac1471c016.html).

Thus, a potential solution may entail the implementation of a movable gate or flap gate,
designed similarly to the MoSE in Venice (Munaretto et al, 2012). Consequently, in light of
the aforementioned waterfront issues, the most viable hypothesis pertains to the
implementation of a movable floodgate barrier within the Mandracchio Canal. The
Mandracchio Canal has a width of approximately 67 m, measured between the Circolo della
Vela promenade and the C. Colombo pier promenade (Figure 65). Considering the potential
ingress of a 100-year event along the Nazario Sauro park promenade, it is advisable to
explore the design possibilities at the mouth of the outermost piers of the small port of
Muggia, which features an opening of approximately 55 m (Figure 65). Constructing a
singular mobile barrier in this location would offer protection against rare events, particularly
considering the ongoing climate change. A recent study by Takagi et al. (2023) in Japan
presents a comparable example, proposing the construction of such barriers to mitigate the
impacts of storm surges and tsunamis. Also in this context, the suggestion is conceptually
similar to that already widely used in Northern Europe, especially in the Netherlands with
the Maeslant Barrier in Rotterdam (Bol, 2005), designed for protection against very extreme
flood events (Jorissen et al., 2016).
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(a) View of the Mandracchio C. marine opening (photo from
Google Earth, 2025) (b) details of the different area of urban intervent to apply a movable barrier.

Figure 65. The Mandracchio Canal watrfrot.

6.3 Lignano adaptation plans

In the case of Lighano, the assessment of extreme scenarios was conducted using the levels
estimated for Grado using Gumbel distribution as a reference, given the similar lagoon
configuration and the lack of a sufficiently long local historical series. The derived thresholds
indicate that the criticality is mainly associated with events with a medium-low or even rare
probability of occurrence, such as the event of 12 November 2019 (150 cm water level). On
the other hand, as regards more frequent return times, the current conditions are good. In
this sense, Lignano can be defined as a conservative territory with respect to current
extreme events. Areas most at risk are located along the perimeter bordering the city and
the lagoon, in a protected western area that is quite distant from the mouth of Lignano and
sheltered from any local Bora winds, which blow in an E-NE direction. Consequently, the
ingress of water occurs through specific critical points such as the passage inside the car
park of the C. Canottieri promenade, which has already been upgraded and raised to 159
cm. However, from a long-term perspective, the evolution of the risk is mainly attributable to
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the reduction in return times induced by the rise in average sea level, suggesting the need
for progressive monitoring of protection levels rather than immediate intervention. The
evaluation of extreme scenarios for Lignano utilised the levels estimated for Grado as a
reference, employing the Gumbel distribution of extreme events due to the comparable
lagoon configuration and the absence of an adequately extensive local historical series. The
established thresholds suggest that criticality is primarily linked to events with medium-low
or rare probabilities of occurrence, exemplified by the event on 12 November 2019 (150 cm
level). The territory of Lignano is currently safe from marine flooding caused by high-
frequency storm surges. Thus, it can be characterised as a conservative territory in relation
to contemporary extreme events. The highest risk areas are situated along the perimeter
adjacent to the city and the lagoon, within a safeguarded western region that is relatively far
from the Lignano mouth and shielded from local Bora winds, which predominantly blow from
the E-NE direction. As a result, water ingress occurs at specific critical points, including the
entrance to the car park of the C. Canottieri promenade, which has been upgraded and
elevated to 159 cm. From a long-term perspective, the evolution of risk is primarily due to
the decreased return times resulting from rising mean sea levels. This indicates a necessity
for ongoing monitoring of protection levels rather than immediate intervention.

6.4 Trieste adaptation plans

The evaluation of the statistical dependence between astronomical tide and non-tidal
residual (NTR) in conjunction with the direct analysis of extreme sea levels using EVT
approaches (GEV and GPD-POT) for the city of Trieste reveals a regime where extreme
levels are comparatively moderate and heavily influenced by the urban morphology. In this
case, rather than a significant rise in absolute maximum sea levels, future flood risk seems
to be primarily linked to an increase in the frequency of exceeding local critical thresholds
and the possible amplification owing to combined tide-NTR events. Furthermore, a large
percentage of the flooded areas cannot be solely attributable to maritime forcing, as
demonstrated by the hydrodynamic calibration of the event on November 12, 2019. Rather,
heavy precipitation and the ensuing hydraulic overload of the urban drainage system are
mostly linked to flooding patterns, creating a noticeable "bathtub” effect in low-lying regions
near the Rive shoreline. Under current circumstances, this process is probably going to be
more important than direct marine overtopping. However, the impact of mean sea level rise
needs to be taken into account as the changing baseline that severe events arise from.
When pessimistic sea-level rise forecasts for 2100 are paired with episodic occurrences with
high, medium, and moderate probabilities of occurrence, the resulting impacts become
much more severe, as shown by the static modeling findings given in Figure 60. The amount
of flooded areas expands significantly under these future conditions, but it is still limited by
the city of Trieste's steep topographic gradient. These results imply that focused evaluations
of waterfront defenses and urban embankments in the most vulnerable areas should be
prioritized from the standpoint of long-term adaptation. In particular, it might be essential to
assess a localized raising of the main roadway between the waterfront and Piazza Unita
d’ltalia, in addition to the possible reconfiguration and elevation of specific sections of the
Ponterosso promenade. However, in order to confirm the hydraulic efficiency of the urban
drainage system and its ability to handle complex marine-pluvial flooding scenarios, such
structural changes should be accompanied in the short to medium term by a comprehensive
evaluation of the system.
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7 Final remarks

The assessment of coastal flooding hazard in urban environments requires an integrated
methodological framework capable of capturing both the statistical behaviour of extreme sea
levels and the spatial-temporal dynamics of inundation processes. In this study, a combined
approach based on extreme-value statistics and high-resolution hydrodynamic modelling
was adopted to support a robust and physically consistent evaluation of flooding risk. To
update the statistical characterisation of extreme water levels, measure the return times
associated with them, and evaluate current trends in frequency and amplitude, univariate
extreme-value analyses (GEV and GPD-POT) were initially used. These techniques offer a
crucial starting point for comprehending the evolution of severe sea levels over time and for
determining crucial thresholds related to urban floods. In parallel, the dependency between
astronomical tide, storm surge, and low-frequency sea-level variability was explicitly taken
into account using a multivariate statistical framework that followed the methodology
suggested by Ferrarin et al., (2022). In order to accurately depict compound events, which
frequently regulate the occurrence of exceptional total water levels in the northern Adriatic,
this step proved essential. The probability and intensity of extreme conditions are defined
by statistical calculations, but they do not explain how floods spreads across intricate urban
networks. Because of this, site-specific downscaling assessments and two-dimensional
hydrodynamic modelling were used when necessary. While dynamic models (MIKE21 HD
and, for Lignano, HEC-RAS outputs provided by the Regional Civil Protection) were used to
resolve the temporal evolution of water ingress, flow pathways, and inundation depths at the
urban scale, static "bathtub" approaches were utilized to quickly identify potential inundation
areas and critical elevations. Thus, a major strength of this study is the integration of
statistical and dynamic modeling, which enables the translation of extreme water levels into
realistic flood scenarios pertinent to spatial planning and adaptation techniques.

Grado

Among the case studies that were examined, Grado turns out to be the most vulnerable
location. The frequency of threshold exceedances has clearly increased over the past ten
years, with relatively minor extreme events already causing extensive flooding, according to
the data update on extreme sea levels. The western lagoon side, where low-elevation
promenades and embankments serve as preferred channels for water intrusion into the
historic centre, is where the most essential regions are concentrated, according to
downscaling calculations. Higher return periods cause floodwaters to spread widely inland,
although even occurrences with modest return periods (Rp=2 years) have major
metropolitan repercussions. Projections of sea level rise show a significant decrease in
effective return periods, suggesting that situations that are currently thought to be
uncommon could become frequent in the coming decades. Furthermore, its location within
the Grado and Marano Lagoon, as well as its greater exposure to sirocco sea winds, makes
it even more vulnerable to extremes.

Muggia

Seawater intrusion via the Mandracchio Canal waterfront, which serves as the main entry
point into the old centre of Muggia, is the main factor controlling floods. The downscaling
analysis identifies a series of crucial micro-sectors with extremely low elevations, where
overtopping is caused by even regular occurrences (Rp = 2-10 years). Floodwaters quickly
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spread inward along little streets once the Mandracchio waterfront is overtopped, according
to dynamic modelling, creating water depths that have the potential to seriously alter the
medieval urban fabric. Even under optimistic climatic scenarios, long-term predictions
demonstrate that even little rises in mean sea level significantly intensify the effects of
flooding, resulting in a significant reduction in return periods and exposing significant areas
of the town.

Lignano

Given its higher urban elevations, Lignano responds to excessive sea levels more
conservatively than Grado and Muggia. However, the downscaling research pinpoints some
crucial areas along the lagoon-side promenade that serve as main means of entry during
intense events, especially close to the Circolo dei Canottieri and the private marina.
Overtopping at these low-elevation regions caused flooding, as confirmed by the
reconstruction of the incident on November 12, 2019. In order to improve protection against
occurrences with medium return durations, post-event mitigating measures have raised the
primary breach's elevation locally. The performance of shoreline defences under high-
magnitude extremes should be the primary focus of long-term planning, since forecasts
under future sea-level rise scenarios suggest that threshold water levels reached during
uncommon events (Rp = 50-100 years) may become substantially more and more frequent.

Trieste

Due to its protected location within the Gulf of Trieste, the existence of elevated waterfront
structures, and the steep topography gradient landward of the shore, Trieste is the least
vulnerable setting among the sites examined. Direct marine flooding is typically restricted to
specific areas, mostly along the Ponterosso promenade, according to statistical and
downscaling evaluations. Despite high water levels, dynamic modelling of the event on
November 12, 2019, shows that inland flooding was caused by a combination of limited
overtopping, heavy precipitation, and restricted urban drainage conditions rather than
directly propagating from the marine waterfront toward Piazza Unitd. However, static
forecasts that combine pessimistic sea-level rise scenarios for 2100 with frequent extreme
events show that even Trieste might encounter critical conditions under very low-magnitude
events, highlighting the system's long-term vulnerability to mean sea-level increases.

Overall, the results demonstrate that coastal flooding hazard in the northern Adriatic is
strongly site-dependent and controlled by the interaction between extreme sea-level
statistics, local topography, and urban configuration. The integrated use of statistical
extreme-value analysis, multivariate dependence modelling and dynamic flood simulations
provides a comprehensive framework to interpret both present-day and future flooding
scenarios. This approach supports the identification of critical ingress pathways, the
evaluation of defence performance, and the prioritization of adaptation measures tailored to
the specific characteristics of each coastal town.
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Abstract: The latest progress in deep learning approaches has garnered significant attention across
a variety of research fields. These techniques have revolutionized the way marine parameters are
measured, enabling automated and remote data collection. This work centers on employing a deep
learning model for the automated evaluation of tide and surge, aiming to deliver accurate results
through the analysis of surveillance camera images. A mode of deep learning based on the Inception
v3 structure was applied to predict tide and storm surges from surveillance cameras located in
two different coastal areas of Italy. This approach is particularly advantageous in situations where
traditional tide sensors are inaccessible or distant from the measurement point, especially during
extreme events that require accurate surge measurements. The conducted experiments illustrate
that the algorithm efficiently measures tide and surge remotely, achieving an accuracy surpassing
90% and maintaining a loss value below 1, evaluated through Categorical Cross-Entropy Loss
functions. The findings highlight its potential to bridge the gap in data collection in challenging
coastal environments, providing valuable insights for coastal management and hazard assessments.
This research contributes to the emerging field of remote sensing and machine learning applications
in environmental monitoring, paving the way for enhanced understanding and decision-making in
coastal regions.

Keywords: deep learning; tide; storm surge; coastal monitoring; convolutional neural network

1. Introduction

The rise in global mean sea level, attributed to human-induced climate change [1], is
resulting in a global escalation in the frequency of coastal flooding, with a multitude of
negative impacts for coastal communities, public safety, and economies [2].

The components of flooding include astronomical and meteorological water levels.
The astronomical water level is determined by the tidal cycle, which is primarily caused
by the gravitational attraction between the Moon and the Earth. Tides follow a regular
pattern and can cause a periodic rise and fall in the water level along coastlines. On the
other hand, meteorological water levels are influenced by weather events such as storms,
heavy rainfall, or strong winds. These factors can lead to a temporary increase in water
level in coastal areas, known as “storm surge”. Storm surge can significantly contribute to
coastal flooding during extreme weather events. Both of these components can result in an
elevation of the water level and contribute to flooding in coastal areas. It is important to
consider both factors when evaluating and managing the risk of flooding [3].
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Tidal patterns have significant impacts on various aspects of human life and the
ecosystem [4]. The positive outcomes of tides include preserving the marine ecosystem,
facilitating fishing and harvesting [5], controlling pollution, generating power, and influ-
encing weather circulation [6]. Tides play a vital role in many coastal ecosystems: they
influence the habitats, aid in reproductive activities, and support the food chain [7]. In
fishing, tides are used to catch fish and harvest seafood, optimizing economic returns [8].
Additionally, they contribute to the generation of renewable energy through tidal energy,
harnessing hydraulic forces [9]. Tidal currents impact the circulation of weather, leading to
the creation of more favorable climate conditions and contributing to the balance of global
temperatures. [10]. They also play a vital role in the movement of sediment along the beach.
Phases of high and low tide influence the deposition of sand, gravel, and other particles
on the beach [11]. Understanding tides offers opportunities for their optimal utilization in
modern society [12].

Significant emphasis must be placed on coastal protection measures in response to
storms and the ensuing storm surge.

A storm surge is an anomalous increase in water levels caused by a storm that ex-
ceeds the expected astronomical tide. It represents the fluctuation in water level directly
influenced by the storm’s presence [13].

The primary driver behind storm surges comes from the powerful winds associated
with cyclones [14]. The wind patterns surrounding the cloud-free area of a cyclone’s ‘eye’
are determined by a cyclonic circulation through diabatically produced potential vorticity
(PV) anomalies in the lower-mid troposphere [15,16]. In offshore areas, this circulation
remains largely undisturbed, resulting in minimal signs of storm surge [17]. When the
hurricane approaches nearshore areas, the cyclonic circulation is influenced by seabed
friction [18], determining the water flow inland [19]. Regarding coastal protection and
emergency management, it is important to emphasize that the storm surge can penetrate
far inland from the coastline [20,21].

To capture the characteristics of forcing during extreme events and the resulting
impacts on the coastal environment, a combination of direct methods (e.g., wave buoys, tide
gauges, LIDAR surveys) and indirect methods (e.g., webcam or satellite images) have long
been utilized. In recent times, the popularity of indirect methods has increased significantly
due to their ability to analyze large volumes of data using artificial intelligence techniques.

Machine learning and deep learning [22], two branches of artificial intelligence [23],
are proving to be versatile tools in the examination of coastal environments [24]. This,
in turn, can facilitate the informed and sustainable planning and management of coastal
regions [25]. Such efforts contribute to safeguarding marine ecosystems and enhancing
the tourism appeal of beaches [26]. Machine and deep learning enable the analysis of
beach areas through the processing of satellite imagery [27] or footage from surveillance
cameras [28]. For instance, machine learning algorithms can be employed to recognize
and categorize various aspects of coastal landscapes, such as beach morphology, that are
influenced by tides and currents [29]. Additionally, deep learning facilitates the creation of
specialized algorithms tailored to the detection of specific coastal features, enhancing the
precision and efficiency of monitoring and analysis systems [30]. This, in turn, positively
influences beach management by enabling a more precise evaluation of a beach’s condition
and a more timely response to potential emergencies [31].

In this study, we present the results of experiments conducted using an algorithm for
automated tide and surge measurement from images captured by a surveillance camera
system. Once an image is acquired and submitted to the system, the algorithm is capable
of providing the corresponding tidal height and, consequently, the surge [28]. These results
are highly useful in areas where the tide sensor is remotely located, necessitating time
corrections [32], and in situations of extreme events, such as Mediterranean Hurricanes,
where surge measurement becomes valuable.

The tool presented in this paper represents an upgrade of the Convolutional Neural
Network (CNN) for Tide Assessment developed in LEUCOTEA [28]. The forecasts pro-
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duced by neural networks were compared to the observational data derived from tide
gauge records. The previous code was written in MATLAB and used the GoogLeNet
model [33]. This latest update is translated into Python [34] and is based on the Inception
V3 model developed by Google [35].

The employment of a comprehensive observational system spanning multiple plat-
forms provides the opportunity for real-time feedback on the occurrence of oceanic and
atmospheric events. Moreover, this approach would enable the execution of analyses that
are typically reliant on in situ sensors [36], thereby circumventing logistical challenges and
facilitating the seamless creation of information databases [37].

The paper was organized as follows:

e  Section 2 contains the methodology section, where the study areas, datasets, and deep
learning models are reported;
Section 3 presents the results and discussion, including predictions and hyperparameters;
Section 4 contains the conclusions.

2. Methodology

In this section, we present a detailed overview of the methodologies and techniques
employed in this study. We outline the specific approaches adopted for the remote measure-
ment of tides and surges, as well as details of the deep learning system utilized for analysis.
Additionally, we discuss the preprocessing steps applied to the surveillance camera images
and the training procedures undertaken to optimize the performance of the model. The
following subsections provide a comprehensive overview of the methodologies used in
this research endeavor.

2.1. Data Acquisition and Territorial Framework

In the preliminary step, the process begins by choosing a coastal region for investiga-
tion and assembling a pertinent set of images to effectively portray the entire spectrum
of potential tidal values. A substantial quantity of images is essential for conducting a
thorough analysis. In our case, we chose two locations in Italy, and the model was trained
and tested using images from surveillance cameras.

2.1.1. Site 1: Santa Lucia

The first site is Santa Lucia, located on the Maddalena peninsula in the municipality of
Siracusa (SR), southeastern Sicily (Figure 1a). It features numerous distinct characteristics,
various residential settlements, several commercial activities, as well as areas of natural
and archaeological interest. In 2004, the Plemmirio Marine Protected Area was established
to safeguard the surrounding marine environment and its abundant marine fauna. The
management of the Marine Area provided the images from the surveillance camera.

The coastal region of south-eastern Sicily extends over approximately 300 km and is ex-
periencing significant erosion, with the shoreline retreating at a rate of about 5 m/year [38].
This region has faced severe storms over the past few decades, experiencing waves that
have reached approximately 6 m in height and storm surges surpassing 1 m [39]. The
examined coastal region displays a mix of small rocky headlands and low-lying beach
systems, often adjacent to coastal lagoons. The impacts of numerous tsunamis have been
recorded by studying accumulations of boulders [40,41], high-energy deposits [42], and the
stratigraphy of the lagoon areas [43,44]. Furthermore, the region has also been impacted by
severe storms, resulting in the displacement of boulders and cobbles along the coastline [40].
Similar to other Mediterranean coastal areas, these storm occurrences have undergone
impacts similar to those witnessed in past extreme marine events, such as tsunamis.
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Figure 1. Study areas with surveillance camera locations: (a) site 1—Santa Lucia; (b) site—2 Lignano.
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We also conducted an analysis using data recorded by the Catania wave buoy from the
National Wave Network (Rete Ondametrica Nazionale (RON)). The most powerful storm
in southeastern Sicily since 1990 was identified, characterized by a substantial wave height
(Hs) of around 6.2 m and a peak period (Tp) of 11.3 s. Several medicanes, or Mediterranean
hurricanes, have affected the coasts of south-eastern Sicily, and in recent decades, these
events have had a greater impact compared to typical seasonal storms. Between 2014 and
2023, ten cyclones passed in the Ionian Sea, with four of them—Qendresa in 2014, Zorbas in
2018, Apollo in 2021, and Helios in 2023 [45]—strongly impacting the coast of south-eastern
Sicily. While the Ionian Sea is not typically prone to the formation of tropical cyclones,
medicanes result from a process known as Tropical Transition (TT), where an extratropical
system transforms into a tropical system or induces a hybrid cyclone [46,47]. However,
some studies suggest that climate change may alter medicanes in the future, potentially
reducing their frequency but intensifying their impact [48]. Nevertheless, in the Ionian
basin, except for 2019, a medicane has crossed the region each year since 2014.

2.1.2. Site 2: Lignano Sabbiadoro

The second site is Lignano Sabbiadoro, a municipality located in the Friuli Venezia
Giulia region (Figure 1b). Here, the images, acquired from a webcam placed on the
roof of a restaurant overlooking the sea, were provided by the Panomax portal (https:
/ /lignano.panomax.com/ (accessed on 4 May 2023)) for tourism in the Friuli Venezia
Giulia Region. Despite only having around 7000 inhabitants, it is one of the most important
seaside resorts in the Northern Adriatic Sea, with around 3.5 million visitors (ISTAT, 2019).
Lignano is located on the peninsula made up of the eastern lobe of the Tagliamento river
delta and separates the Adriatic Sea from the Marano and Grado lagoon. The coast,
conventionally divided from the Tagliamento river mouth (to the south) to the Lignano
inlet (to the north) into the three sectors of Riviera, Pineta and Sabbiadoro, is made up of
a single sandy beach approximately 8 km long. The beach has a curvilinear shape: from
south to north, the direction rotates progressively clockwise from around 10° N to 45° N at
the locality of Sabbiadoro, where the webcam is located, and then rotates in the opposite
direction near the tidal inlet. The width of the beach varies from 23 m to 181 m. The
seabed facing Sabbiadoro beaches is characterized by the presence of the ebb tidal delta of
the Lignano inlet, whose morphological high is evident up to 1600 m from the shoreline,
beyond which the depth progressively increases from 2 to 10 m in 1500 m, resulting in an
average slope of 3.2%o. [49].

The sediment budget of the shoreface in Sabbiadoro has been positive over the last
20 years [49], although the beach has shown an erosive trend partly compensated by
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nourishments and partly by the attempt to protect the beach using seasonal barriers made
up of plastic bags filled with sand taken in situ.

The tides in the Northern Adriatic Sea are semi-diurnal, with average mean spring
tide and mean neap tide ranges of 78 cm, 105 cm [50], and 22 cm [51], respectively.

The local wind climate is affected by two main winds, “Bora” and “Sirocco”. Although
the Bora wind (from ENE) is predominant in terms of frequency and strength [52,53],
the Sirocco wind (coming from the SSE) is statistically significant, although it holds a
subordinate position in terms of strength.

The wave regime tends to exhibit a bimodal pattern due to the prevailing wind
conditions. As per data collected from the wave buoy OGS DWRGI (positioned offshore at
coordinates 13.24 E, 45.56 N; 16 m depth), the average significant wave height (Hs) remains
below 0.5 m. Instances of Hs exceeding 0.5 m make up 25% of the entire dataset, with
prevailing waves originating from the SE (10.7%) and ENE (10.5%). The Sirocco wind
contributes to the highest recorded waves, reaching an Hs of 4.4 m [53]. The simultaneous
influence of spring tides, seiches, winds, and low atmospheric pressure has the potential to
cause a significant elevation in sea level, resulting in a locally recognized surge referred to
as “acqua alta”.

The storm surges in the Northern Adriatic Sea are mainly related to the Sirocco and
secondly to the Bora due to their different fetches. Considering the beach of Lignano, the
fetch of the Bora is around 50 km while the Sirocco acts along the entire Adriatic basin for
around 800 km, being able to produce greater and more persistent storm surges at the end
of the basin [54].

Extreme storm events in the northern Adriatic have been the subject of multiple
studies, most of which are associated with the city of Venice due to its important artistic
and cultural heritage. The major extreme events were recorded between late October and
December (1966, 1979, 2018, and 2019), while the 1986 event occurred in February [55].
Cavaleri et al. [56] studied the event of 29 October 2018, identifying extreme storm surge
values above 150 cm, limited by the out-of-phase astronomical tide, and assuming that
much more catastrophic consequences would occur in the case of concomitant in-phase
factors. Moreover, the authors observed a significant increase in the nearshore sea level
associated with the wave set-up and surface wind stress, caused by the progressive decrease
in depth shoreward. Ferrarin et al. [57] analyzed the meteorological characteristics of the
November 2019 event, comparing it with previous extreme events in 1966, 1979, and
2018. Unlike previous events, characterized by high storm surges associated with a low
astronomical tidal range, the 2019 event showed how the in-phase concomitance of even
non-extreme factors can lead to an exceptional rise in sea level. Mel et al. [58] analyzed
the event at the end of November 2022, associated with a persistent low pressure over
central Italy which generated both Sirocco winds along the Adriatic and Bora winds over
the northern Adriatic, causing storm surges of 173 cm (refer to the Punta della Salute gauge
datum, ZMPS) and wave heights of up to 4.5 m at the CNR platform, located 12 m offshore
from the Venice lagoon.

The barrier islands of the adjacent Marano and Grado lagoon were also affected by
such extreme events, and were frequently overwashed and breached with the formation of
multiple washover fans [59].

2.2. Creation of the Dataset

The dataset creation constitutes the initial step and is essential for training the Convo-
lutional Neural Network (CNN). This task is typically performed manually by the research
team. In our case, we tested the system using two different datasets of images during
significant meteorological events. In each frame, a value was assigned based on the real
data recorded during the event from the tide gauge sensors. Starting from the historical
data that were acquired, the overall range of tidal values in the considered area is divided
into intervals, with each representing a membership class. The amplitude value must
be as representative as possible of the event type to consider the excursion values of the
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site. For site 1, a minimum value of —81.4 ¢m and a maximum value of 89.9 cmm were
considered, while for site 2, a minimum value of —20 cm and a maximum value of 145 cm
were considered. The image datasets were split into groups based on the membership class
of the corresponding tidal value. To address class imbalances (Figure 2), a function was
implemented to calculate the respective weights for each class. These weights were then
converted into a dictionary where the keys represent the unique classes in the training data
and the values correspond to the class weights. This approach helps prevent the model
from being overly influenced by more represented classes at the expense of less represented
ones. The characteristics of each dataset are listed in Table 1.

Class distribution - Site 1 Class distribution - Site 2
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Figure 2. Dataset class distribution: (a) Santa Lucia; (b) Lignano Sabbiadoro.

Since there were no sensors at the specific sites, the nearest ones were used, and all
corrections for tidal lag were applied: in the case of Santa Lucia, Capo Passero’s (SR) tide
gauge was used, while Trieste’s tide gauge was used for Lignano. For Santa Lucia, the
images of the impact of the cyclone Helios (8-11 February 2023) were analyzed (Figure 3a).
In the case of Lignano, a severe storm surge that occurred between 21 November and 23
November 2022 was analyzed (Figure 3b).

Figure 3. Images extracted from the surveillance cameras in the following areas: (a) Santa Lucia;
(b) Lignano Sabbiadoro.
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Table 1. Dataset and site information.
Name Dataset Basement N° Imgs Train Test N° Classes Site Coordinates
8 UTM Wgs84
. . 37°02/03.19"" N
Santa Lucia Rock 3.266 2.605 661 32 Santa Lucia (SR), Italy 15°18'54.41" F
. . o ! /!
Lignano Sand 430 248 101 34 Lignano Sabbiadoro 45°41'18.36" N

(UD), Italy 13°08'51.08" E

2.3. Installation and Requirements

It is necessary to set up the entire script by creating an environment with the necessary
and suitable requirements for its proper functioning. The open-source TensorFlow 2 library
was used for model training [60]. For convenience and to ensure a better performance, we
proceeded to install the system on the Google Collaboratory platform, which temporarily
provides high-performance workstations [61].

In our case, the features provided by the Google Colab workstation were as follows:

CPU: Intel Xeon 2.00 GHz (x2)
GPU: NVIDIA Tesla T4 16 GB
Driver Version: 525.85.12
CUDA Version: 12.0

RAM: 12.7 GB

2.4. Training Model Process and Testing

We opted for the Inception v3 model as our foundation, a convolutional neural network
specifically designed for image analysis and object detection [35]. Originally developed
as a module for GoogLeNet, it is the third iteration of Google’s Inception Convolutional
Neural Network. Similar to how ImageNet serves as a classified visual object database [62],
Inception assists in object classification within the realm of computer vision. The Inception
v3 architecture has found widespread use across various applications [63], and is frequently
employed in a “pre-trained” state from ImageNet. One notable application lies within the
life sciences field, where it contributes to leukemia research [64-66].

The next step involves training our dataset to enable the system to recognize high
tides based on previously organized classes. The images were automatically resized to a
dimension of 224 x 224 pixels, and augmentation techniques, including rescale, horizontal
and vertical flip, width and height shift, and zoom, were applied. The duration of the
computational processes relies on several factors, chiefly the computational capacity. Given
that the training of models encompasses CNN and image processing procedures, substantial
resource utilization is expected, particularly involving the CPU, GPU, and RAM. We
delegated the training to the GPU instead of the CPU, which has specialized functional
units such as the ‘tensor core” and parallel computing, thereby speeding up processing
times [67]. The configuration of hyperparameters represents the second factor affecting both
the time required and the accuracy achieved by the trained model [68]. Hyperparameters
in a deep learning model are not learned directly through the training process; instead, they
are selected manually by the user or through automated hyperparameter search techniques.
These parameters play a pivotal role in controlling the model’s behavior during training
and influencing its generalization capabilities. Examples of hyperparameters include the
learning rate, the number of epochs, and the batch size.

Optimal hyperparameter selection is essential to ensure a deep learning model
achieves strong generalization capabilities without succumbing to issues like overfitting or
underfitting [69]. The hyperparameters used were chosen after repeated fine-tuning and
they are as follows: batch Size = 8, Starting LR = 0.003, Epochs = 35.

Image analysis follows a step-by-step procedure incorporating three layers: convolu-
tional layers, pooling layers, and fully connected layers. Two-dimensional convolutional
layers are employed to process two-dimensional signals, like images. These layers apply
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a convolution kernel to the image, executing convolutions at each position between the
kernel and the corresponding image segment. The kernel then shifts by a set number of
pixels, referred to as the stride. It is important to consider the stride value, as a small stride
can lead to redundant information. To control the output size, zero padding is introduced,
which adds a border of zeros (of size 1) around the image. The convolutional operations
are complemented by an activation function known as the Rectified Linear Unit (ReLU),
which is typically applied as an activation layer. This is a common activation function
in deep learning neural networks that introduces non-linearity, facilitating the learning
of complex models. The advantages of ReLU include its simplicity and computational
efficiency, its ability to mitigate the vanishing gradient problem in deep neural networks,
and the promotion of sparsity in the representation of outputs, which can be beneficial in
certain contexts [70].

Moreover, to normalize each activation across different channels, a cross-channel
normalization operation was employed. It improves model performance by ensuring a
consistent scale of features, expediting convergence during training, enhancing stability,
and acting as an implicit regularization. This process contributes to more efficient and
robust model learning [71]. The CNN architecture also incorporates pooling layers, which
serve to reduce the dimensionality of the input by subsampling, either through mean-
pooling or max-pooling applied to patches of the image. Much like convolutional layers
and pooling layers, these work on different parts of the image and incorporate a stride
parameter. In the context of this specific deep learning network, 2D max-pooling layers
were employed, extracting the maximum values from within the patches [72]. To handle
inputs with the same height and width, depth concatenation layers were employed, which
concatenate the inputs along the third dimension, representing the channels. The CNN
concludes with a fully connected layer, establishing connections between each element
of the preceding layer and every element within the softmax layer. The softmax layer,
which estimates relative probabilities, is instrumental in determining the ultimate and most
probable value. The structural framework of the deep neural network is crafted around
Inception modules [33].

The Inception V3 model was trained using a deep learning technique called “transfer
learning” [73]. This involves using a pre-trained deep learning model on a large dataset
and updating the last layers of the model on a specific dataset of interest [74]. This
approach allows the knowledge gained during the pre-training of the model to improve
the model’s ability to generalize to new data [75]. These modules enable the network to
select from various convolutional filter sizes within each block, enhancing its flexibility
and adaptability.

The original architecture of Inception v3 was modified to tailor it to this application;
the last layer was removed, and a Global Average 2D pooling layer was implemented to
allow the CNN to better adapt to the specific case study. This is a special layer employed
in Convolutional Neural Networks to compress the input tensor space. Unlike traditional
pooling layers with fixed-size windows, Global Average Pooling calculates the average of
all values in the feature map, generating a single mean value for each channel. This process
reduces the spatial dimensions of the feature map while preserving crucial information
about the features. The use of this layer is often considered to reduce the number of
parameters in the model, prevent overfitting, and improve generalization. Additionally, it
makes the network less sensitive to variations in the position and size of objects in images.
Our modified architecture has 313 layers, of which 184 are trainable.

During the training process, the CNN was trained using 70% of the available images
for training purposes and the remaining 30% for validation, which is considered by the
literature as the optimal partition of the dataset for training these types of CNNs [35,76].

Figure 4 shows the training curves for the model in both case studies.
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Figure 4. Training curves produced by machine learning model: (a) loss values for Santa Lucia;
(b) accuracy values for Santa Lucia; (c) loss values for Lignano Sabbiadoro; (d) accuracy values for
Lignano Sabbiadoro.

3. Results and Discussion

The CNN outputs deliver the probabilities corresponding to tide classes linked to a
specific video frame captured by the webcams. In Figure 5a,b, the probabilities of tide
classes related to a given image are illustrated. To depict tide phases across a continu-
ous temporal spectrum, various snapshots were automatically extracted from the video
recordings, with tide classes assigned to each image. The CNN achieved an accuracy
exceeding 90%, and the Categorical Cross-Entropy Loss function yielded a value below 1 at
the conclusion of the iterations. Detailed results can be found in Table 2. The evaluation
of the CNN output metrics involved the examination of the confusion matrix (depicted in
Figure 6a,b), which illustrates the relationship between predicted classes (CNN output)
and true classes (spatial reference from field surveys). The confusion matrix stands as a
commonly employed metric in the domain of classification problem-solving. Its versatility
extends to both binary and multiclass classification scenarios. This matrix furnishes a
tabulated representation of counts stemming from predicted and actual values [77].

Table 2. Results from training.

Location Accuracy Loss
Santa Lucia 99.55% 0.25

Lignano 94.06% 0.88
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Figure 6. Confusion matrix derived from test datasets for (a) Santa Lucia and (b) Lignano Sabbiadoro.
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As tide classes are mutually exclusive and encompass all potential tide phases, the
most probable predicted class was chosen as a dependable representation of tide values. It
is worth noting that during storms and medicanes, exceptional values may arise, wherein
predicted classes may be linked to higher values than those typically associated with
common tide phases.

In addition to considering the accuracy and loss metrics mentioned above, F1 scores
in the various classes are presented below for a deeper understanding of the performance
of the CNN model. The F1 score combines accuracy and recall through its harmonic mean
and offers insight into the model’s effectiveness in handling class imbalances [78].

In both cases, the obtained weighted average is significantly higher, over 90%, indicat-
ing a good overall performance for all classes.

In particular, for the Santa Lucia site, the F1 scores show a weighted average of 0.9955.
Most of the classes in this series achieve perfect scores (1.0). There is a slight decrease in
the F1 score for class 2 (0.9709) and class 20 (0.9286). Although these scores are slightly
lower than the results obtained by the other classes, they are still considered good and
indicate the substantial ability of the model to correctly classify images belonging to the
respective classes.

For the Lignano site, the weighted average is 0.9339. Specifically, classes 0 and 9 show
lower F1 scores (0.5), suggesting difficulty in accurately predicting these particular tidal
classes. This could be attributed to their limited representation in the training data. In
contrast, many other classes, such as 2, 4, 5, and 6, achieve perfect scores (1.0), highlighting
the excellent performance of the model within these tidal classes. Other classes, such as 1,
3,24, 25, and 27, show moderate F1 scores ranging from (0.8 to 0.8571), indicating areas
where improvements can be made.

Overall, the F1 scores for both sites demonstrate the effectiveness of the model in
accurately classifying tidal heights into different categories, revealing areas of strength and
scope for additional improvement.

The widespread use of deep learning models integrated with monitoring sensors, and
they are becoming a low-cost tool for engineering and oceanographic studies [4,79-81]. On
the other hand, using surveillance cameras allows for an increase in the density of data in
coastal areas without monitoring stations. Remote sensing data combined with machine
learning models have usually been applied to obtain physical features of the coastal areas,
like water depth [82,83], storm surge [10,11,84], and hydrological parameters [85]. To date,
few studies have focused on the assessment of meteo-marine parameters through deep
learning and video monitoring [86-88]. Here, classification techniques using the Inception
V3 model allowed us to obtain new observations of tide phases characterizing sandy and
rocky coasts.

In summary, the outcomes of the study are influenced by factors such as image
quality and landscape complexity. Convolutional neural networks (CNNs) have shown
impressive effectiveness in classifying data across diverse applications, but it is important
to note that using CNNSs requires substantial computational resources. However, the
advantages include the high precision in image classification, demonstrated by the elevated
F1 scores at specific sites. The efficiency of CNNs is notable due to their parallel processing,
making them suitable for large datasets. Additionally, CNNs automate image identification
and classification, reducing the need for human intervention, and their customization
feature allows for adaptation to specific application requirements through fine-tuning with
representative image data.

However, from the evidence, it can be concluded that training the model is sufficient
to implement and correlate it to the new environment. Training is necessary only once,
after which it will be possible to perform classification of all the images that are inserted to
recognize the tide height.

Using a temporal denomination for the images, it is possible to recreate the time-sheet
of the extreme event to provide a better understanding of its temporal progression (Figure 7)
and also for potential comparison with real data. Regarding Lignano, the images do not
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cover the entire 24 h period as the camera does not record during the night. One of the
benefits of using systems like this is that they can reduce the workload of the operator,
who has to manually analyze and view the images, and obtain almost instantaneous
results. This approach could be relevant for the study of extreme events and for measuring
hydrodynamic parameters in order to model the high frequency in the coastal dynamic.
Similar approaches to the high-frequency dynamic are also applied to predict coastal
changes, like shoreline movements [89], sea surface temperature changes [90], and tropical
cyclone forecasting [91,92].

a Overlay "True values - CNN Values" Site 1

150

Figure 7. Comparison between extracted tide values using CNN and observed values through tide
gauge from different locations (a) Santa Lucia and (b) Lignano Sabbiadoro.

The field of application is diverse and could be of interest for those institutions that
deal with the research and monitoring of beaches. Classification techniques could be
integrated with segmentation techniques for beach monitoring [93-95] in order to obtain a
reliable assessment of sedimentary balance.

4. Conclusions

In this study, we introduced a deep learning-based system for the automatic measure-
ment and classification of tides in surveillance camera images. Deep learning techniques
offer a cost-effective solution for coastal monitoring by increasing the availability of data
that are sparsely distributed along coastlines. Furthermore, video footage serves as a
valuable resource for gaining insights into high-energy occurrences, exemplified by the
impact of Helios in southeastern Sicily in February 2023. Leveraging convolutional neural
networks (CNN) in these scenarios enables the evaluation of hydrodynamic characteristics
such as storm surge, which are challenging to assess in the field during actual events.

Accumulating a significant volume of data is essential for the development of predic-
tion models that forecast the intensity of future extreme marine events. The application
of deep learning in coastal monitoring facilitates the expansion of available datasets, thus
proving valuable in this context.

The findings suggest that, even with a limited test dataset, the algorithm is capable of
accurately recognizing the value of the tide or the relative surge during extreme events. The
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trained models achieved accuracy values exceeding 90% and a loss below 1. The generated
confusion matrices also exhibited excellent results, with predicted values rarely deviating
from the reference diagonal. Furthermore, by comparing the time-series of actual values
with those predicted by the CNN for the two intense weather events, it is evident that the
curves follow very similar patterns.

The precision of the outcomes relies on multiple factors, encompassing image quality
and the intricacy of objects within the images. Overall, convolutional neural networks
have proven highly effective in tasks involving classification and measurement across
diverse applications. The incorporation of deep learning technology could yield even more
advantages. Introducing such a system would offer the chance to receive instantaneous
feedback on the consequences of atmospheric events in real-time. In addition, it would
empower remote analysis, eliminating the necessity of in-person visits. This not only
addresses logistical challenges but also facilitates the establishment of comprehensive
databases of information. Utilizing systems like this could also alleviate the workload of
operators who would otherwise need to manually analyze and review images, enabling
almost instantaneous results.
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Abstract: In recent decades, the scientific community has increasingly focused on extreme events
linked to climate change, which are leading to more intense and frequent natural disasters. The
Mediterranean can be considered a hotspot where the effects of these changes are expected to be
more intense compared to other regions of the planet. Italy is not exempt; in fact, with its extensive
shoreline, it is particularly vulnerable, especially to high sea levels and coastal erosions. In this
framework, from late October to early November 2023, six storm surges occurred in the Gulf of
Trieste (NE Italy). These events, characterized by winds from 190°N to 220°N and the significant
wave height, which reached up to 1.81 m nearshore—an uncommon meteorological condition in the
northern Adriatic Sea—caused the occurrence of eight coastal sinkholes and substantial damages
to man-made structures. Thanks to Unmanned Aerial Vehicles (UAVs) and their derived products
(high-resolution orthomosaics, Digital Elevation Models—DEMs, and point clouds), it was possible
to study these features over time, enabling long-term coastal dynamics monitoring, which can be
crucial for timely and effective response and restoration efforts.

Keywords: coastal sinkholes; climate changes; UAV monitoring; high-resolution orthomosaics; DEMs;
point clouds; wave modelling; geological hazard; Italy

1. Introduction

The First Report on the Climate and Environmental Change Assessment (MedECC) [1]
highlights that the Mediterranean is warming 20% faster than the global average [2—4],
affecting both terrestrial and marine environments. This makes it a hotspot [5] where the
effects of climate change are expected to be more intense compared to other regions of the
planet [6,7]. Within this context, scientists unanimously agree that coastal areas are among
the most impacted: even a small increase in sea level can have devastating effects on coastal
habitats [4,8,9], leading to the loss of sandy shores and causing damage to settlements,
infrastructure, and ecosystems [10-13].

In recent years, the Mediterranean basin has experienced an increase in both the
intensity and frequency of coastal flooding events [14-16]. Therefore, direct impacts gener-
ated by storms hold significant social and scientific interest within this area [17-23]. This
interest is not solely due to sea level rise [24]; it is also correlated with the growing popula-
tion, considering that about 75% of the Mediterranean inhabitants are concentrated along
coastal areas [25], and this percentage is expected to increase further in the future [10,26].
However, the critical issues are not only limited to low-lying coasts. Rising sea levels
and wave activity could also exacerbate erosive phenomena even on typically high, rocky
coasts [27]. In this regard, a possible effect of storm surges is a worldwide little-known
phenomenon called coastal sinkholes [28,29]. Sinkholes are closed, depressed landforms
that can form suddenly due to a collapse or which can have a lower development as in the
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suffosion processes or in the dissolution ones [28]. These features (intended as subsidence
sinkholes—sensu [28]) can significantly affect the geomorphological evolution of coastlines
by controlling the formation and preferential orientation of bays and inlets as observed
in the Apulia region (SE Italy) and Malta Island [30—40]. Despite their importance, these
phenomena have caught little interest in the scientific community while they generally
become trending topics in local news (Table 1 and Figure 1).

Table 1. Recent coastal sinkholes occurred around the world and appeared on the news.

Location Date Dimension Causes References
Scotland 4 February 2021 Diameter: 3 m storm [41]
Scotland 30 October 2023 Diameter: 5m storm [42]
England 7 October 2019 Axis: 24 x 6m Depth: 24m 'Y he;g;j;fff‘ii)‘}‘?ﬁ?;’e‘ifﬁh the [43]
England 10 January 2022 Diameter: 12 m coastal erosion [44]
Australia 10 June 2021 ongoing coastal erosion [45]
Oregon (USA) 22 January 2023 Diameter: 6 m Depth: 4.5 m coastal erosion [46]
Oregon (USA) 8 May 2023 Diameter: 3 m coastal erosion [47]
Italy (Otranto) progressive erosion by sea wave action [28]
Italy (Sicily) 11 December 2021 coastal erosion [48]
Italy (Sicily) 28 November 2023 floods [49]
Italy (Naples) November 2023 persistent rainfall and high tide [50]

Figure 1. Recent coastal sinkhole worldwide: (a) Aerial view of Souter sinkhole and surrounding

coastal landscape in Sunderland, England (photo credits: National Trust Images/Annapurna Mellor,
Souter Lighthouse and The Leas, Tyne and Wear); (b) Sinkhole formed on January 2023 in Cape
Kiwanda State Park, Oregon (photo credits: Oregon Parks and Recreation Department Media Hub);
(c) Sinkhole due to a storm surge event on November 2023 in Sant’Agata di Militello (Sicily, Italy)
(photo credits: “In Alto Mare-Sant’Agata di Militello” [49]; (d) Sinkhole formed at the Sistiana Bay
(Friuli Venezia Giulia, Italy) after a storm surge on October 2023 (photo credits: Busetti A).

The occurrence and evolution of sinkholes, typically associated with inland environ-
ments due to the presence of carbonates and evaporites ([28,51-56], and all the references
within), can be monitored through the use of tools such as Unmanned Aerial Vehicles
(UAVs). UAVs facilitate frequent, rapid, accurate, and low-cost surveying [57,58]. UAVs
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and particularly the digital photogrammetry technique relying on the well-known Structure
from Motion-Multi View Stereo (SfIM-MVS) photogrammetry workflow [59] have been used
to produce terrain models for predictive purposes (e.g., [60-62]) and to conduct post-event
assessments (e.g., [63]). These technologies were also employed to monitor the impact of
extreme events on anthropized areas (e.g., [64]) and, particularly, have recently been used
for surveys (e.g., [65-69]) and the assessment of erosive effects and post-event morpho-
logical impacts (Rapid Environmental Assessment—REA) on low coasts [70,71]. Despite
this broad application of UAVs in various contexts, to the authors” knowledge, UAVs have
never been used to investigate storm-induced coastal sinkholes and their evolution, as
proposed in the present paper. This study focused on the Northern Adriatic Sea (the NE of
the Mediterranean Sea) and specifically on the Gulf of Trieste (Figure 2), which experienced
significant meteorological and marine phenomena along high and urbanized coasts, such
as the event that occurred in November 1969 [72]. More recently, in late October and early
November 2023, a similar event occurred in the same areas, severely affecting the localities
of Sistiana Mare and Barcola. This event resulted in substantial damage to infrastructure,
buildings, and beach facilities, as well as the formation of several coastal sinkholes. To
assess the evolution of the latter, high-resolution (HR) orthomosaics, Digital Elevation
Models (DEMs), and point clouds were created from UAV imagery and compared. Several
UAV surveys were carried out between September 2023 and February 2024. Furthermore,
for the sake of data reproducibility and future comparisons, as well as to better document
the phenomena, three additional 3D models of the storm-induced sinkholes were produced.

FESTUANA

__| Daline =— Hattened surface w—w Coastal cliff edge
i coveredbart |||l Rubble mound breakwaters == Retaining wall
sl e m bl bevracesilope a—w Man-made scarp edge (above 5m)

1 Man-made scarp edge (under Sm)
S Coastal aiff S5 Man-made scam ik
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[=7 embankment/infil [l Per Aeithrspic depests

Figure 2. Study area location: (a) Friuli Venezia Giulia (FVG) region; (b) simplified lithological map
of part of the Classical Karst Region; (c) geomorphological map of the study area. Yellow rectangles
identify SECTOR 1 and SECTOR 2, and the letters are related to the occurred sinkholes.
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Finally, to simulate the intensity of waves in the study area, wave motion modeling
related to the storm events of autumn 2023 was conducted. This approach enabled the
study of the correlation between the characteristics of the storm events in terms of wave
parameters and their direct effects on the Sistiana Mare coastline.

2. Study Area

Sistiana Mare is located in the western sector of the Gulf of Trieste (Friuli Venezia
Giulia Region, NE Italy), which is in the northernmost part of the Adriatic Sea (Figure 2a).
The area is part of the Classical Karst Region, a carbonate plateau (approximately 750 km?)
shared between Italy and Slovenia (Figure 2b). The region is renowned worldwide for its
abundance and variety of epigean and hypogean karst landforms [73]. From a geological
point of view, this carbonate plateau belongs to the northwestern sector of the External
Dinarides (e.g., [74]), a fold-and-thrust belt formed during the NE-SW-oriented Jurassic-
Eocene convergence between the European and Adria-related units [75-77]. The plateau
is characterized by an SW-verging asymmetrical anticline affecting Mesozoic to lower
Eocene shallow-water carbonates. As a result of the convergence, during Eocene times,
these shallow-water carbonates were subjected to drowning—marked by the deposition
of a siliciclastic unit—caused by the accelerating flexural subsidence related to the devel-
opment of the Dinaric fold-and-thrust belt and foreland basin system (e.g., [74,78-80]).
Geomorphologically, the area is defined as a mature karst, as evidenced by the abundance
of karst features such as more than 4000 caves and over 32,800 dolines, which give the
topographical surface an irregular and rough appearance [81].

The study area is characterized by distinctive morphologies linked not only to the
main structural characteristic of the Classical Karst Region but also to the anthropogenic
modifications that occurred over time. On the westernmost side of the area, the shoreline
is a limestone-plunging cliff towering 70 m high [82] known as the Duino Cliffs [72],
characterized by steeply dipping to overturned stratification [82] belonging to the frontal
flank of the karst anticline (Figure 2b,c). Moving southeastward, the area is characterized by
a disused quarry that was converted into an urbanized area, which includes beach facilities
such as Caravella Beach, a small sewage treatment plant, and a tourist area partially
occupied by a parking place. Between the two rubble mound breakwaters lies Sistiana Bay,
a fully anthropized area featuring gravel beaches, sailing clubs, a small harbor, asphalted
parking areas, and spaces for recreational activities. At the extreme southeastern side of
the bay, beyond the breakwater, Castelreggio Beach is sited. The stretches of coastline
considered for the present study are the gravel beach of Caravella (SECTOR 1) and the
western sector of the Sistiana Bay up to the Pietas Julia sailing club (SNPJ) (SECTOR 2)
(Figure 2). In the entire area described above, immediately upstream of the beaches and
separating them from the man-made plain areas, a stone retaining wall, 1 to 3 m high,
is present.

Physiographically, the Gulf of Trieste is a shallow basin with a mean depth of 16.2 m
and a maximum depth of 32.6 m [83]. The shoreface has steeper slopes in the southeast
and gentler slopes in the northern sector, where the 20 m isobath extends up to 8 km
away from the coastline (Figure 3). Additionally, the Gulf is characterized by bathymetric
highs, such as the Mula Muggia sandbank (Figure 3) [64-86] and the seabed rocky outcrops
of Trezza Grande and Trezza Piccola [86,87], located in the northern part of the Gulf.
Bathymetric lows, such as the depression of Cape Madona just north of Piran [82], are also
present. This bathymetric variability can influence wave height depending on the wind
direction. Sistiana Mare is exposed only to the southwest winds at angles between 200 and
220 degrees, where the fetch exceeds 100 km. In all the other directions, the fetch is limited
below 30 km (Figure 3).

Based on data recorded by three buoys (DWRG1, DWRGS3, and Paloma), several
considerations were made on the wave and wind characteristics in this area.
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Figure 3. (a) Fetch referred to the study area and (b) bathymetric model of the Gulf of Trieste
and monitoring system locations: DWRG1 (13.24°E, 45.56°N, 15.2 m depth) and DWRGS3 (13.52°E,
45.69°N, 9.7 m depth) wave buoys, Paloma station (13.57°E, 45.62°N, 10 m height), and Molo Sartorio
(Trieste) tide gauge (13.76°E, 45.65°N). DWRGI1 and DWRGS3 (installed and managed by Istituto
Nazionale di Oceanografia e di Geofisica Sperimentale (OGS), record semi-hourly data; Paloma
(Italian acronyms of Advanced Platform Oceanographic Laboratory Adriatic Sea), installed 8 nautical
miles off the coast of Trieste between Piran (Slovenia) and Grado, measure both wind speed and
direction with a sampling rate of 15 min. The bathymetric model was obtained from one of the
European Marine Observation and Data Network (EMODnet) of 2022 [88] integrated with the
bathymetry provided by [89] and higher resolution bathymetry of the northern coastal area.

The Gulf usually experiences anticlockwise semi-diurnal tides with a mean range of
76 cm [90]. Spring tides average about 105 cm, while neap tides average about 22 cm [91].
Based on data collected at the DWRG1 buoy (Figure 3), NE and SE winds generate a bimodal
wave regime (Figure 4a), with a mean significant wave height (Hs) of less than 0.5 m. Events
with Hs greater than 0.5 m account for 25.2% of the overall record, with prevailing waves
from the SSE (10.7%) and ENE (10.5%). The highest wave heights, reaching up to 4.4 m, are
associated with SE-wind due to its longer fetch with respect to the buoy [92]. The wave
buoy DWRG3 (Figure 3), closer to the study area, recorded only 11.5% of events with Hs
greater than 0.5 m, originating from two main directions. However, data from both buoys
indicate that waves recorded at DWRG3 (Figure 4b) are rotated clockwise with respect to
those at DWRGI1 (Figure 4a).
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Figure 4. Wave roses of (a) DWRGI relating to the time interval 2004-2023, and (b) DWRGS3 relating
to the time interval 2007-2023.

3. The Extreme Storm Events

From the local news [93], it emerges that severe storms, accompanied by significant
damages, occurred in the past in the study area (Figure 5). Historical chronicles report
events such as that of June 14, 1911, another in 1969, and a more recent one in 1984. All of
them had a violent impact on the Trieste waterfront. Similarly to these past events, between
October and November 2023, a new period of bad weather characterized by multiple storm
events impacted the Barcola waterfront and Sistiana Mare (a coastline of approximately
4.5 km). The estimated damages, including those associated with the occurrence of several
coastal sinkholes, amounted to millions of euros (Figure 5) [94]. Based on wind recordings
from the Paloma weather station and wave recordings from the DWRGI1 buoy, six different
storm events were identified (Table 2). Unluckily, the DWRG3 buoy ceased functioning
shortly before the series of storm events and was therefore not considered.

Figure 5. Historical (a,b) and recent (c,d) images of the damages that occurred along Barcola
waterfront (a and b, photo credits: ASTS, Commissariato del Governo nella Regione Friuli Venezia
Giulia, Fototeca (b. 1, ex b. 8, in riordinamento) [72]; c and d, photo credits: Busetti A).
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Table 2. Storm events: meteo-marine characteristics.
Storm Event Storm Date Hs (Direction) at DWRG1 [m]  Wind Speed (Direction) at Paloma [m/s]
EVENT 1 27 October 2023 06:00 2.26 (170°N) 15.0 (220°N)
EVENT 2 30 October 2023 20:30 2.28 (166°N) 12.2 (179°N)
EVENT 3 31 October 2023 13:00 2.07 (205°N) 13.9 (265°N)
EVENT 4 2 November 2023 17:30 3.24 (175°N) 12.2 (187°N)
EVENT 5 3 November 2023 14:00 2.72 (197°N) 18.3 (221°N)
EVENT 6 5 November 2023 03:00 3.77 (172°N) 14.7 (235°N)

4. Materials and Methods

To calculate the intensity of surge events on the Sistiana Mare coastline and to cor-
relate the evolution of the observed sinkholes with the storm events, wave modeling
was performed using MIKE 21. In addition, the evolution of sinkholes along the Sis-
tiana Mare coastline was assessed by creating and comparing High Resolution (HR) 3D
models, orthomosaics, and DEMs. These data products were created by applying an SfM-
MVS photogrammetry processing workflow to six sets of UAV images acquired between
29 September 2023 and 13 February 2024. Furthermore, to better define the geometry and
characteristics of four storm-induced landforms among the largest observed, three addi-
tional small-scale and higher-resolution 3D models were produced. A lower-resolution
version of these models has been made available in the Sketchfab 3D model public reposi-
tory (see Section 5.3. HR 3D Models) for documentation and accessibility purposes.

4.1. Wave Modelling

Modelling is a widely used tool to study coastal dynamics [95-99], serving as a knowledge
base for both morphodynamic interpretations and engineering purposes of designing coastal
works. The lack of wave buoys near the study area necessitated wave modeling to accurately
represent the wave motion impacting the Gulf of Trieste. The spectral wave module of the
model MIKE 21 by ©DHI was used to simulate the spatial distribution of the wave parameters
(significant wave height, mean wave direction, peak wave period, and wave power) during
the extreme storm events of autumn 2023.

Spatial discretization was carried out using the finite volume approach applied to
unstructured meshes. The mesh was divided into 3 zones with different resolutions: an
offshore zone generated starting from a vertex spacing of 675 m on the edge, a central zone
built from a spacing of 225 m, and an area near the coast where the spacing between the
vertices was 75 m. The resulting mesh has a total of 40,992 nodes and 81,128 elements. Four
boundaries were defined: the northern Adriatic boundary towards the southwest, a closed
boundary representing the shoreline, and two lateral boundaries connecting the closed and
the Adriatic boundaries.

To simulate wave motion during the storm surges, wave parameters obtained from
the wave buoy DWRGI1 (significant wave height, mean wave direction, peak period,
wave spreading), weather data from the Paloma station (wind speed and direction, air
temperature, precipitation), and water level obtained from the Trieste tide gauge at Molo
Sartorio were used. Wind, air temperature, and water level were set as varying in time
and constant in the domain, while wave parameters were set constant along the Adriatic
boundary.

The mesh was interpolated starting from the bathymetry of the Gulf of Trieste, obtained
from the bathymetric model of the European Marine Observation and Data Network
(EMODnet) of 2022 [89] on a grid of 1/16 x 1/16 arc minute of longitude and latitude
(ca. 115 x 115 m) integrated with the bathymetric model provided by [90] and higher
resolution bathymetric models of the northern coastal area on a grid of 2 x 2 m.
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4.2. Orthomosaics and DEMSs Creation and Point Cloud Comparison
4.2.1. UAV Survey

The UAV used for the acquisition was a DJI Mavic 3T (DJI Enterprise series). The
Mavic 3T is equipped with a 48 MP and 1/2"” CMOS camera sensor with an f/2.8 wide
angle lens (24 mm equivalent), stabilized by a 3-axis gimbal. The drone was equipped
with a DJI RTK (Real Time Kinematic) module (Mavic 3 Enterprise series), which provided
NRTK-corrected (Net Real Time Kinematic) GNSS positioning data, enabling accurate
georeferencing of each image. This module has a horizontal nominal accuracy of 1 cm
(+1 ppm) and a vertical nominal accuracy of 1.5 cm (+1 ppm).

UAV surveys were carried out on 29 September, 27 October, 7 November, 29 November,
4 December 2023, and on 13 February 2024. All acquisitions were conducted with pre-
planned and self-consistent surveys defined using the DJI Pilot 2 application (version
1.1.5). The flights were designed to maintain a constant flight route altitude of 90 m a.s.L.
(considering the EGM96 geoid as the sea level), with the camera pointed orthogonally to
the ground. Acquisitions were planned, maintaining a side and a frontal overlap ratio
between images of 85% and a flight speed of 7 m/s. A total of 471 images were acquired
for each survey.

4.2.2. GNSS Survey

To improve the georeferencing accuracy of models and to facilitate comparison be-
tween them, 11 Ground Control Points (GCPs) were chosen. Their locations were acquired
using a Leica G507 GNSS antenna in an NRTK configuration, utilizing real-time corrections
provided by the GNSS net Hexagon (HxGN) SmartNet. The Leica GS07 GNSS antenna, sup-
ported by an RTK net, can reach a horizontal accuracy of 10 mm (+0.5 ppm) and a vertical
accuracy of 20 mm (+0.5 ppm). The recording of GCPs was set to be carried out when the
accuracy of planar and quote coordinates was less than 3 cm.

4.2.3. StM-MVS Photogrammetry

The UAV image processing was conducted using Agisoft Metashape 2.0.1. This software
is renowned for its reliability and widespread adoption in the field of 3D reconstructions
from digital imagery [100]. The processing workflow of each set of images was performed
independently in Metashape, where the alignment process was configured to high accuracy
and no point limit settings. This initial stage entails the employment of SfM algorithms [101]
to retrieve the spatial coordinates of points within the scene by correlating and subsequently
analyzing the 2D pixel coordinates across various images [102,103]. The resulting matched tie
points form a sparse point cloud that represents the reconstructed scene. The georeferencing
was provided by both the RTK position of the images and by the GCPs. Subsequently,
iterative steps of gradual selection filtering of points and camera optimization were conducted
to enhance the quality of the model (e.g., [104]). Specifically, the point cloud was filtered
using gradual selection tools of Metashape based on reconstruction uncertainty, projection
accuracy, and reprojection error. After each filtering step, cameras were optimized, resulting
in an overall significant decrease in the estimated error associated with the SfM reconstruction
of the GCP positions. The subsequent phase involved the calculation of the image depth
maps and the creation of multitemporal DEMs and orthomosaics of the study site. DEMs and
orthomosaics obtained after the application of the described workflow to the different sets of
images show a resolution of about 6.3 cm (22250 points/m?) and 2.9 cm, respectively.

Within a sub-area focused on the studied landforms, the multitemporal point clouds
were densified using the point cloud building step of Metashape, which relies on Multi-
Video Stereo (MVS) algorithms [105], thereby completing the comprehensive SIM-MVS
photogrammetry workflow [59,106]. Before cloud-to-cloud comparison, the sub-models
were re-aligned by registering using only the GCPs positions, thus minimizing georeferenc-
ing error between different acquisitions. Finally, the cloud-to-cloud comparison between
dense point clouds was carried out using CloudCompare (version 2.14.4), an open-source
software for point cloud processing and analysis (available at [107]).
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4.3. HR 3D Models Creation
4.3.1. UAV Survey

To acquire HR 3D models of the studied storm-induced landforms, a different UAV
device was used: a DJI Mini 3 Pro equipped with a 3-axis gimbal-stabilized 48 MP and
1/1.3" CMOS camera sensor with an f/1.7 lens (24 mm equivalent). The low weight and
compact size of this UAV made it ideal for flights at lower altitudes and closer proximity to
the target scene.

The flights were conducted on 29 November 2023, when the studied landforms (sink-
holes C, E G in SECTOR 1 and H in SECTOR 2) were at their maximum extent, except for
the sinkhole H, for which the restoration works had already begun (Figure 2). The flights
were carried out manually, ensuring that all images depicted the chosen subjects from
various angles. Georeferencing of the images was provided by the standalone GNSS system
equipped on the UAV (without RTK correction), ensuring an accuracy of a few meters
(e.g., [108,109]). Correct scaling of these models was granted by adding four markers at
known distances, employing the methodology established by Corradetti [110]. The relative
distances between the markers were measured using a laser distance meter (model Bosch
GLM 50-27 CG Professional), which has a nominal measuring accuracy of + 1.5 mm,
corresponding to the scale accuracy of the HR 3D models.

4.3.2. SEIM-MVS Photogrammetry

The processing of these subsets of UAV images was performed using the Metashape
software (version 2.0.1), replicating most of the workflow already described in Section 4.2.3.
The main difference was the absence of accurate positioning of the images during the
registration of models, which was provided by the known relative distances between the
markers. In addition, these HR 3D models were also meshed and textured, achieving
a final ground resolution between 2.33 and 3.34 mm/pix (value provided by Agisoft
Metashapefinal reports).

5. Results
5.1. Wave Modelling

Between late October and early November 2023, the coastal area of the Gulf of Trieste
was hit by 6 storm events with significant intensity and wave height (exceeding 2 m,
according to DWRGI recordings). These storms caused extensive damage along the entire
coast, particularly in the area of Sistiana Mare, where eight sinkholes formed, severely
damaging the existing man-made structures. Since no wave-monitoring systems are present
near Sistiana Mare, wave motion in the Gulf of Trieste from 27 October to November 9 was
simulated through the spectral wave module of MIKE 21 2024 Update 1 modeling software,
and the time series of the significant wave height was extracted at the study area (13.63°E,
45.76°N, 10 m depth).

Of the six peaks representing the storm events, only the four originating from SW
winds produced waves impacting the coastline with Hs greater than 1 m (Table 3). These
storms occurred on 27 October (EVENT 1) and 31 (EVENT 3) and on 3 November (EVENT 5)
and 5 (EVENT 6) (Figure 6). In the two events with waves and wind from the south, which
occurred on 30 October (EVENT 2) and 2 November (EVENT 4), the Hs was dampened
by about 70% compared to the DWRGI buoy data due to the misalignment of wind
and offshore waves relative to the longest fetches. EVENTs 1 and 3 experienced similar
nearshore wave attenuation of about 40%, despite differing wave and wind characteristics.
The first was characterized by offshore wave motion from SSE (170°N) and SW winds
(220°N) up to 15.0 m/s, while the latter experienced waves coming from SSW (205°N)
and wind blowing from WSW (265°N) up to 13.9 m/s. The most severe storm at Sistiana
Mare was the fifth (3 November). During this storm, SSW wave motion (197°N) and SW
winds (221°N) blowing up to 18.3 m/s were able to generate the highest nearshore waves,
reaching up to 1.8 m of Hs, resulting in the least damped event with only a 33% nearshore
attenuation. Finally, the last event (5 November), characterized by waves from SSE (172°N)
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and wind up to 14.7 m/s from SW (235°N), was significantly dampened (71%), producing
waves with Hs up to 1.08 m near the coast, although the waves recorded at DWRG1 were
the highest, reaching up to 3.77 m.

Table 3. Storm events: marine characteristics simulated through MIKE21 Spectral Waves by ©DHI at
Sistiana Mare. Hs is the significant wave height.

Storm Event

Storm Date Hs at Sistiana Mare [m]

Hs Sistiana Mare/HS Time over 1 m Threshold

DWRGT1 (%) [Hours:Minutes]
EVENT 1 27 October 2023 06:00 1.30 58% 3:50
EVENT 2 30 October 2023 20:30 0.67 29% -
EVENT 3 31 October 2023 13:00 1.24 60% 2:00
EVENT 4 2 November 2023 17:30 0.97 30% -
EVENT 5 3 November 2023 14:00 1.81 67% 8:35
EVENT 6 5 m November 2023 03:00 1.08 29% 1:05

Hs [m]

Significant wave height

I

N N
& &
—Sistiana Mare ---DWRG1

Figure 6. Graph representing the significant wave height recorded at the DWRG1 buoy (open
sea, light blue dashed line) and simulated through MIKE21 Spectral Waves by ©DHI at the study
area (Sistiana Mare, dark blue line). The different storm surge events are here indicated with their
corresponding numbers (from 1 to 6 and refers to those of Tables 2 and 3). UAV surveys of 27 October,
following the first event, and 9 November, following the whole multi-event, are evidenced (vertical
red lines).

At Sistiana Mare, the significant wave height exceeded the threshold of 1 m for a total
of 15 h and 30 min: 3:50 h during EVENT 1, prior to the second UAV survey (29 October),
and 11 h and 40 min between surveys 2 and 3 (9 November), divided among EVENT 3
(2h), EVENT 5 (8 h and 35 min), and EVENT 6 (1 h and 5 min).

5.2. Observations on Orthomosaics and DEMs

Using UAV surveys and the associated products obtained (orthomosaics, DEMs, and
3D models), it was possible to monitor the formation and evolution of the eight sinkholes
that occurred along the coast of Sistiana Mare, which were identified (Figures 7-9) and
measured (Table 4). For clarity, the formed sinkholes were named in alphabetical order
from west to east.
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Table 4. Geometric characteristics of the identified sinkholes at their maximum extension were
measured on 4 December, except for sinkhole H, whose maximum dimensions were measured on
7 November. The depth of sinkhole E (*) (as for the initial phase of sinkhole C) is underestimated due
to the absence of light inside it, which did not allow an efficient application of SfM methods.

Sinkhole Major Axis Minor Axis Flattening Factor Maximum Depth [m] Perimeter [m] Area [m?]
(a) [m] (b) [m] a-2)
A 1.68 1.21 0.28 0.30 4.77 1.37
B 5.69 2.01 0.65 1.18 13.21 9.18
C 5.72 3.64 0.36 1.87 15.81 17.04
D 6.86 2.39 0.65 1.06 16.31 11.67
E 1.40 1.15 0.18 0.26 * 431 1.03
F 3.24 212 0.35 0.84 8.75 5.39
G 3.89 3.68 0.05 0.80 13.28 9.88
H 5.84 2.87 0.51 1.68 14.79 13.05
September, 29 (2023) hk
[
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Figure 7. Caravella Beach shaded relief and orthomosaics (SECTOR 1) comparison between two
different surveys: pre-storm event of 29 September (2023) and on 27 October (2023), just after the
EVENT 1. The storm surge event that occurred during the night between 26 and 27 October (2023)

produced the opening of only one sinkhole, the one identified with letter C, but also caused the
removal of the finest material along the beach and in particular in its western part.
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Figure 8. Orthomosaics (a-e) and shaded relief (f—j) representing sinkhole H. The scene depicted
represents sinkhole H on 29 September 2023 (a,f), on 27 October 2023 (b,g), on 7 November 2023 (c,h),
on 4 December 2023 (d,i) and on 27 February 2024 (e,j). (k) A detail of the collapsed retaining wall on
28 October.

The UAV survey realized on 27 October, and the derived orthomosaics and shaded
relief allowed the evaluation of the effects of storm EVENT 1, which caused the opening
of the first sinkhole (identified as sinkhole C) (Figure 7). The estimated void had an area
of 1.61 m? (more than ten times smaller than its maximum extent reached on 4 December,
equal to 17.04 m?) and a flattening factor (defined as the difference in magnitude between
the semimajor and the semiminor axis divided by the semimajor axis) of 0.26 (Table 4)
(lower than that measured at its final stage, equal to 0.36). Data comparison between the
two UAV acquisitions (29 September and 27 October) captured the formation stage of this
sinkhole, revealing a circular surface shape. According to the DEM (Figure 7), the depth
of sinkhole C was evaluated to be 0.5 m, though this is an underestimate due to the total
absence of light inside it, which impaired the effectiveness of the Structure from Motion
method and, consequently, the accurate depth reconstruction.

Sinkhole H was the only one that occurred in SECTOR 2 (Figure 2¢). Orthomosaics
and shaded relief representing this sector after EVENT 1 showed the formation of a de-
pression beneath the boats (Figure 8b,g). Unfortunately, the presence of boats parked in
the embanked area obscured the depressed feature, making it difficult to clearly evaluate
the slopes of its side walls. A photograph taken the day after EVENT 1 (Figure 8k) shows
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the collapse of the retaining wall and the creation of the sinkhole (the iron pole inside the
sinking feature is not aligned with the other two placed outside).

December, 4 (2023) \

Figure 9. Caravella Beach shaded relief and orthomosaics (SECTOR 1) comparison between two different
surveys: 4 December (2023) and 13 February (2024). The storm surge events between 31 October and
5 November (2023) caused the occurrence of most of the sinkholes in this sector (A, B, D, E, F, and G)
and enlarged sinkhole C. The last acquisitions on 13 February show the ongoing restauration phase,
with the leveling of the embankment behind the retaining wall and the consequent disappearance of
sinkholes D, E, F, and G and the beach replenishment (mainly in front of sinkhole C).

The subsequent series of five storm surge events caused the paroxysm of all the other
sinkholes in both sectors (Figure 8c,h, and Figure 9).

Unfortunately, due to adverse weather conditions, further UAV surveys were not
possible until 7 November. Since the orthomosaics and shaded relief associated with
acquisitions performed on 7 November and 4 December showed only negligible differences
in the features, the acquisitions of 4 December were considered to represent the final
evolutionary stage of sinkholes before the start of restoration activities (Figure 8e—j). Overall,
the DEMs reveal that different sinkholes exhibit distinct geometries and varying degrees of
erosion. For instance, Sinkhole A (Figure 9) displays an early stage of development with
gently sloping sides.

By 13 February, restoration works were underway across the entire study area. Sink-
holes D, E, F, and G (Figure 9) had already been filled, and the embankment had been
levelled. Additionally, the replenishment of gravel beaches had begun, particularly on the
stretch in front of sinkhole C.

Thanks to the use of UAVs, orthomosaics, DEMs, and point clouds, the most important
morphometric parameters for each phenomenon were obtained and later validated by
on-site manual measurements. The geometrical characteristics at the phase of maximum
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detected expansion are summarized in Table 4. They have variable dimensions and show
that, while the smaller ones maintain a circular shape (low flattening factor), the larger ones
tend towards an elliptical shape (with a higher flattening factor), aligning parallel to the
retaining wall.

5.3. HR 3D Models

To better understand the dynamic of sinkhole occurrence, three HR 3D models were
reconstructed and analyzed (Figures 10 and 11). The 3D model of sinkhole B, reconstructed
after all the storm events on 29 November (Figure 10a), revealed that the stone retaining
wall upstream of the beach, including its curb foundations, appeared to be intact (label 1
in Figure 10a). However, beneath it, a horizontally elongated excavation was observed
(label 2 in Figure 10a). The analyzed sinkhole was characterized by an area of 9.18 m?,
a maximum depth of 1.18 m, and a flattening factor of 0.65.

Figure 10. (a) HR 3D model of sinkhole B on 29 November 2023 (https://skfb.ly/p7U7E, accessed on
21 August 2024); (b) HR 3D model of sinkholes F and G on 29 November 2023 (https:/ /skfb.ly/p7Uws,
accessed on 21 August, 2024). (1) foundations of the retaining wall; (2) horizontally elongated hole;
(3) collapsed material. View towards North. The ground resolutions of the models (provided by Agisoft
Metashape reports) are respectively 2.86 (a) and 2.33 mm/pix (b).

Figure 11. Three-dimension model of the sinkhole H on 29 November 2023 (https://skfb.ly /p7Uzu,
accessed on 21 August 2024). It was already partially filled with landfill material. The retaining wall
is almost completely broken. View towards the north-west. The ground resolution of the model
(provided by the Agisoft Metashape report) is equal to 3.34 mm/pix.
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Considering the 3D model of sinkholes F and G (Figure 10b), their area is equal
to 5.39 and 9.88 m2, with maximum depths of 0.84 and 0.80 m and flattening factors of
0.35 and 0.05, respectively. The model analysis reveals similar characteristics to those
previously described for sinkhole B. In both cases, the sinkholes are confined by the intact
retaining wall, and a linear hole is present beneath them. In this sector, the wall is built
directly on large boulders, with its foundations merged into them.

Sinkhole H presents a depressed landform that had already partially filled with landfill
material (Figure 11), as restoration works for sinkhole H had already begun on 29 November
(Figure 8e,j). In this case, the retaining wall is almost completely broken, its foundations
remain covered, and no under-excavation voids are present.

This landform is one of the largest in the entire study area and is characterized by an
area of 13.05 m2, a maximum depth of 1.68 m, and a flattening factor of 0.51.

5.4. Point Clouds Comparison

The cloud-to-cloud comparison between dense point clouds contributed to shed
further light on the evolution of SECTOR 1, but offered limited information for SECTOR 2,
where some boats covered sinkhole H during the acquisition days.

By analyzing the difference between the point clouds of 29 September and 27 October 2023
(Figure 12a), the effects of storm EVENT 1 become evident. In addition to the formation of
sinkhole C, which was previously identified through the analysis of orthomosaics and shaded
relief, the applied method highlights the concentration of surge erosion in the areas in front of
the retaining wall, where sinkholes B, C, and D subsequently appeared (identified with number
1 on Figure 12a,b). On the embankment, in the areas identified with number 3, small depressions
elongated in the direction of the retaining wall are already present, acting as precursor signs of
further collapses. Despite the predominance of erosional processes on the beach during the first
storm event, a zone of gravel sediment accumulation just in front of the wall is present in the
middle of SECTOR 1 (identifiable with number 2 in Figure 12a).
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Figure 12. Cloud-to-cloud comparison between dense point clouds of (a) 29 September (2023) and
27 October (2023) and (b) between 27 October (2023) and 4 December (2023). Highlighted in green are
the areas where the wave erosion was concentrated (1); in red are the areas of accumulation of gravel
sediments (2) after EVENT 1, and the wooden material accumulation (4) occurred after the last four
storm events hit Caravella Beach. Number (3) identifies the linear depressions located immediately
beyond the retaining wall and parallel to it.
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In the area in front of sinkhole D, erosion is present in both point cloud comparisons,
denoting a higher continuity of the process during all surge events impacting the beach.
Furthermore, the accumulation of wooden material in front of the retaining wall is also
evident (Figures 9 and 12b, number 4). Finally, in both the models’ comparisons, a slight
deformation immediately beyond the wall and parallel to it is visible (Figure 12 number 3),
highlighting the pervasiveness of storm surge erosion along the entire western part of the
area considered.

6. Discussion

The formation of coastal sinkholes in Sistiana Mare during the storm events of late
2023 underscores the vulnerability of coastal areas in the northern Adriatic to extreme
meteorological conditions. The results obtained through UAV monitoring and wave mod-
eling provide critical insights into both the processes driving sinkhole formation and the
potential mitigation strategies.

6.1. Wave Modelling

The model of the series of storm events highlights that the nearshore significant
wave height is not always proportional to open sea data recorded by the DWRG1 wave
buoy. Indeed, the modeling revealed that nearshore the Hs at Sistiana Mare is strongly
influenced by both the offshore wave motion and wind characteristics in terms of intensity
and direction (Figure 6). Specifically, events generated by winds and involving waves
with directions not aligned with the longest fetches (from 220°N to 190°N) (Figure 3) were
significantly dampened compared to their intensity at the DWRG1 buoy. This was the case
for the second (31 October), fourth (2 November), and sixth (5 November) events (Figure 6).
On the other hand, when both offshore waves and wind are directed within the major
fetches, as occurred during EVENT 5, the nearshore waves can be quite high, capable of
delivering substantial energy to the shoreline and the existing infrastructure. However,
such events are uncommon in the northern Adriatic, as shown by the recordings from the
DWRGI wave buoy (Figure 4), making them exceptional occurrences for the Gulf of Trieste.

6.2. Coastal Sinkhole Formation

The study revealed the progressive development of coastal sinkholes in Sistiana
Mare during six main storm events that hit the area. The analysis of orthomosics and
shaded reliefs reveals that the storm event on 27 October (EVENT 1) created the conditions
for the subsequent openings of the remaining sinkholes in SECTOR 1 by removing fine
material from Caravella Beach, leaving only larger particles such as pebbles and boulders
(Figure 7). In the areas where the most aggressive erosion occurred, small evidence of
surface accommodations was already visible during the survey on 27 October. Subsequently,
sinkholes developed in some of these locations (Figure 9).

The coastal erosion caused by the subsequent storm surges removed finer material,
eventually leading to under-excavation of the stone retaining walls and the formation
of sinkholes. This process was particularly evident in the formation and enlargement of
sinkhole C, which evolved from a small circular depression into one of the largest features.

The DEM analysis of sinkhole A after all events, evidencing gentleness of the sinkhole
sides suggests a plastic behavior, leading to a gradual accommodation of the ground surface
as it deformed smoothly over the underlying void. This feature could still represent an
initial evolutionary stage, indicating that the collapse forming sinkholes occurs only when
a critical threshold of underlying material loss is reached. The elliptical shape linked to the
final evolutionary stage is due to the linear shape of the wall, which acts as a constraint.

In SECTOR 2, sinkhole H showed subsiding evidence after EVENT 1 (Figure 8). De-
spite the presence of boats to hinder the true characteristics of the sinkhole, a certain
gentleness in the slopes could indicate that this landform corresponded to an initial stage
of the future sinkhole. Similarly, the analysis of the HR 3D model of sinkhole B (Figure 10a),
characterized by an intact retaining wall and a horizontally elongated excavation under-
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neath, indicates that the genesis of the sinkhole was linked to diffuse wave erosion, which
initially removed the finer material and subsequently caused the under-excavation of the
man-made structure. The verticality of the sinkhole’s walls suggests an initial sagging
followed by a collapse mechanism. The absence of the collapsed material is due to its
subsequent removal by waves and marine tides. The presence of large boulders in front
of the beach, though detached from the retaining wall, partially protected the man-made
structure by dampening significantly Hs.

The characteristics of sinkholes F and G (Figure 10b), along with the verticality of their
walls, suggest a similar genesis to that of sinkhole B. The only appreciable difference is
that sinkholes F and G contain a considerable amount of collapsed material. The presence
of this material can be explained by a lower vulnerability of the site to wave impacts,
higher protection from erosive action due to the greater presence of boulders, and/or
a later occurrence of the collapse, which allowed the waves to remove only a small portion
of the material.

A slightly different scenario is observed when analyzing the HR 3D model of sinkhole
H (Figure 11), where the retaining wall was almost completely broken and no under-
excavation voids are present. After the removal of the finer components of the beach, the
waves eroded the base of the wall, leading to its collapse. The absence of the concrete curb
at the bottom of the retaining wall further facilitated its collapse.

The analysis of the difference between dense point clouds of 27 October (Figure 12a)
and 4 December 2023 (after the entire series of subsequent storm events) (Figure 12b) in
SECTOR 1 confirms the predisposing effect of the first event on the sinkholes” formation.
Indeed, in the area where sinkholes B and C formed, the model shows a decrease in beach
erosion, the occurrence of sinkhole B, and the expansion of sinkhole C. The wave energy
was no longer used to remove the fine material from the beach but to under-excavate the
retaining wall, causing the appearance of horizontal voids and, consequently, collapses.

6.3. Protective Role of Boulders

This study also evidenced the protective role of boulders in mitigating the impact
of storm surges. Indeed, data analysis of SECTOR 1 (Figure 9) revealed that sinkholes
were more concentrated in areas lacking large carbonate boulders in front of the stone
retaining wall. These boulders acted as a natural barrier, preserving the man-made retaining
wall by preventing the under-excavation of the structure and the consequent collapse of
the loose material. Thus, the appearance of sinkholes was influenced not only by the
characteristics of the events (with wave direction ranging from SSE to SSW) but also by
geomorphological factors, such as the presence of stone-retaining walls partially protected
by boulders embedded in the beaches.

7. Conclusions

The phenomenon of coastal sinkholes, though little studied, has proven to be particu-
larly relevant in the coastal sector of the northern Adriatic Sea. This area, notably including
the Venice lagoon, has been extensively studied concerning issues related to sea level rise.
However, limited information exists regarding the impacts of storm events in surrounding
areas, such as the Trieste waterfront analyzed in this study. The storm events of autumn
2023 provided an opportunity to shed light on the vulnerability of these coasts, enabling
researchers to monitor the occurrence and evolution of specific features using Unmanned
Aerial Vehicles (UAVSs).

Damages to the coastline and the man-made structures in these locations are generally
rare: only events characterized by winds from 190°N to 220°N, uncommon meteorological
conditions in the northern Adriatic Sea, have the longest fetch to generate high and energetic
wave motion with the right impact angle relative to the coastline orientation. The multi-
event that occurred in autumn 2023 represents a rare example of a SW-storm, during which
the significant wave height exceeded the 1-m threshold nearshore for 15 h and 30 min,
reaching up to 1.81 m.
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The six UAV flights conducted between 29 September 2023 (with the availability of
a crucial baseline acquisition before the storm events) and 14 February 2024 enabled the
creation of orthomosaics, shaded reliefs, 3D models, and point cloud comparisons. These
tools were instrumental in clarifying the genesis of the eight coastal sinkholes that formed in
Sistiana Mare. The area, characterized by gravel beaches with a limited backshore (<10 m)
and landward retaining stone walls, experienced six storm events that resulted in:

Preliminary removal of finer material from the beaches;
Under-excavation of the retaining stone walls, causing sagging of the landward em-
bankment behind the retaining wall;

e  Subsequent collapse of the materials, including the destruction of the retaining wall in
the most representative case of sinkhole H.

The study highlighted several advantages of using UAV remote sensing technology
for coastal monitoring, including;:

e Fast and precise damage assessment, as UAVs allow for rapid HR morphometric
analysis and assessment of damage, which can be crucial for timely and effective
response and restoration efforts;

e  Monitoring over time, as repeated UAV surveys allow for the tracking of tem-poral
changes, facilitating long-term observation of coastal dynamics as well as the assess-
ment of catastrophic events.

One significant outcome of this study was the assessment of the protective role exerted
by boulders placed at sea in front of the retaining walls. These boulders can serve as
a fundamental defense for the coasts; their presence mitigated the severity of coastal
sinkhole formation and protected the integrity of the retaining walls.

This study was made possible in part due to the availability of a baseline, underscoring
the critical importance of conducting regular monitoring studies along coastal areas that
may be susceptible to such events. With climate change, these events are likely to become
more frequent and severe, making it even more crucial to understand their evolution.
Periodic monitoring allows for a detailed and in-depth understanding of these phenomena
and provides essential data to enhance coastal protection strategies. By establishing a con-
tinuous and systematic observation framework, we can implement more effective measures
to mitigate the impacts of future events, thereby safeguarding coastal environments and
communities that depend on them.
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Abstract

Sea level rise (SLR) and increased urbanisation of coastal areas have exacerbated coastal
flood threats, making them even more severe in important cultural sites. In this context,
the role of hard coastal defences such as promenades and embankments needs to be
carefully assessed. Here, a thorough investigation is conducted in Grado, one of the most
significant coastal and historical towns in the Friuli Venezia Giulia region of Italy. Grado is
located on a barrier island of the homonymous lagoon, the northernmost of the Adriatic
Sea, and is prone to flooding from both the sea and the back lagoon. The mean and
maximum sea levels from the historical dataset of Venice (1950-2023) were analysed using
the Gumbel-type distribution, allowing for the identification of annual extremes based
on their respective return periods (RPs). Grado and Trieste sea level datasets (1991-2023)
were used to calibrate the statistics of the extremes and to calculate the local component
(subsidence) of relative SLR. The research examined the occurrence of annual exceedance
of the minimum threshold water level of 110 cm, indicating Grado’s initial notable marine
ingression. The study includes a detailed analysis of flood impacts on the urban fabric,
categorised into sectors based on the promenade elevation on the lagoon side, the most
vulnerable to flooding. Inundated areas were obtained using a high-resolution digital
terrain model through a GIS-based technique, assessing both the magnitude and exposure
of the urban environment to flood risk due to storm surges, also considering relative SLR
projections for 2050 and 2100. Currently, approximately 42% of Grado’s inhabited area is
inundated with a sea level threshold value of 151 cm, which occurs during surge episodes
with a 30-year RP. By 2100, with an optimistic forecast (5SP1-2.6) of local SLR of around
+53 cm, the same threshold will be met with a surge of ca. 100 cm, which occurs once
a year. Thus, extreme levels linked with more catastrophic events with current secular RPs
will be achieved with a multi-year frequency, inundating more than 60% of the urbanized
area. Grado, like Venice, exemplifies trends that may impact other coastal regions and
historically significant towns of national importance. As a result, the generated simulations,
as well as detailed analyses of urban sectors where coastal flooding may occur, are critical
for medium- to long-term urban planning aimed at adopting proper adaptation measures.

Keywords: sea level rise; storm surge; coastal flooding; extreme water levels; urban
planning; local adaptation strategy; risk management; northern Adriatic Sea

1. Introduction

Sea level rise (SLR) is already affecting the Mediterranean and Adriatic coasts. Defined
as a hot spot of climate change [1], especially in terms of extreme events [2], this area is
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gradually warming 20% faster than global trends [3-6], as the effects are expected to be more
intense than in other areas of the planet [7,8]. Globally, the imminent effects of SLR will lead
to heightened risks of erosion, salinisation, and particularly coastal flooding [9,10]. The
primary consequences include the loss of low-lying and sandy shoreline areas, shoreline
retreat, saline intrusion [11], and the degradation of ecosystems [12-15]. In recent decades,
coastal flooding events in the Mediterranean have intensified and become more frequent,
linked to significant storms and severe surge phenomena [16-18]. Flooding is especially
pertinent to the Adriatic Sea, where storm surge components are more pronounced than in
other regions of the Mediterranean basin [19,20].

The northern Adriatic is noteworthy regarding meteorological and marine forcing [21].
The highest sea levels, resulting from storm surge events, may exceed the elevation of
one meter in certain instances [22]. Extreme levels are attained during the autumn sea-
son, specifically in November, when the surge effect is pronounced due to the interplay
of various factors, including the combined influence of strong Sirocco winds from the
southeast [21] and the inverse effect of atmospheric pressure. South-easterly winds propel
the water mass for durations of hours or days along the Adriatic Sea, leading to flooding
events [23]. The impact of the generated storm surge is significantly greater in the shallow
waters of the northern Adriatic [21,22,24,25].

The increase in sea level, coupled with the storm surge, can result in an enhanced
response, particularly when combined with subsidence, notably for alluvial plain and
deltaic-lagoon coastlines. For these reasons, whole northern Adriatic coastlines, encom-
passing the Venice and Grado-Marano lagoons along with the Po Delta territory, are among
the Mediterranean regions most vulnerable to relative sea level rise (RSLR) and marine
flooding [26-28], particularly during extreme events [29].

Furthermore, Rizzi et al. [30], Melet et al. [31], and Bonaldo et al. [32] have observed
that sensitivity to SLR in Mediterranean regions, especially the northern Adriatic Sea (or
the Nile Delta), is intensified by the high population density and significance concentrated
along coastal strips [33,34]. Moreover, the coastal territories of the study area include
several historical cities and important tourist destinations.

Densely populated coastal regions, which hold significant economic and tourism
value, face the risk of disappearance due to a combination of factors [35,36]. Alongside the
global and regional effects of SLR, rapid urban development has notably increased flood
risks in coastal areas [37,38]. This has led to socio-economic damage [39—-44], attributed
to a growing population at risk of flooding [45] and recurring critical issues within urban
environments [12]. This encompasses issues such as transport disruptions [46], vehicle
accidents, and building collapses [47], along with impacts on land use [15] and human
activities [48], thereby endangering significant cultural sites in certain coastal regions [49,50].

For this reason, careful studies should be carried out to analyse and define the impact
and effects of marine flooding, especially in urbanised coastal areas [51].

The need to develop adaptation and mitigation plans [52-54] in response to the effects
of climate change, sometimes by making substantial modifications to the territory at risk of
extreme events [6,55], has increased public awareness and concern about political responsi-
bilities in translating these issues into urban planning programmes [56]. Since 2008, starting
with the Covenants of Mayor, European local governments have signed SECAPs, Sustainable
Energy and Climate Action Plans, committing to increasing energy efficiency and the use of
renewable energy sources, as well as incorporating adaptation measures and climate mitigation
strategies [57]. Following the SECAP’s guidelines, it was possible, for instance, to draw up
coastal flood hazard maps for the urban area of Trieste [58], to assess the incidence of flooding
at a local scale. Multiple studies [56,59-64] indicate that ad-hoc simulations are essential for
designing flood management plans and for regular urban maintenance programs. This ap-
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proach aids regional and municipal governments in formulating effective planning strategies
and mitigation actions, thereby significantly reducing management costs in the short term [65].

In this work, we present a comprehensive study of flooding scenarios for the town
of Grado, situated in the northern Adriatic Sea, which is recognised as one of the most
significant coastal and heritage towns in Friuli Venezia Giulia. The town is built on a barrier
island and experiences flooding, both from the sea and from the lagoon located behind
it. In recent years, the local Civil Protection of the Friuli Venezia Giulia region has been
quite active regarding flooding issues, particularly due to the challenges posed by water
ingress from the lagoon side and the resulting inconveniences within the urban fabric.
The objective of this work arises from the necessity to explore the criticality of flooding
at an urban detail scale, where we can achieve sufficiently accurate altimetric precision
to conduct various types of flooding simulations, including surge occurrence and RSLR
projections. The analyses hold significant relevance for coastal areas like Grado, which has
faced considerable challenges, particularly over the past decade.

2. Study Area
2.1. The Town of Grado

The municipality of Grado lies in the easternmost part of the Grado and Marano lagoon,
bordering the northern part of the Adriatic Sea, in the Friuli Venezia Giulia region, Italy
(Figure 1). The municipality has a total area of 115.5 km?, 45 km? of dry land and 70.5 km?
of lagoon [66]. The dry land represents the easternmost part of the barrier island systems
bordering the Grado Lagoon and is almost entirely devoted to tourism and agriculture [67].
Despite having just over 7550 inhabitants [68], a number that triples during the summer
season, it represents one of the most important tourist hubs in the region with 1.4 million
visitors per year [69]. The settlement is connected to the mainland by a long artificial dam
and includes a scenic lagoon-type core, around which more recent districts have developed.
After the post-war period, the major urban development of the town took place, alongside the
expansion of coastal accommodations and bathing facilities, including the “Costa Azzurra”
popular beach, the seawall protecting the historic centre and the Main Beach [70].

I3

northem Adriatic Sea

o FS

1000 Metres.

Figure 1. Overview of the municipality area of Grado, located in the northern Adriatic Sea:
(a) northern Adriatic Sea; (b) the eastern part of the northern Adriatic Sea and Grado and Marano
Lagoon. The position of the DWRG1 wave buoy is also reported. The white rectangle identifies the
study site; (c) orthophotography representing in detail the town of Grado.
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Grado, after Aquileia, is an important archaeological site. Over the decades, signifi-
cant cultural heritage has been discovered, ranging from the Roman to the early Christian
and early medieval periods. Numerous relics have been discovered along the shoreline,
particularly in front of the Grado seawall, including old church dykes and Roman struc-
tures [71-73]. The most significant remains are found in what is known as the castrum,
the historic centre (Figure 1) that corresponds to the original urban core. Early Christian
architectural relics include the St. Eufemia Cathedral, the baptistery and church of Santa
Maria delle Grazie, and the ruins of the Basilica delle Corte.

2.2. Oceanographic and Meteoclimatic Forcing

The northern Adriatic wind climate is marked by the dominance of Bora winds,
primarily originating from the E-NE direction, in both frequency and intensity [74,75].
The Sirocco winds originating from the southeast are also significant. The warm and
humid Sirocco winds exhibit lower intensity compared to the Bora winds, yet they are
distinguished by a significantly extended fetch of approximately 800 km. Under particularly
persistent conditions, the Sirocco can produce waves of considerable heights along the
North Adriatic coast [76].

Data from the wave buoy OGS-DWRGI (coordinates 13.24° E, 45.56° N, —15.2 m depth)
indicate that the mean significant wave height (Hs) is below 0.5 m. Events with significant
wave heights exceeding 0.5 m constitute 25% of the total dataset, with predominant wave
directions from the southeast (10.7%) and east-northeast (10.5%). The Scirocco exhibits
the highest recorded wave heights, with Hs measured at 4.4 m [75]. The annual wave
energy flux for the northern Adriatic region is 1.95 kW /m. Longshore drift is oriented
westward from the mouth of the Isonzo River [77]. The astronomical tide in the Gulf of
Trieste is semi-diurnal, with a mean value of 76 cm [78], 105 cm for spring tide, and 22 cm
for neap tide [79]. The combination of spring tide, seiche, and low-pressure forcing, as well
as strong SE winds that push the water mass below the coast, causes a significant rise in
sea level [21,80], also known as surge or locally “acqua alta”. The waves are bimodal due
to the Bora and Scirocco winds [74].

3. Materials and Methods

The elaboration developed in this work includes a series of statistical analyses on tide
gauge data and flooding map construction according to the following steps.

e Analysing the time series of sea level data recorded in three important tide gauges in
the northern Adriatic Sea, to define the return period (RP) of extreme sea levels.

e  Defining the threshold for the urban flooding of the city of Grado and estimating the
occurrence and possible exceedance above the threshold.

e  Using the LiDAR-derived digital terrain model (DTM), dividing the Grado territory
into sectors with varying levels of vulnerability to obtain a series of downscaling
maps of episodic flood-inducing extreme events with different RPs. The analysis also
includes a detailed inspection of the promenade elevation along the lagoon border.

e  Estimating relative sea level rise (RSLR) for the town of Grado, by comparing the
IPCC AR6 Report [35], tide gauge data from Trieste and Grado, and the literature, for
inferring the vertical land motion (VLM) component.

e  Combining the RSLR predictions for 2050 and 2100 with the episodic events statistics
and RPs, in order to assess the reduction of the same RPs of given flooding thresholds.

3.1. Statistics of the Extreme Water Levels

The total water level (TWL) data were derived from the records of the Meteo-
Mareographic Network of the Lagoon of Venice (RMLV), pertaining to the Zero Mare
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Punta della Salute 1897 (ZMPS datum). The historical series spanning 1950 to 2023 was
examined to evaluate the likelihood of severe level occurrences. Given the large num-
ber of years available, we simplify our approach by adopting the Gumbel distribution,
a specific case of the Generalized Extreme Value (GEV), using the Block Maxima (BM)
methodology [81] in order to identify maximum values for uniform time intervals. The use
of over 70 years of data provides a sufficient number of annual maxima to support a statis-
tically sound application of the GEV-BM approach. As shown by Caruso and Marani [82],
GEV-BM applied to the long time series of Venice exhibits low estimation uncertainty for
return periods up to approximately 100 years, particularly when long calibration windows
are available. Additionally, from the perspective of risk management, the moderate over-
estimation of return levels by GEV-BM in the short-to-intermediate return period range
obtained by [82] can be interpreted as conservative, providing an additional safety margin
in applications such as coastal infrastructure design, as in the case of Grado.

Annual maximum values exceeding 110 cm, referenced to ZMPS, were retrieved from
the time series. The data spanning from 1950 to 2020 (prior to the closure system of the Venice
Lagoon, called Mo.S.E.) are sourced from the ‘Centro Previsione e Segnalazioni Maree’ of the
Municipality of Venice [83], whereas the data from 2021 to 2023 are provided by the same
organisation but recorded offshore Venice by the ‘Piattaforma Oceanografica Acqua Alta
ISMAR-CNR'’ during the Mo.S.E operation. The subsequent procedure entailed a calibration
process of the studied historical series about the SLR trend. A SLR rate of roughly 2.5 mm
per year was utilised. The reference rate utilised was derived using the 1996-2023 reference
period to examine the latest trends, based on the local history series documented by the
Trieste tide gauge (Table 1), in relation to the national IGM datum (ref. Genova 1942).

Table 1. List of tide gauges in the northern Adriatic considered in this study.

Site Station Name Latitude (°) Longitude (°)
Venice RMLV 45° 25/ 50.49” 12° 20" 11.97”
Trieste Molo Sartorio 45° 38’ 50.00” 13° 45 33.90”
Grado RMLV 45° 40" 59.26" 13° 23/ 00.38”

The analysis of extremes utilised 2006 as the reference year, with a baseline from 1995
to 2014, according to the latest IPCC report [35], which reflects the most recent trends.
A detrending operation was performed on the overall historical series values from 1950
to 2023, adjusting them based on 2006 as the barycentre of the baseline. Consequently, SLR
rates should be subtracted from the years following the baseline and added to the years
preceding the baseline, in relation to the trend observed from 1950 to 2023. The extreme values
sample underwent statistical inference analysis to ascertain the parameters of the Gumbel
distribution [84]. The data sample was arranged in descending order, and for each m-th value,
the sample frequency of non-exceedance is computed using the plotting position formula
based on Gringorten’s formulation [85]. The least squares method was subsequently applied.

Once the non-exceedance probability function was defined, considering that this is
linked to the return time of the value, it was possible to evaluate the extreme sea level value
corresponding to an assigned RP. Finally, the obtained thresholds were adjusted according to
the IGM datum, subtracting 23.56 cm from the level value referred to the ZMPS datum [86].

3.2. Annual Exceedance of Flooding Threshold

The analysis initially assessed the mean SLR trend for Grado concerning the duration
of exceedances of the previously updated extreme thresholds. The sea level trend recorded
by the tide gauge station in Grado (Table 1), reference ZMPS, is accessible in the ISPRA
database [87]. The data, accessible since 1991, were collected at 5-min intervals until 2019
and at 10-min intervals from 2020 to 2023. The data were subsequently converted to the
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IGM datum by subtracting 23.56 cm from the ZMPS reference level value. The mean sea
level trend was compared to the maximum levels trend recorded in Grado, in order to check
whether there was also a significant increase in extreme events, as reported by [82]. After
comparing the trends, the issue arising from the duration of the events was evaluated to
consider only events with a significant impact. The analysis was conducted by comparing
the maximum recorded values against their duration, taking into account the total number
of records for each year. The threshold value is here defined as the cumulative duration at
the extreme 99.96 percentile, which represents approximately 0.04% of the total time, or 3 h.

3.3. Base for Downscaling Analysis

Flood hazard maps were developed concerning the urban and territorial context of
the city of Grado. A “bathtub approach” [88] was employed using high-resolution DTMs
with ESRI ArcGIS Pro 3.1.0 software. The objective involves assessing the elevations of the
town’s perimeter promenade (Figure 2a) to identify critical issues concerning both current
water levels and projected future levels. To analyse the elevation of the lagoonal promenade
and embankment, the procedure adopted is as follows. The Grado Digital Terrain Model
(DTM), derived from a LiDAR survey conducted in 2018 (courtesy of Regione Friuli Venezia
Giulia), was initially utilised. The derived DTM product exhibits a spatial resolution of
0.5 x 0.5 m. A 6-m-thick buffer was generated from the DTM elevations, derived from
the outermost section of the promenade, specifically the part nearest to the water, moving
inward. Given the different elevation statistics, the promenade has been segmented into
four sectors (Figure 2b). This approach enabled a detailed analysis of the promenade and
embankment elevations, assessing both point-specific and area-wide criticalities.

Downscaling Analysis
Pramenade elevation (m)
RS 12-13
oo

Figure 2. Downscaling area analysis: (a) elevation of the lagoon promenade considered in the study,
represented by 10 classes subdivided every 0.10 m of elevation. (b) The subdivision of the promenade
and lagoon embankment into 4 macro sectors; the extent of the inhabited area of Grado municipality
is also reported, treating the streets as unobstructed surfaces for water flow while omitting buildings
and uninhabited areas.
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The calculation of the elevation value for the extracted cells became necessary to obtain
averaged elevation information surrounding the cells, based on the fixed-width buffer.
A GIS analysis tool (Cell Statistics, part of the Spatial Analyst extension in ArcGIS Pro 3.1.0)
was used to perform this operation, enabling the calculation of an average value over a 6m
radius for the entire length of the embankment section examined. To finalise the survey,
the elevation values at the centre of the previously considered cells were extracted and
subsequently subjected to statistical analysis. The analysed elevation points were filtered
to exclude negative elevations exceeding a specified threshold. To assess bank heights
in relation to extreme events, a range of heights from 70 cm to a maximum of 155 cm
was evaluated, contingent upon the specific bank stretch examined. The heights obtained
were represented through a graph illustrating the cumulative statistics as a function of the
considered height ranges, indicating the percentage of embankment in safety relative to the
threshold value of an extreme event associated with the return time.

3.4. Short-Term (Surge) Analysis

To represent the effects of storm surge events through water level thresholds, up-
dated for recent decades, scenarios with varying probabilities of occurrence were analysed.
The processing aims to create a mapping of flood hazards resulting from extreme events,
serving as the foundation for assessing and managing flood risks, in accordance with the
Flood Directive 2007 /60/CE, which was later implemented in Italy through Legislative
Decree 49/2010. The Flood Directive allows for reference solely to extreme events, contin-
gent upon an evaluation of the protection level. Some Italian methodological reports on
coastal flooding, such as those from the Sardinia region, have indicated that the absence of
a precise regulatory definition of the “adequate level of protection” [89] suggests refraining
from utilising this prerogative. In contrast, based on territorial urban planning and civil
protection measures, particularly in Emilia Romagna [90-92], a region with a comparable
coastal physiography to Friuli Venezia Giulia, an assessment was conducted to evaluate the
impact of marine events with short RPs. Consequently, the development of flood hazard
maps for RPs of 2, 10, 30, and 100 years was undertaken. The maps were developed by
assessing the inhabited regions according to the boundaries of the municipality of Grado,
treating the streets as unobstructed surfaces for water flow while omitting buildings and
uninhabited areas. The analysis primarily concentrated on the historical centre, the area
exhibiting the highest vulnerability, and extended in an eastward direction. The analysed
municipal area of Grado extends for approximately 0.96 km? (Figure 2b).

3.5. Long-Term (RSLR) Analysis

To develop a projection of RSLR over the medium to long term, the mean sea level of
Grado was analysed for the period from 1991 to 2023. To compare the data from Grado and
assess their significance, the dataset from Trieste was utilised. The temporal trend of sea
level is assessed by CNR-ISMAR in Trieste and is accessible in the database of the Permanent
Service for Mean Sea Level [93]. The analysed data encompasses the recorded sea level and
the subsidence component, a critical factor for long-term level projections. To undertake
a long-term analysis, subsidence data from Da Lio and Tosi [94] and Areggi et al. [95]
were used as a reference. The computed value for Grado, acquired using SAR and GNSS
interferometry between 2003 and 2010 [94] and 2015 and 2019 [95], was then compared
to the residual produced by correlating Grado and Trieste’s sea level changes. The mean
value was used to generate long-term RSLR projections for 2050 and 2100. Using the
values recorded by satellite and reported by the NASA Sea Level Projection Tool [96] for
Trieste, the RSLR and tectonic contribution data were adjusted based on a correction factor,
averaged across the territory of Grado. After calculating the increases for 2050 and 2100



Water 2025, 17, 1991

8 of 26

based on ongoing climate changes, the reductions in RPs for certain significant episodic
events were evaluated.

This analysis assessed both the magnitude of flooding and the exposure of the urban
environment to flood risk. The scenarios mentioned focus on a single short-term event
related to the threshold update, followed by that event along with sea level predictions for
2050 and 2100, as detailed in the latest IPCC AR6 Report [35].

4. Results and Discussion
4.1. Extreme Water Levels

The results of the sample fit analysis to Gumbel’s distribution law on extreme water
levels are shown in Figure 3. The RPs indicated in Table 2 (reference baseline: 1995-2014;
central year: 2006) are paired with the corresponding updated extreme thresholds. According
to the Flood Risk Management Plan of the Eastern Alps Hydrographic District for Zone 2
(PGRA) [97], the values obtained are related to the mere water component, or to the sum of
the meteorological component, astronomical tide, and mean sea level component.
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Figure 3. Extreme water level statistical analysis (Gumbel distribution) observed at the RMLV
meteo-mareographic station in Venice (reference period 1950-2023).

Table 2. Updated extreme level values as a function of return period (reference year 2006, Gumbel

distribution).
Return Period (Years) Extreme Water Levels (cm) Confidence Interval (95%)
2 111 107-115
10 136 125-146
30 151 136-165
100 168 147-186

The values listed in Table 2 serve as an update to the PGRA, which is based on the time
baseline of 1985-2005 and includes data from the severe tidal level statistics compiled by
Pirazzoli and Tomasin [98]. The extreme water levels reported within the PGRA, relating
to events with a RP of 30 and 100 years, are lower by approximately 8/10 cm.

4.2. Analysis of Mean vs. Max Levels and Threshold Exceedance

The evolution of mean sea level is commonly utilised for long-term projections; how-
ever, in the short and medium term, the temporal changes in maximum levels may offer
more pertinent information regarding the risk of storm surge. Our aim is to compare the
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evolution of mean sea level with that of maximum levels, as illustrated in Figure 4. The
selected time interval spans just over 30 years, providing a sufficiently extensive historical
series to assess the annual inter-variability of the meteorological component [99].

70 175

60 ——Mean Sea Level Grado | 165

~—Max Sea Level Grado

50 s Linear trend (Mean Sea Level Grado) 155

+ Linear trend (Max Sea Level Grado)

145
y =1.0812x -2053.2,

135

Max SL (em)

125

Mean SL (cm)

115

y = 0.485x - 968.59 e

95

-20 ! 85
1990 1994 1998 2002 2006 2010 2014 2018 2022 2026

Figure 4. Comparison of the mean sea level (black line) and the maximum sea level (red line) observed
in Grado from 1991 to 2023 (IGM42 reference). The left axis indicates the scale for mean sea level,
whereas the right axis signifies the maximum levels.

The maximum levels observed are rising at a rate of 10.8 mm/y, which is more than
double the mean values of 4.9 mm/y. This suggests, within the limits of thirty-year statistics,
that the risk is escalating more substantially than indicated by current projections.

The risk associated with storm surge events is not solely determined by the peak levels
attained but also by the duration of the events. Consequently, it was determined to evaluate
the level exceeded over a specified duration within a year, specifically a minimum of 3 h.
The graph in Figure 5 illustrates the temporal trend of maximum levels recorded in Grado
that persisted for a minimum of 3 h. The 2006 as the barycentric year for the thirty-year
reference trend, consistently corresponds to the latest IPCC ARG report [35], thus allowing
for projections that are approximately aligned with the most recent trend.
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Figure 5. The 30-year trend of maximum sea levels recorded in Grado that persisted for a minimum of 3 h
(threshold exceedance by 3 h). The threshold level of 110 cm (ref. IGM42 datum) is here reported as a ref-
erence value for flooding phenomena in the ‘Old Town’ (see Figure S1 in the Supplementary Materials).
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By observing the graph in Figure 5, an analysis can be conducted on the average
trend of sea level maxima exceeding a minimum of 3 h annually. The angular coefficient is
8.6 mm/y. The average value indicated by the trend line demonstrates a duration of 3 h
for events commencing in 1991, with an initial extrapolated value of 93 cm, increasing to
approximately 118 cm by 2023. Over a period of slightly more than 30 years, maximum lev-
els have risen by 25 cm. The graph indicates a minimum threshold value of 110 cm, serving
as a precautionary reference. This value corresponds to an event with an approximate RP
of 2 years and a high probability of occurrence. In the town of Grado, an ingress level of
110 cm indicates substantial submersion in the historic centre, particularly along the docks
of the Mandracchio Canal. In 10 of the past 18 years, the city of Grado has experienced
flooding events with water levels exceeding 110 cm for a duration of almost 3 h.

4.3. Downscaling Analysis of Short-Term Flooding

This section presents and discusses various marine flooding hazard maps derived from
the results of the developed flood scenarios. The elaborations depict the episodic event
scenario along with the corresponding RP. Each event is defined by a critical threshold
that indicates the total elevation of the water mass throughout the event. The simulations
employed a static methodology alongside qualitative data analysis, omitting variables such as
ingress speed and flooding duration from consideration. The wave component was excluded
from the analysis, as the water mass traverses the Grado inlet (see Figure 1c) and propagates
into the lagoon, resulting in a progressive damping of the wave set-up parameter.

Table 3 depicts a summary diagram of the many scenarios evaluated, represented by
the RP associated with the threshold value, as well as the overall extension of the inhabited
region impacted by marine ingression, expressed in square kilometres and as a percentage
of the entire municipality.

Table 3. Extreme water levels with return periods (levels expressed in cm), which correspond to
the relative flooded areas, expressed in terms of size (km?) and percentage value with respect to the
built-up area of the Municipality of Grado of 0.96 km?.

. Extreme Water Inhabitated Flooded
Return Period Levels (cm) Area (km?) Area (%)
2 111 0.016 1.67
10 136 0.20 20.8
30 151 0.40 41.7
100 168 0.61 63.5

Below are the hazard maps drawn up on the basis of the episodic events considered.
The hazard maps are realised by means of the water depth representation, i.e., the hypo-
thetical maximum water elevation above the ground reached during flooding. The water
depth is extrapolated as a function of the heights of the starting DTM and the flooded area.

4.3.1. The 2-Year Return Period Episodic Event

In the case of a meteomarine event with a RP of 2 years, the water level has a total
elevation of approximately 111 cm. The flood hazard map is shown in Supplementary Ma-
terials (Figure S1). The downscaling analysis (scale 1:5000) enables detailed verification of
the problems caused by flooding. On the map, it is possible to establish that the criticalities
occur mostly around the Mandracchio Canal and the Brioni promenade. Both stretches
correspond to the lowest urban areas that allow the water mass to advance inwards. The
criticalities found mostly concern the propagation of the water mass into the interior of the
old town by means of the urban network. The nearby historic centre, located south of the
Mandracchio Canal, does not exhibit any particular criticality.
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4.3.2. The 10-Year Return Period Episodic Event

In the case of a meteomarine event with a RP of 10 years, the water level has a total
elevation of 136 cm. The flood hazard map is shown in Figure 6.

photo Enfiod Cestee=

Figure 6. Flood hazard map representing an event with a 10-year RP (136 cm). The blue colours
represent the water depths as a function of the city’s DTM elevations: (a) The inundation map of
the ‘Old Town’ sector shows that this area is almost entirely affected by the extent of the flooding.
Flooding also affects parts of the historic centre. (b) It depicts the slight expansion of flooding to the
east as well, with some ingressions of the water mass toward the built-up area by the Moreri Canal.
(c) Flooding in the western part of the historic centre during 27 October 2023 (photo credits: Cester
E.). (d) Expansion of the water mass along the western docks of the Mandracchio Canal during 27
October 2023 (photo credits: Cester E.). (e) expansion flooding along A. Manzoni Street during 29
October 2018 (photo credits: Folla M.).

The 1:5000 downscaling analysis made it possible to observe more clearly the extended
criticality along the lagoon promenade of Riva Brioni, the town’s primary western encroach-
ment area. We could also observe a generalised extension of the water mass around the
Mandracchio Canal through its perimetral docks. Compared to the previous simulation, the
water mass extends both to the east and west of Mandracchio, almost completely affecting
the old town and partially affecting the historic core to the south. There is also an eastern
expansion of the water mass through two areal criticalities of the lagoon promenade along
the Moreri Canal.
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4.3.3. The 30-Year Return Period Episodic Event

Compared to the previous scenario, in the simulation of a storm surge event with
a return time of 30 years and a total elevation of 151 cm, the urban flooding also extends
along the eastern part of the town (Figure 7).

Figure 7. Flood hazard map representing an event with a 30-year RP (151 cm). The blue colours
represent the water depths as a function of the city’s DTMs elevations: (a) The inundation map of the
‘Old Town’ sector shows that this area is completely flooded. The extent of the flooding also affects
much of the historic centre. (b) The widespread flooding in the city’s ‘Grado East’ area. Water flows
inland through the Moreri Canal’s embankment at several places. (c) Flooding near the southwest
dock of the Mandracchio Canal during 27 October 2023 (photo credits: Cester E.). (d) Flooding in
front of the St. Eufemia Cathedral during 12 November 2019 (photo credits: Patruno V.). (e) Extensive
flooding along the end of the Moreri Canal embankment, Monfalcone Street during 27 October 2023
(photo credits: Rai Tgr Fvg website).

The flooding affects the entire old town, particularly the historic core surrounding the
St. Eufemia Cathedral and the Baptistery. It extends approximately 2000 metres along the
lagoon promenade of the Moreri Canal, impacting many areas in the eastern part of the
city. The additional 15 centimetres, compared to the 10-year RP scenario, clearly illustrate
how a meteomarine event of this magnitude can lead to an expansion of the water mass
covering a significant portion of the urban fabric.
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4.3.4. The 100-Year Return Period Episodic Event

This statistically rare event is characterized by a water mass elevation of 168 cm, thus
representing a real calamity for the town of Grado. The event is responsible for a large
inundation effect, which extends throughout the old town. Some of these areas are affected
by a very high water depth. Compared to the 30-year return time event, the water mass
penetrates the lagoon promenade of Moreri Canal for its entirety, generating flooding that
affects almost the entire eastern urban fabric, spreading the water mass into areas close to
the Main Beach. The flood hazard map is shown in Supplementary Materials (Figure S2).

4.3.5. Lagoon Promenade Downscaling Analysis

We performed the promenade elevation analysis along the complete boundary that
divides the town from the lagoon. The assessment encompasses the full perimeter embank-
ment stretching from Riva Brioni to the easternmost part of the Moreri Canal, divided into
four macro-sectors. This approach enabled a more thorough examination of the embank-
ments, assessing both specific and broader critical issues. Table 4 presents the analysed
promenade/embankment sectors along with their respective lengths, the total length of the
embankments, and the percentage of each section in relation to the total length.

Table 4. Lagoon promenade/embankment sectors analysed for elevation analysis aimed at the
flooding assessment.

Promenade/Embankment Sector Length (m) Percent (%) of Total Length
Riva Brioni-Mandracchio C. 573 9
Mandracchio C. 1392 22
Schiusa Island 1681 27
Mandracchio C.-Moreri C. 2685 42
Total embankment 6334 100

The two lagoon promenade and docks sectors most vulnerable to marine ingression are
described below. The first stretch considered concerns the Riva Brioni—Mandracchio sector.
The second section concerns the Mandracchio Canal. The other two sectors, Moreri Canal
and Schiusa Island, are shown and described in the Supplementary Materials (Figure S3
and Figure 54, respectively).

Riva Brioni—Mandracchio C.

The section considered has a total length of 260 m. Figure 8 displays the analysis of
the promenade’s heights along the entire Riva Brioni. The survey covered a total of 6188
measured points within an elevation range of 70 to 125 cm. Hence, approximately 85% of
the height of the promenade section considered is below 111 cm (Figure 8b). This means
that, already with a meteomarine event with a high probability of occurrence, having
a RP of 2 years, the perimeter promenade is not in a safe condition. On the other hand,
considering an episodic event with a RP of about 5 years and approximately 125 cm of
water level, the entirety of the promenade is not in a safe condition, causing the expansion
of the water mass in the western area of the urban centre.
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Figure 8. Critical sector promenade of Riva Brioni (see Figure 6a, number 2 for the position):
(a) represents the elevations extracted from the 6-m buffer of the promenade. The elevation values of
the promenade range from 70 to 125 cm. (b) represents the statistical distribution of the elevations
extracted from the promenade of Riva Brioni. Shown in red is the 111-cm elevation column, which
represents about 85% of the cumulative statistics. The promenade is then flooded with an event with
a very high probability of occurrence (RP = 2 years).

Mandracchio C.

The Mandracchio Canal has a total length of 1392 m, corresponding to 22% of the total
lagoon promenade. The analyses of the canal’s banks covered a total of 31,782 measured
points within an elevation range of 70 to 155 cm. Historically, the main flooding within the
built-up area of Grado occurs through the docks of the Mandracchio Canal, the preferential
route of water ingression within the ancient centre. In fact, as described in Section 4.2, the
110 cm threshold has been exceeded for 3 h in a year almost 9 times in the last 15 years
(2008-2023). This statistic is corroborated by the graph in Figure 9b, which shows that 50%
of the Mandracchio docks are not in a safe condition for an event with a RP-2 year. It follows
that even with a very low elevation threshold, the historic centre is experiencing significant
flooding. On the other hand, considering a RP of 10 years, with a medium-high frequency
of occurrence and a level of 136 cm, the entire docks of the Canal do not guarantee any
safety, entailing extensive flooding both to the west and east of the Mandracchio itself, also
affecting the portion of the historic core post south of the Canal (Figure 6a,c).
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Figure 9. Critical sector of Mandracchio Canal docks (see Figure 6a, number 1 for the position):
(a) represents the elevations extracted from a 6-m buffer of the docks. The elevation values of the
canal docks range from 70 to 155 cm. (b) represents the statistical distribution of the elevations
extracted from the Mandracchio Canal docks. Shown in red is the 111 cm elevation column, which
represents about 50% of the cumulative statistics. Shown in orange is the elevation of 136 cm, the level
of an event with a medium to high probability of occurrence (RP = 10 years), resulting in complete
submergence of the canal docks.

4.4. Downscaling Analysis of Long-Term Flooding

Considering the last 30 years, from 1991 to 2023, the SLR trend of Grado falls back
to values of 4.8 mm/y (Figure 10). Reducing the reference time interval tends to increase
the trend. The level fluctuations can reach up to 10 cm from one year to the next, as
demonstrated in the year 2010.

20
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Figure 10. The 30-year trend of sea level change in Grado (black line) and Trieste (blue line) with
IGM42 reference. Elevation in ordinate has been kept to scale for each series. Trends can be calculated
on the basis of linear regression.

The sea level trends in Grado and Trieste exhibit notable similarities. The difference
in rates, specifically 4.8 and 2.8 mm/year, can be attributed to the subsidence component
(vertical land motion, VLM). Trieste is the only location where subsidence is minimal
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relative to the rest of the northern Adriatic [100,101]. The VLM inferred from sea level
trend comparison and the literature data [94,95] falls within the interval 1-2 mm/year.
Accordingly, we chose to apply a mean subsidence rate of 1.5 = 0.5 mm/year for Grado,
which is pertinent for formulating RSLR projections for 2050 and 2100. Using the nearest sea
level data from Trieste, sourced from the NASA Sea Level Projection Tool [96], an increase
of 1.5 mm/year should be calculated by multiplying this rate by the number of years since
the barycentre of 2006. Specifically, this results in 44 years if the projection is extended to
2050 and 94 years if extended to 2100. The values for VLM to incorporate into the SLR
scenarios are 6.6 &= 2.2 cm for 2050 and 14.1 &£ 4.7 cm for 2100, respectively.

Table 5 summarises the sea levels projected to 2050 and 2100 according to the calcula-
tions made above.

Table 5. Projection of sea level in 2050 and 2100 according to IPCC AR-6, as reported in the NASA
Sea Level Projection Tool [96]. Sea level projections refer to the city of Trieste. Vertical land motion
(VLM) for Grado is assumed at a rate of 1.5 & 0.5 mm/year (see text for explanation). The total sea
level for Grado is calculated by adding the two components.

SLR Scenario . Total VLM (cm)
Year Reference 2006 {gszﬁcslﬁ? for Grado {g;%f:;ol“(ec‘s)l
Baseline (1995-2014) (Average Rate)
2050 SSP1-2.6 (median) 17 6.6 23.6
SSP5-8.5 (median) 21 6.6 276
2100 SSP1-2.6 (median) 39 14.1 53.1
SSP5-8.5 (median) 67 14.1 81.1

At this stage, by looking at the most important rare events and taking into account
city planning and the expected RPs of 10, 30, and 100 years, we can figure out how much
the RPs change by examining the expected sea level rise for 2050 and 2100 under the best-
or worst-case scenario.

In the context of an extreme episodic event that has a low probability of occurrence
and is linked to a RP of 100 years, along with projected sea level rises for both 2050 and 2100
under a pessimistic SSP5-8.5 scenario, we can anticipate a potential situation as follows:

critical threshold to 2050 = current RP 100 y — RSLR 2050 = 168 cm — 28 cm = 140 cm.

Considering a pessimistic scenario, the value of 168 cm at 2050 becomes, after sub-
tracting the 28 cm SLR, approximately 140 cm. The latter value corresponds to a threshold
reached by an episodic event with a RP of about 14/15 years. On a probabilistic level,
exceeding the 168 cm threshold in 2050 could occur almost seven times more frequently. For
this reason, the frequency of extreme events is bound to increase significantly in the near
future. We can apply the same reasoning to a 100-year episodic event with an optimistic
projection to 2100. In this case, 53 cm will have to be subtracted. At 2100, the value of
168 cm will become approximately 115 cm. The latter corresponds to an episodic event with
a return time of about two to three years. On a probabilistic level, exceeding the 168 cm
threshold in 2100 may occur 33 times more frequently. The values found, typical for the east-
ern part of the northern Adriatic, are quite similar to those reported by Lionello et al. [102],
which looks at how RPs change based on sea level rise rates expected for 2050 and 2100 in
the western part of the northern Adriatic. The application of SLR’s worst-case scenario for
2100 is now rendered pointless.

4.5. Adaptation Plans

Grado, like other coastal resorts in the northern Adriatic that rise in contexts charac-
terised by low and sandy coasts, is subject to the effects of sea level rise in a much more
evident way than other territories [103]. Similarly to the safety measures adopted for the
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city of Venice through the activation of the Mo.S.E barrier in 2020 [104], the need to adopt
adaptation and mitigation strategies to address the rising frequency of extreme events
has also emerged for the town of Grado. In addition, the impacts of coastal flooding are
expected to increase due to ageing defence infrastructures [105]. For this reason, urban
embankments need to be structurally verified, and their heights carefully checked and
adapted (and thus raised, [106]) to a safe level.

Consequently, plans to raise embankments and promenades need to be adjusted
based on how much the sea levels are expected to rise [107] during extreme weather
events. The types of actions to take depend on how uncertain we are about the extreme
value statistics and future sea level rise predictions [108-110]. Therefore, the updated
extreme level thresholds, based on the case histories of the past decades, made it possible to
formulate hypotheses for adaptation and urban planning in the most vulnerable promenade
sectors. Indeed, strategising for the medium- to long-term future would enable a decisive
solution to site-specific flooding for many decades to come. However, the most reliable
future projections focus on short-to-medium-term scenarios and the pessimistic SSP5-8.5
projections, which also depend on the potential increase in extreme events.

Starting from the data of the scenarios and the RP of the events, the embankment
sealing hypothesis starts from the evidence that one must proceed by considering, in
a modular way, interventions that, in order of priority, start from the most critical sections.
The entire urban stretch facing the lagoon has docks whose elevation cannot guarantee
sealing for events with very frequent return times. Consequently, based on the study
conducted, a safety threshold level of 180 cm can be chosen. This figure roughly corresponds
to a meteomarine event, which statistically occurs with a RP of approximately 250 years.
Thus, considering a pessimistic sea level rise to 2050 calibrated on the city of Grado, equal
to an increase of approx. 28 cm, on a probabilistic level, a lowering of the threshold level
to 152 cm would occur. The value in question corresponds to an event with a RP of ca.
30 years, defined as having a medium probability of occurrence. At present, this type of
intervention secures the territory and, in the future forecast, will allow sufficient time to
prepare—should it be deemed necessary—appropriate modifications or additions. The
value of 180 cm, therefore, allows us to have a certain margin of coverage that is much
more reliable than a safety value that, correlated with a less reliable projection, would have
a greater degree of uncertainty.

Once the threshold level of security and the most vulnerable sectors to be safeguarded
have been ascertained, based on downscaling simulations and elevation analysis, the next
step concerns which adaptation strategies to put in place. The provision of defensive mea-
sures depends on various factors, such as political, regional and local decision-making wills.
An example of this approach is the SECAP project, undertaken to incorporate adaptation
measures and climate mitigation strategies at the municipal level for the city of Trieste [58].
Nevertheless, additional factors will be closely related to the layout of the urban fabric [111]
and therefore directly controlled by anthropogenic elements, such as urbanisation, accom-
modation space, adaptability, land-use change, as well as the configuration and size of the
road network [112].

The first two stretches in need of timely intervention concern the perimeters that
extend over two sectors, from Riva Brioni to the Mandracchio Canal inclusive, for a total of
1919 m. Within this section, the two perimeters requiring timely intervention are Riva Brioni
(260 m) and the Mandracchio Canal (1392 m). Riva Brioni is characterised by a promenade
that, throughout its entire extension, has heights ranging from 70 to 115 cm. The road
surface width, measured from the outer edge of the promenade to the pavement on the
opposite side, is approximately 14 m (Figure 8). Of this, the space relating to the urban
road is approx. 5 m. The area where changes will be made for raising the shoreline or
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changing the lagoon promenade is about 7 m wide: 3 m for the lagoon promenade and 4 m
for parking spaces, which could be adjusted if needed. These characteristics make Riva
Brioni one of the few city areas that are most exposed to flooding, where it is possible to
implement a significant change in the urban fabric. One possibility concerns the application
of bulkhead planter systems or of a bank (see Toledo et al., [113]) extended along the entire
affected area (see Figure 11). A further hypothesis is the application of a seawall-walk
barrier system that transforms the Riva Brioni promenade into a fully-fledged barrier that

maintains the existing pedestrian section connected to the waterfront.

Figure 11. The Riva Brioni promenade. (a) Photo of a promenade section, taken at coordinates
45°68/28.63" N, 13°38'06.56" E (photo credits: Spadotto S.). (b) Design of a bulkhead planter system,
built along the entire promenade. Toward the lagoon, the promenade is maintained. Toward the
street, parking spaces are created parallel to the bulkhead planter, and the roadway is maintained.
(c) Rendering of what Riva Brioni might look like. For the sake of clarity, possible regulated openings
needed between the planters for pedestrian transit and dock access are not depicted here.

The situation is different for the Mandracchio Canal. The docks surrounding the
canal are characterised by a higher elevation than those at Riva Brioni. However, these
fail to provide adequate defence, resulting in a general ingression of the water mass into
the built-up area, affecting the historic centre to a certain extent, even with water levels
that are not particularly critical, slightly higher than 110 cm. The layout of the streets and
buildings surrounding the canal, for nearly their entire length, does not permit significant
modifications to the urban fabric. The space available from the docks, where there are
boat moorings, to the walls of the buildings on the opposite side is approximately 6 m.
It follows that the usable space for a possible intervention is completely absent. For
this reason, a possible proposal concerns the design of mobile defence systems at the
Mandracchio lagoon entrance (Figure 12), similar conceptually to those already widely
used in Northern Europe, especially in the Netherlands with the Maeslant Barrier in
Rotterdam [114], designed for protection against very extreme flood events [115]. In
Cesenatico, Emilia Romagna, Italy, there exist mobile defence systems known as Porte
Vinciane (Da Vinci’s gates), a Project by Binini Partners [116] (Figure 12c).
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Figure 12. The Mandracchio Canal docks. (a) View of the Mandracchio C. lagoon entrance (Photo
credits: Fontolan G.). (b) Plan view of the Canal opening. (c) Example of Porte Vinciane (Da
Vinci’s gates) mobile system for flood defence in Cesenatico, a Project by Binini Partners (after [116]).
(d) Functional design of Baby Mo.SE floodgates in Chioggia (after [117], modified). (e) Example of
mobile floodgate in operation in Chioggia (after [117]).

Another possible solution could be a mobile system like the Mo.S.E [118] designed
in Chioggia, called Baby Mo.SE [117] (Figure 12d,e). Constructing these weirs directly
in the upper opening part of the Mandracchio, approximately 20 m wide, can guarantee
a safe condition in the city surroundings. Additionally, from an economic perspective, the
intervention would be less costly than designing an extended dock elevation for the entire
Mandracchio Canal.

5. Conclusions

In evaluating sea level estimates, the issue of flooding in coastal regions and towns
vulnerable to marine intrusions emerges as a critical priority for spatial planning. In this
paper, we presented an exhaustive investigation of the reality of Grado, an Adriatic coastal
town that has experienced significant marine flooding, especially during the last decade.
The objective of the study is to assess, identify, and delineate urban regions susceptible to
flooding, based on current episodic occurrences and projections of future sea level rise that
may exacerbate extreme events.

A statistical update of extreme water levels, analysing trends in maximum levels
and the hourly duration of their exceedance, and evaluating medium and long-term sea
rise projections, revealed the need for the town to verify the elevations of the perimeter
embankments and promenades that separate the lagoon from the urban centre. As a result
of the current defensive status, which does not provide adequate assurances during even
minor surge events, some preliminary intervention hypotheses have been developed to
improve the condition of the lagoon promenade, particularly in the most problematic
locations. These options can be considered in future adaptation plans, thus contributing to
urban planning procedures.
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A downscaling analysis found that the most important challenges are concentrated near
the town’s western lagoon edge. Even with very high recurrence times (i.e., a 2-year RP),
equivalent to water levels of 111 cm, significant challenges were identified in two adjacent
urban sectors that are crucial for the propagation of seawater into the historic centre.

Increasing the RP of the events, criticalities also spread toward the eastern lagoon
edge. Accordingly, urban criticalities extend outward along the eastern perimeter, and the
area of the regions impacted by the water mass expands significantly. An episode with
a 10-year RP affects 21% of the whole municipality but entirely impacts the western historic
centre, causing significant issues for both the people and the road network.

Sea level rise would cause floods to occur more frequently and with greater severity in
the future, which will eventually result in shorter RPs. Between 2008 and 2023, ten flooding
events occurred, exceeding the 110 cm water threshold for almost 3 h. Therefore, the trend
to date is 1.5 events per year, with a greater size during the previous two years taken
into consideration. Even with an optimistic sea rise forecasting for 2050 (short-medium
projection period), it is possible to heavily reduce even very extreme events that have RP
longer than 200 years.

These simulations demonstrate how crucial it is to downscale coastal urban locations
in order to promptly define critical situations involving the existence of ingression points,
presently insufficient perimeter embankments and promenades, and/or depressions in
the urban fabric that allow water to easily enter and cause damage and inconvenience to
the population.

With respect to the predisposition of climate change adaptation strategies by prompt
evaluation of the phenomenon’s incidence at the municipal level, the analyses suggested
in this paper are crucial. Extreme events and return times aid in forecasting the future
development of the phenomena, encouraging the first meaningful conversations regarding
adaptation measures required to create comprehensive urban planning procedures for the
town of Grado. Relying on defensive systems that are planned and constructed using
a modular approach, considering the rates of sea rise and the potential for an increase in
severe events, and that can be adjusted based on the configuration of the urban fabric, will
be the issue and the challenge for the near future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w17131991/s1, Figure S1: Flood hazard RP 2 y (111 cm); Figure S2: Flood
hazard RP 100 y (168 cm); Figure S3: Statistics of elevation and flooding occurrence of Schiusa Island
promenade; Figure S4: Statistics of elevation and flooding occurrence of Moreri Canal promenade.
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Segnali dal Clima

Segnali dal Clima in FVG é una pubblicazione
divulgativa che racconta i cambiamenti
climatici partendo da un’ottica locale e
regionale e affronta questo grande tema da tre
prospettive: CAMBIAMENTI, IMPATTI, AZIONI.

Nasce dall'impegno del Gruppo di lavoro
tecnico-scientifico Clima FVG e dalla
convinzione che le sfide che i cambiamenti
climatici pongono alla nostra societa si possano
affrontare efficacemente solo se allo sviluppo
scientifico e tecnologico si accompagnhano una
crescita della conoscenza e una consapevolezza
sempre piu diffusa sul tema da parte di tutta la
popolazione.

Segnali dal Clima affronta diversi aspetti dei
cambiamenti climatici partendo dal racconto di
eventi e situazioni che hanno riguardato il Friuli
Venezia Giulia nel 2022, ma anche
evidenziando come la dimensione locale sia
collegata a quella globale attraverso riferimenti
a eventi e situazioni verificatisi al di fuori della
nostra regione e su scala piu ampia.

Al racconto degli eventi e dei fenomeni si
accompagnano le spiegazioni delle cause che li
hanno prodotti. Un filo rosso - CAMBIAMENTI,
IMPATTI, AZIONI - unisce i diversi articoli, i nostri
“segnali dal clima”, collegando i cambiamenti
in atto con i loro effetti sull’lambiente e sulle
attivita umane, ma anche con le azioni che
possiamo mettere in campo sia per limitare il
riscaldamento globale e i cambiamenti del
clima (mitigazione) che per ridurre gli impatti
che ne conseguono (adattamento).

L’ABC DEL CLIMA

Per rendere gli argomenti accessibili a tutti,
negli articoli sono inseriti alcuni box a sfondo
arancione pensati per avvicinare al pubblico

alcuni termini e concetti tecnico-scientifici a
cui € necessario fare riferimento quando si
spiegano argomenti e fenomeni collegati ai
cambiamenti climatici.

Il 2022 ¢ stato I'anno piu caldo mai registrato
in Friuli Venezia Giulia: alle alte temperature si
é associata una grave e prolungata siccita, che
ha determinato pesanti conseguenze per il
nostro territorio. Alle criticita pit acute che
hanno occupato le pagine dei giornali per
diversi mesi si affianca pero un flusso pil
graduale e meno evi-dente di effetti che si
manifestano negli anni. Il racconto parte quindi
dagli argomenti piu propriamente “climatici” -
a iniziare dalle temperature dell’aria e dalle
precipitazioni e dai loro effetti sul mare e sui
ghiacci - e indaga poi alcuni ambiti in cui gli
effetti dei cambiamenti climatici si
manifestano in Friuli Venezia Giulia: dalle
modifiche graduali, ma profonde, degli
ecosistemi, agli incendi che hanno devastato i
nostri boschi nell’estate 2022, all’agricoltura,
mettendo in luce alcune possibili risposte e
soluzioni e come queste emergano dalle
conoscenze prodotte dagli enti scientifici e di
ricerca e dalle attivita delle agenzie e strutture
regionali.

Segnali dal Clima in FVG non € quindi un report
sullo “stato del clima” in Friuli Venezia Giulia:
non ha l'obiettivo di fornire un quadro completo
ed esaustivo della tematica, non ne esplora tutti
gli aspetti e i settori ambientali e
socioeconomici coinvolti, non passa in rassegha
tutte le conoscenze disponibili. E perd, appunto,
un segnale: un segnale di cosa sta accadendo,
di quanto sia importante prenderne coscienza
ed agire, di come la societa, la pubblica
amministrazione e il mondo scientifico si stiano
gia attivando.

(L gruppo di Lavoro teenico-sclentifico
clima Fvqg

DAL LOCALE AL GLOBALE

Con uno sfondo grigio sono evidenziati gli
articoli che riportano notizie e informazioni
relative a realta extra-regionali e che ci
consentono di ampliare la nostra visione,
collegando cio che avviene in Friuli Venezia
Giulia con conoscenze generali e con fenomeni

a scala piu ampia.
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Gruppo di lavoro Clima FVG

Il “Gruppo di lavoro tecnico-scientifico Clima
FVG” istituito dalla Regione autonoma Friuli
Venezia Giulia nel 2022 riunisce le eccellenze
tecniche e scientifiche presenti in FVG, in grado
di fornire alll Amministrazione regionale e a tutti
gli enti e soggetti del FVG le conoscenze pil
aggiornate per affrontare i cambiamenti
climatici sul nostro territorio.

Ad ARPA FVG ¢ stato affidato il coordinamento
del team, che € composto da esperti di ICTP,
OGS, CNR, delle Universita di Udine e di Trieste
e della stessa Regione: gli stessi che avevano
elaborato e pubblicato, nel 2018, il primo
Studio conoscitivo dei cambiamenti climatici e
di alcuni loro impatti in Friuli Venezia Giulia.

Il Gruppo di lavoro Clima FVG innanzitutto
facilita la condivisione e la collaborazione tra i
soggetti esperti che in regione producono
conoscenze tecnico-scientifiche Sui
cambiamenti climatici e sui loro effetti.

Chi siamo?

dRPA |3
Protezione dell’Ambiente

Physics di Trieste

OGS - Istituto nazionale di
oceanografia e di geofisica
sperimentale di Trieste:

Regione autonoma
Friuli Venezia Giulia

Universita degli Studi di Udine

ARPA FVG - Agenzia Regionale per la

CNR - Istituto di Scienze Marine di Trieste

CNR - Istituto di Scienze Polari

ICTP - International Centre for Theoretical P?\

Universita degli Studi di Trieste

Fornisce quindi un orientamento e un supporto
consultivo alla pianificazione regionale delle
azioni per il clima e in particolare per
I'adattamento ai cambiamenti climatici.

L’attivita del gruppo di lavoro Clima FVG
favorisce anche il trasferimento delle
conoscenze scientifiche ai tecnici che le
applicano sul territorio.

E infine, tutti i componenti del gruppo di lavoro
credono che sia indispensabile divulgare queste
conoscenze alla cittadinanza, promuovendo
quella che si chiama “climate literacy” ovvero
I'alfabetizzazione climatica, che mette ciascuno
di noi in condizione di comprendere la propria
influenza sul clima e l'influenza del clima su
ciascuna persona e sulla societa.

La redazione di “Segnali dal Clima in FVG” € un
primo passo per dare concretezza a questo
fondamentale obiettivo

;);)\ Fulvio Stel (coordinatore)

e Federica Flapp

Q2 Fabio Raicich
P?\ Renato Colucci

Filippo Giorgi
P\/)\ Cosimo Solidoro
RI)\ Silvia Stefanelli
ed Enzo Dall’Osto
P\/)\ Giovanni Bacaro

P?\ Alessandro Peressotti
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SCENARI

DI INONDAZIONE COSTIERA:
LA REALTA DI GRADO

Le zone costiere sono vulnerabili agli eventi di acqua alta causati da una
combinazione di alta marea e condizioni meteoclimatiche. Grazie al modello
altimetrico delle coste del FVG, preciso e aggiornato, € possibile simulare
mappe di allagamento potenziali, sia nelle condizioni attuali che considerando
scenari futuri di innalzamento del mare, come fatto ad esempio per Grado.

Le zone costiere sono per loro natura vulnerabili
all'ingressione marina determinata dalle condi-
zioni meteoclimatiche (vento, bassa pressione,
precipitazioni intense) che possono provocare
mareggiate e, unite all’alta marea, le acque alte.

VULNERABILITA E PROTEZIONI
DELL'AREA COSTIERA

In Friuli Venezia Giulia questa vulnerabilita & en-
fatizzata dal fatto che molte aree costiere hanno
quote molto basse rispetto al livello del mare, se
non addirittura al di sotto di esso. Queste ultime
aree, in prevalenza agricole, sono il risultato dei
lunghi e complessi lavori di bonifica idraulica
realizzati nel passato e sono oggi mantenute
solo grazie a un sistema di argini che le protegge
verso mare, oltre a canali e idrovore che pom-
pano I'acqua in mare al di la degli argini stessi.

IL RISCHIO DI ALLAGAMENTO

La conoscenza dell’altimetria del nostro territo-
rio costiero € molto precisa e aggiornata grazie
al rilievo condotto nel 2018 dalla Protezione Ci-
vile del Friuli Venezia Giulia con un sofisticato
strumento di scansione laser (LIDAR). Il prodotto
€ un modello digitale, tridimensionale, aggior-
nato e di estremo dettaglio dei territori costieri.

Grazie alla disponibilita di questo modello alti-
metrico & possibile simulare mappe di allaga-
mento potenziali per le realta costiere piu impor-
tanti della nostra regione, immaginando sia sin-
goli eventi di mareggiata sia un futuro scenario
di innalzamento di livello del mare, in conse-
guenza del riscaldamento globale.

LIDAR (acronimo dall'inglese Light Detection and Ranging): € una tecnologa basata sull’'uso
di un sensore che emette raggi laser. Montato su un aereo o su un drone consente di rilevare

milioni di punti della superfice terrestre in breve tempo, determinandone l'altimetria con
grande precisione.
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Altimetria delle zone costiere
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Mappa delle quote sul livello del mare delle aree costiere del Friuli Venezia Giulia tra Monfalcone e la foce del Tagliamento (elaborazione
Universita di Trieste)
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Mappa degli argini di difesa delle coste e dei margini lagunari del Friuli Venezia Giulia tra le foci dell’lsonzo e del Tagliamento.
La mappa é ricavata dall’Indagine sullo stato degli argini della bassa pianura realizzate del 2005 dall’Universita di Trieste- Dipartimento
di Scienze Geologiche Ambientali e Marine
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LE MAREGGIATE A GRADO

Se immaginiamo un sovralzo marino da mareg-
giata che provoca un aumento episodico del li-
vello del mare pari a 128 cm - come statistica-
mente si prevede possa accadere ogni 30 anni -

otteniamo una mappa di possibile allagamento
per la cittadina di Grado che mostra come gran
parte delle vie del centro risultino allagate.

Mappa di allagabilita attuale di Grado

Mappa di allagabilita di Grado a oggi, nell’ipotesi di un aumento episodico del livello del mare paria 128 cm.
La mappa é stata elaborata dal Coastal Group dell’Universita di Trieste sulla base del rilievo LIDAR della protezione Civile FVG del
2018. La base della figura é la foto aerea del 2018 (da Regione Autonoma Friuli Venezia Giulia - https://eaglefvg.regione.fvg.it)

L'INNALZAMENTO DEL LIVELLO DEL MARE

Considerando una proiezione futura di innalza-
mento del livello del mare all’anno 2100, pur uti-
lizzando quella piu “ottimistica” immaginata
dall'lPCC (Intergovernmental Panel on Climate
Change) cioé quella indicata con lo scenario
RCP2.6, il livello medio delle acque sara stabil-
mente ben piu elevato di oggi.

Di conseguenza, nel 2100, lo stesso evento di
mareggiata ipotizzato precedentemente si som-
mera a un livello medio del mare piu alto di 40
cm rispetto a quello attuale: gli effetti dell’inon-
dazione risulterebbero molto piu rilevanti, in
quanto sommergerebbero gran parte della citta-
dina di Grado.
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Mappa di allagabilita futura di Grado

Mappa di allagabilita di Grado al 2100, nell’ipotesi di un aumento episodico del livello del mare pari a 128 cm che si sommi a un au-

mento del livello medio del mare di 40 cm (scenario RCP2.6).

La mappa é stata elaborata dal Coastal Group dell’Universita di Trieste sulla base del rilievo LIDAR della protezione Civile FVG del
2018. La base della figura é la foto aerea del 2018 (da Regione Autonoma Friuli Venezia Giulia - https://eaglefvg.regione.fvg.it)

IL FUTURO

Queste simulazioni sono di fondamentale impor-
tanza per la definizione delle possibili future si-
tuazioni di criticita. Analisi piu approfondite sa-
ranno eseguite grazie alla collaborazione avviata
tra I'Universita degli studi di Trieste e la Prote-
zione Civile regionale del Friuli Venezia Giulia e
riguarderanno sia lo stato degli argini sia una mi-

gliore definizione delle mappe di allagabilita, so-
prattutto nelle aree piu vulnerabili. Ad esempio
saranno individuati e analizzati nel dettaglio i
punti critici, ossia i “varchi” attraverso i qualil'ac-
gua proveniente dal mare o dalla laguna puo tro-
vare facile accesso, causando danni e disagi alla
popolazione.
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LE DIVERSE SOGLIE DEL LIVELLO DEL MARE

Il livello del mare in una determinata localita varia continuamente a differenti scale di tempo.

Un elevato rialzo del livello del mare che si verifica a scala di ore pud essere considerato un evento
episodico ed essere il risultato di varie componenti. In primo luogo I'alta mare astronomica che interessa
le coste del Friuli Venezia Giulia con periodicita semidiurna (ogni 12 ore).

Una differenza di pressione atmosferica lungo il bacino dell’Adriatico pud provocare un sovralzo meteo-
rologico (“surge”) del livello del mare noto anche come “sessa” che, sommato all’alta marea astrono-
mica, causa la cosiddetta “acqua alta®“.

Se a questo si accompagna I'azione del vento sul bacino si ha la formazione di onde che, quando giun-
gono vicino alla costa, diventano piu ripide e si rompono (frangenza) andando a formare uno "strato di
acqua" in piu, chiamato sovralzo d'onda (setup).

Sulla spiaggia infine 'onda puo provocare un flusso d’acqua che ne risale la superficie inclinata (risalita
dell’onda o runup).

Tutte queste componenti se sommate tra loro rappresentano dei “livelli” di cui bisogna tener conto nella
pianificazione territoriale, nei piani di emergenza e nella progettazione delle opere di difesa costiera.

SOVRALZO TOTALE

DA MAREGGIATA
TOTAL STORM SURGE)

LIVELLO MEDIO DEL MARE

Figura tratta da Mareggiate e impatti sulla costa - aggiornamento dei dati al 2020, degli indicatori e analisi delle tendenze. A cura
del Servizio Geologico, Sismico e dei Suoli della Regione Emilia-Romagna, in collaborazione con Arpae-Servizio ldro-Meteo-Clima e
Universita di Ferrara, nell’lambito del progetto EU Micore (2008-2011) - Gennaio 2021

Giorgio Fontolan, Sebastian Spadotto, Luisa Fontanot, Annelore Bezzi - Universita di Trieste
Antonio Bratus - Regione Autonoma Friuli Venezia Giulia
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Developing an Automated Tide and Surge Measurement System in Coastal Regions Using
Deep Learning Techniques
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Luparelli A.?, Spadotto S.? & Scicchitano G.!

"Department of Earth and Geoenvironmental Sciences, University of Bari, Italy.
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Corresponding author e-mail: gaetano.sabato@uniba.it

Keywords: deep learning, tide, storm surge, coastal monitoring.

The most recent advances in machine learning and deep learning methodologies are generating great
interest in a variety of research fields, including environmental studies. By facilitating automated and remote
collection of data, these new tools have changed approaches to measuring maritime features. This research
focuses on the development of a deep learning model to automatically measure tide and surge, with the goal
of achieving precise results through the analysis of security camera data. The deep learning model was used to
predict tide and storm surge from surveillance cameras strategically placed in two different coastal locations
namely Santa Lucia in southeastern Sicily and Lignano Sabbiadoro in Friuli Venezia Giulia, Italy, adopting the
Inception v3 architecture. The deep learning model uses categorization methods to assign a water level value
to a given frame. This approach is especially useful in situations where typical tidal sensors are inaccessible or
too far away from measurement stations, such as during extreme events requiring precise surge observations.
The dataset employed to train and validate the deep learning model encompasses the full range of tide values
observed in the study areas. The accuracy of the system was evaluated by comparing the predictions generated
by the deep learning model with the corresponding tide gauge values. The experiments conducted clearly show
that the model is quite effective in measuring tide and surge remotely, achieving an accuracy of over 90%
and keeping the loss value below 1 for the deep learning model. These results highlight the model’s ability
to address the absence of data collection in difficult coastal environments, providing valuable information for
coastal management and hazard assessment. This research significantly contributes to the expanding realm of
remote sensing and machine learning applications in environmental monitoring, enhancing understanding and
decision-making in coastal regions.
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Using deep learning system-based for tide and surge measurement

Sabato G.*!, Scardino G.!, Kushabaha A.!**, Casagrande G.2, Chirivi M.}, Fontolan G.2, Fracaros S.%,
Luparelli A.?, Spadotto S.? & Scicchitano G.!

! Dipartimento di Scienze della Terra e Geoambientali, Universita di Bari “Aldo Moro”. ? Dipartimento di Matematica,
Informatica e Geoscienze, Universita di Trieste. * CETMA Centro di Ricerca Europeo di Tecnologie Design e Materiali,
Brindisi. 4 Istituto Universitario di Studi Superiori, [USS, Pavia.

Corresponding author email: gaetano.sabato(@uniba.it
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In recent years, the development of artificial intelligence and machine and deep learning techniques have
attracted the attention of various research fields. Among them, the field of land and environmental study
has seen some development in applications of this type by placing some interest in remote data acquisition,
measurement of marine parameters and their automated analysis (Scardino et al., 2022; Sabato et al., 2023). This
work focuses on the implementation of a deep learnig model based on Inception V3 capable of automatically
measuring, after appropriate training, the height of tides and storm surge at a given site using fixed camera
images. This solution is useful at sites where tide gauges are far from the measurement point and especially
for calculating storm surge at the site of interest. The study was carried out on two different Italian locations,
the first in southeastern Sicily, in the center of the Mediterranean and called Santa Lucia, and the second in the
north of the country called Lignano Sabbiadoro. For convenience and better performance, the development
environment was created on Google Colab. To train the deep learning model, a dataset of images was created
for each site, and each frame was axed with the corresponding value measured by an in situ instrument. The
dataset partitioning was done according to the literature, which as the best partitioning has 70% of the images
used for Convolutional Neural Network (CNN) training and the remaining 30% for validation (G6tz et al.,
2022). Once the model was trained, prediction was performed on images of the site. The algorithm performed
well with accuracy above 90% and Categorical Cross Entropy Loss less than 1. Confusion matrices also show
good results and the calculated F1 score is above 0.9 (Huang et al., 2015). Finally, from the comparison of the
actual values and those processed by CNN, it was possible to see that the values are very similar to each other
and the corresponding time-sheets could be processed. In conclusion, the incorporation of systems such as the
one presented in this paper could bring many advantages, such as having almost instantaneous feedback on the
consequences from intense weather events and eliminating the need for in-person inspection by the operator.
These findings underscore its potential to fill the data collection gap in challenging coastal environments,
offering valuable insights for coastal management and hazard assessment. This study makes an important
contribution to the rapidly growing field of remote sensing and machine learning applications in environmental
monitoring, facilitating greater comprehension and decision-making in coastal areas.

Gotz TI et al. (2022) - Number of necessary training examples for Neural Networks with different number of trainable
parameters. J. Pathol. Inform., 13, https://doi.org/10.1016/1.jpi.2022.100114.

Huang H. et al. (2015) - Maximum F1-Score Discriminative Training Criterion for Automatic Mispronunciation Detection.
IEEE/ACM Transactions on Audio, Speech, and Language Processing, 23(4), 787-797, https://doi.org/10.1109/
TASLP.2015.2409733.

Sabato G. et al. (2023) - Deep learning-based segmentation techniques for coastal monitoring and seagrass banquette
detection. 2023 IEEE International Workshop on Metrology for the Sea; Learning to Measure Sea Health Parameters
(MetroSea), La Valletta, Malta, 524-527, https://doi.org/10.1109/MetroSea58055.2023.10317577.

Scardino G. et al. (2022) - Convolutional Neural Network and Optical Flow for the Assessment of Wave and Tide
Parameters from Video Analysis (LEUCOTEA): An Innovative Tool for Coastal Monitoring. Remote Sens., 14, 2994,
https://doi.org/10.3390/rs14132994.
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Coastal flooding risk scenario for the city of Grado, northern Adriatic Sea
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Sea level rise, along with fast urbanization, has significantly raised flood hazards in coastal areas due to
both increased population and the frequent urgent situations encountered in the urban context (Neumann,
2015). Rigid defensive systems along shorelines, backshore, and perimeter embankments at the lagoon border
must therefore undergo structural verification and accurate elevation control, adapted to the expected sea level
rise over which extreme events emerge.

In this regard, a thorough investigation was conducted on the city of Grado, located in the North Adriatic
Sea and representing one of the most important coastline and heritage sites in Friuli Venezia Giulia. The city is
located on a barrier island and is prone to flooding from both the sea and from the back lagoon.

The examination of the historical dataset of mean sea level and maximum levels recorded between 1991
and 2022 allowed us to first obtain local elevation estimates while also including subsidence. The study then
looked at the duration of annual exceedance of the minimal threshold level of 110 cm, which marks Grado’s
first significant marine ingression. Annual extremes were then processed using the Gumbel-type distribution
law (Gumbel, 1958; Coles, 2001), which modulated the level thresholds with their respective return times
for the location. Finally, the reconnaissance includes a downscaling examination of the impacts on the urban
fabric, which is divided into regions of different vulnerability. Inundated areas were compared from high-
resolution DEMs using a GIS-based technique and a modeling approach utilizing MIKE software, analyzing
both the magnitude and exposure of the urban setting to flood risk estimated for 2050 and 2100. As of today,
approximately 56% of Grado’s inhabited area is inundated with a sea level threshold value of 151 cm, which
occurs during surge episodes with a 30-year return period. By 2100, with an optimistic forecast (SSP1-2.6) of
local sea level rise of around +50 cm, the same threshold will be met with events with a 30 times shorter return
time. As a result, by 2100, 56% of the land area will be submerged at least once a year due to 101 cm surges.
Extreme levels linked with more catastrophic events with secular recurrence times will be achieved on a multi-
year basis, flooding more than 70% of the urbanized area. This makes it more important than ever to develop
proper adaptation measures from the outset. The simulations developed are thus essential for medium to long-
term urban planning, with the goal of securing the city, which, like Venice, is indicative of the processes that
may affect other coastal realities and historical cities of great national worth.

Coles S. (2001) - An Introduction to Statistical Modeling of Extreme Values, Springer Series in Statistics, Springer,
London, 209 pp., https://doi.org/10.1007/978-1-4471-3675-0.

Gumbel E. (1958) - Statistics of Extremes, Columbia University Press, New York, 378 pp., https://doi.org/10.7312/
gumb92958.

Neumann B. et al. (2015) - Future coastal population growth and exposure to sea-level rise and coastal flooding-a global
assessment. PLoS One, 10(3), e0118571, https://doi.org/10.1371/journal.pone.0118571.
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Covering almost 12% of the world’s coasts, barrier islands are ideal habitat for many
species of coastal birds. The functionality and benefits related to these coastal environments
have recently been threatened by the reduction in sedimentary input, sea level rise, and human
activities. Part of the Natura 2000 network, the system of sand banks and barrier islands of the
Marano and Grado Lagoon (NE Italy) maintains a high degree of naturalness. Here, the
Oystercatcher (Haematopus ostralegus), the Little tern (Sternula albifrons), and the Kentish
plover (Charadrius alexandrinus) are the most distinctive bird nesting species of conservation
concern. We examine the monitoring of target species during the nesting phase over a ten-year
period (2013 to 2023) and look into the possible effect and/or constraint exerted by the
morphodynamic setting of the nesting habitat. The analysis focuses on key geomorphological
indicators, such as coastline advance or retreat, as well as variations in the island extent. The
results indicate that the barrier system is self-sustaining despite a general rollover process. An
external longshore sediment input is responsible for supplying a compensating longshore
process that counteracts short-term, localised morphological changes such as spit progradation
and washover development. In this morphodynamic context, the nesting population of
Oystercatchers has grown over the years, while greater difficulties have been registered for the
Little tern and the Kentish plover, whose breeding success has been more limited and is probably
more constrained by the high dynamism and ephemeral characteristics of the barrier islands
habitat. This underlines how, despite sharing the same nesting habitat, the response to different
pressures could vary from species to species. Furthermore, our results allowed to provide a first
set of management indications for species protection, based on the principles of adaptive
management and maintenance of morphodynamic processes.

Keywords: barrier islands, coastal birds, morphodynamics, monitoring,
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The assessment of coastal vulnerability to sea storms is critical in coastal management
since sea level rise and human pressure affect both the morphological and sedimentary
constraints, thus increasing coastal risks. In this work we present an assessment of sea storm
vulnerability for the 170 km of coastline of the Veneto area (Northern Adriatic, Italy), using an
adaptation of the Coastal Vulnerability Index. The methodology relies on a comprehensive
coastal geodatabase and includes the estimate of the Intrinsic Vulnerability (Vi): several
variables were analysed and weighted to define the physical and evolutionary conditions of the
coast, under the assumption that there is no defence against sea storms. Subsequently, the
classification and evaluation of coastal defences (hard and soft) allows the shift from intrinsic to
Real vulnerability (Vr). Owing to a methodological adjustment made for the various coastal types
(barrier islands or beaches), the results show varying grades of Vi depending on distinct morpho-
evolutive conditions. Low values of Vi are typical of coastal tracts acting as sedimentary traps in
proximity to jettied or unjettied tidal inlets. At the same time, along the Po delta, some barrier
islands have dissipative characteristics and positive sedimentary budget due to the sandy load
from river branches. In many cases, beaches with moderate Vi benefit from the widespread
distribution of hard coastal defences and the presence of coastal dunes, which mitigate
vulnerability. Finally, littoral sections with high Vi are mostly afflicted by a persistent sedimentary
deficit, resulting in absent or narrow beaches with steep shoreface. Overall, the massive use of
hard defence works ensures safety, although impeding any resilience of the morpho-
sedimentary system.

Keywords: coastal vulnerability index, sea storm, beach, barrier island, Northern Adriatic sea.

Acknowledgements: Research funded by the consortium IiNEST (Interconnected North-Est
Innovation Ecosystem) funded by the European Union Next-GenerationEU (Piano Nazionale di
Ripresa e Resilienza (PNRR)-Missione 4 Componente 2, Investimento 473 1.5-D.D. 1058
23/06/2022, ECS_00000043), and Interreg Italy - Croatia Stream. This research was supported by
the Civil Protection of the Autonomous Region of Friuli Venezia Giulia as part of a collaboration
with the Department of Mathematics, Informatics, and Geosciences at the University of Trieste.

14



	Introduction 
	Methodology 
	Data Acquisition and Territorial Framework 
	Site 1: Santa Lucia 
	Site 2: Lignano Sabbiadoro 

	Creation of the Dataset 
	Installation and Requirements 
	Training Model Process and Testing 

	Results and Discussion 
	Conclusions 
	References
	Introduction 
	Study Area 
	The Extreme Storm Events 
	Materials and Methods 
	Wave Modelling 
	Orthomosaics and DEMs Creation and Point Cloud Comparison 
	UAV Survey 
	GNSS Survey 
	SfM-MVS Photogrammetry 

	HR 3D Models Creation 
	UAV Survey 
	SfM-MVS Photogrammetry 


	Results 
	Wave Modelling 
	Observations on Orthomosaics and DEMs 
	HR 3D Models 
	Point Clouds Comparison 

	Discussion 
	Wave Modelling 
	Coastal Sinkhole Formation 
	Protective Role of Boulders 

	Conclusions 
	References
	Introduction 
	Study Area 
	The Town of Grado 
	Oceanographic and Meteoclimatic Forcing 

	Materials and Methods 
	Statistics of the Extreme Water Levels 
	Annual Exceedance of Flooding Threshold 
	Base for Downscaling Analysis 
	Short-Term (Surge) Analysis 
	Long-Term (RSLR) Analysis 

	Results and Discussion 
	Extreme Water Levels 
	Analysis of Mean vs. Max Levels and Threshold Exceedance 
	Downscaling Analysis of Short-Term Flooding 
	The 2-Year Return Period Episodic Event 
	The 10-Year Return Period Episodic Event 
	The 30-Year Return Period Episodic Event 
	The 100-Year Return Period Episodic Event 
	Lagoon Promenade Downscaling Analysis 

	Downscaling Analysis of Long-Term Flooding 
	Adaptation Plans 

	Conclusions 
	References

