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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 care-
fully assessed. Here, a thorough investigation is conducted in Grado, one of the most sig-
nificant 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 maxi-
mum 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 ter-
rain 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 (SSP1-2.6) 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 me-
dium- to long-term urban planning aimed at adopting proper adaptation measures.
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1. Introduction

Sea level rise (SLR) is already affecting the Mediterranean and Adriatic coasts. De-
fined as a hot spot of climate change [1], especially in terms of extreme events [2], this area
is 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 re-
cent 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 pro-
nounced 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 del-
taic-lagoon coastlines. For these reasons, whole northern Adriatic coastlines, encompass-
ing 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 sev-
eral 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 envi-
ronments [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 ef-
fects 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
responsibilities in translating these issues into urban planning programmes [56]. Since
2008, starting with the Covenants of Mayor, European local governments have signed SE-
CAPs, Sustainable Energy and Climate Action Plans, committing to increasing energy ef-
ficiency 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



Water 2025, 17, 1991

3 of 28

[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 reg-
ular urban maintenance programs. This approach aids regional and municipal govern-
ments in formulating effective planning strategies and mitigation actions, thereby signifi-
cantly 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 sig-
nificant 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 objec-
tive 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 con-
siderable 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 la-
goon, 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 sys-
tems bordering the Grado Lagoon and is almost entirely devoted to tourism and agricul-
ture [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 artifi-
cial 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, includ-
ing the “Costa Azzurra” popular beach, the seawall protecting the historic centre and the
Main Beach [70].
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Figure 1. Overview of the municipality area of Grado, located in the northern Adriatic Sea: (a) north-
ern Adriatic Sea; (b) the eastern part of the northern Adriatic Sea and Grado and Marano Lagoon.
The position of the DWRGI1 wave buoy is also reported. The white rectangle identifies the study
site; (c) orthophotography representing in detail the town of Grado.

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 ar-
chitectural 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, pri-
marily 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 distin-
guished 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-DWRGTI (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 predom-
inant 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 ori-
ented 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
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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 ARG6 Report [35], tide gauge data from Trieste and Grado, and the literature, for
inferring the vertical land motion (VLM) component.

¢  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-Mare-
ographic Network of the Lagoon of Venice (RMLV), pertaining to the Zero Mare 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 number 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 statistically 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 overesti-
mation of return levels by GEV-BM in the short-to-intermediate return period range ob-
tained 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 en-
tailed 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).
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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 rec-
orded 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 un-
til 2019 and at 10-min intervals from 2020 to 2023. The data were subsequently converted
to the 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 evalu-
ated 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 cumula-
tive 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 Re-
gione 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 eleva-
tions, derived from the outermost section of the promenade, specifically the part nearest
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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.
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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 prome-
nade and lagoon embankment into 4 macro sectors; the extent of the inhabited area of Grado mu-
nicipality is also reported, treating the streets as unobstructed surfaces for water flow while omitting

buildings and uninhabited areas.

The calculation of the elevation value for the extracted cells became necessary to ob-
tain 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 ex-
tracted 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 func-
tion 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.
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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 ana-
lysed. 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 Leg-
islative Decree 49/2010. The Flood Directive allows for reference solely to extreme events,
contingent upon an evaluation of the protection level. Some Italian methodological re-
ports 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] sug-
gests refraining from utilising this prerogative. In contrast, based on territorial urban plan-
ning 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 munici-
pality of Grado, treating the streets as unobstructed surfaces for water flow while omitting
buildings and uninhabited areas. The analysis primarily concentrated on the historical cen-
tre, 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. Us-
ing 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 correc-
tion factor, averaged across the territory of Grado. After calculating the increases for 2050
and 2100 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. Accord-
ing to the Flood Risk Management Plan of the Eastern Alps Hydrographic District for Zone
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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 me-

teo-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, relat-
ing 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
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].
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Figure 4. Comparison of the mean sea level (black line) and the maximum sea level (red line) ob-
served 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 statis-
tics, 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 AR6 report [35], thus al-
lowing 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 re-
ported as a reference value for flooding phenomena in the ‘Old Town’ (see Figure S1 in the Supple-

mentary 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 ap-
proximately 118 cm by 2023. Over a period of slightly more than 30 years, maximum levels
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 thresh-
old that indicates the total elevation of the water mass throughout the event. The simula-
tions employed a static methodology alongside qualitative data analysis, omitting varia-
bles such as ingress speed and flooding duration from consideration. The wave compo-
nent was excluded from the analysis, as the water mass traverses the Grado inlet (see Fig-
ure 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?.

Return Period Extreme Water Inhabitated Flooded
Levels (cm) Area (km?) Area (%)

2 111 0.016 1.67

10 136 0.20 20.8

30 151 0.40 417

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
Materials (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 criti-
calities 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 in-
wards. The criticalities found mostly concern the propagation of the water mass into the
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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.

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.

Flood hazard RP 10 y (136 cm)

® Mandracchio Canal Water depth (m)

0.00-0.10
0.10-0.20
@ SantEufemia Cathedral B 020-030

@ Riva Brioni promenade

I 0.30-040
@ it B 0.<0-050

@ Santa Maria delle Grazie Church [l 0.50 - 0.60

Il os0-070

@ Corte Cathedral ruins
0.70-0.80

M Historic Centre B 050-0%0 A - \
200 Metres g\

GRADO EAST

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 ex-
tended 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
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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 com-
pletely 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.

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).

photo Enrico Cester

200 Metres | [

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 south-
west 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) Ex-
tensive flooding along the end of the Moreri Canal embankment, Monfalcone Street during 27 Oc-
tober 2023 (photo credits: Rai Tgr Fvg website).
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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 illus-
trate how a meteomarine event of this magnitude can lead to an expansion of the water
mass covering a significant portion of the urban fabric.

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 em-
bankment 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 em-
bankments, assessing both specific and broader critical issues. Table 4 presents the ana-
lysed 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 (Fig-
ure S3 and Figure 5S4, 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 meas-
ured 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 sub-
mergence 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 demon-
strated in the year 2010.
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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 calcu-

lated on the basis of linear regression.
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The sea level trends in Grado and Trieste exhibit notable similarities. The difference
in rates, specifically 4.8 and 2.8 mmy/year, can be attributed to the subsidence component
(vertical land motion, VLM). Trieste is the only location where subsidence is minimal rel-
ative 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. Accord-
ingly, 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 mmy/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 calcu-
lations 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 Trieste Sea Total VLM (cm) Total Sea
Year Reference 2006 Level (cm) for Grado Level for
Baseline (1995-2014) (Average Rate) Grado (cm)
2050 SSP1-2.6 (median) 17 6.6 23.6
SSP5-8.5 (median) 21 6.6 27.6
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, ex-
ceeding 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
eastern 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 sce-
nario for 2100 is now rendered pointless.
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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
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 ex-
pected to increase due to ageing defence infrastructures [105]. For this reason, urban em-
bankments 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 ex-
treme 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 prome-
nade 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 con-
ducted, 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 in-
tervention 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 c¢m, 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 safe-
guarded have been ascertained, based on downscaling simulations and elevation analysis,
the next step concerns which adaptation strategies to put in place. The provision of defen-
sive 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 incorpo-
rate 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, accommodation space, adaptability, land-use change, as well as the con-
figuration and size of the road network [112].

The first two stretches in need of timely intervention concern the perimeters that ex-
tend 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.
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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 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 appli-
cation 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 bar-
rier 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 open-
ings 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 ca-
nal 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 fol-
lows 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 North-
ern Europe, especially in the Netherlands with the Maeslant Barrier in Rotterdam [114],
designed for protection against very extreme flood events [115]. In Cesenatico, Emilia Ro-
magna, 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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floodgate
in operation

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 mo-
bile 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 inter-
vention 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 sus-
ceptible 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 em-
bankments 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
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locations. These options can be considered in future adaptation plans, thus contributing
to urban planning procedures.

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 adja-
cent 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-me-
dium 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 regard-
ing 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 2y (111 cm); Fig-
ure 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.

Author Contributions: Conceptualization, S.S., S.F. and G.F.; methodology, validation, formal anal-
ysis, S.S., S.F., AB. and G.F.; data elaborations, S.S. and G.F.; writing—original draft preparation,
S.S. and G.F.; writing—review and editing, S.S., S.F., A.B. and G.F.; supervision, G.F.; project admin-
istration, A.B. and G.F.; funding acquisition, G.F. All authors have read and agreed to the published

version of the manuscript.

Funding: This study was funded by (i) the consortium iNEST (Interconnected North-Est Innovation
Ecosystem) funded by the European Union Next-GenerationEU (Piano Nazionale di Ripresa e Re-
silienza (PNRR)-Missione 4 Componente 2, Investimento 473 1.5-D.D. 1058 23/06/2022,
ECS_00000043); (ii) the Civil Protection of the Autonomous Region Friuli Venezia Giulia, through
the Collaboration Agreement with the Department of Mathematics, Informatics and Geosciences
(DMQ) of the University of Trieste, Project D86-AARFVGE23FONTO_01 “Forecast and Prevention
of Coastal Criticalities”; CUP J93C22002670002.



Water 2025, 17, 1991 22 of 28

Data Availability Statement: Data are available to the corresponding author upon request.

Acknowledgments: Chiara Popesso, Giulia Casagrande, Davide Martinucci, Stefano Sponza and

Simone Pillon are fully acknowledged for their technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

SLR Sea Level Rise

RSLR Relative Sea Level Rise
VLM Vertical Land Motion
RP Return Period

DTM Digital Terrain Model

References

1. Tuel, A, Eltahir, E.AB. Why Is the Mediterranean a Climate Change Hot Spot? J. Clim. 2020, 33, 5829-5843.
https://doi.org/10.1175/JCLI-D-19-0910.1.

2. Paxian, A.; Hertig, E.; Seubert, S.; Vogt, G.; Jacobeit, J.; Paeth, H. Present-Day and Future Mediterranean Precipitation Extremes
Assessed by Different Statistical Approaches. Clim. Dyn. 2015, 44, 845-860. https://doi.org/10.1007/s00382-014-2428-6.

3. Cramer, W.; Guiot, J.; Fader, M.; Garrabou, J.; Gattuso, J.-P.; Iglesias, A.; Lange, M.A.; Lionello, P.; Llasat, M.C.; Paz, S.; et al.
Climate Change and Interconnected Risks to Sustainable Development in the Mediterranean. Nat. Clim. Change 2018, 8, 972—
980. https://doi.org/10.1038/s41558-018-0299-2.

4. Lionello, P.; Scarascia, L. The Relation of Climate Extremes with Global Warming in the Mediterranean Region and Its North
versus South Contrast. Reg. Environ. Change 2020, 20, 31. https://doi.org/10.1007/s10113-020-01610-z.

5. MedECC (2020) Climate and Environmental Change in the Mediterranean Basin. Current Situation and Risks for the Future. First
Mediterranean Assessment Report (MAR1); Cramer, W., Marini, K., Guiot, J., Eds.; Union for the Mediterranean, Plan Bleu,
UNEP/MAP: Marseille, France, 2020; p. 632. https://doi.org/10.5281/zenodo.7224821.

6. IPCC. IPCC, 2022: Climate Change 2022: Impacts, Adaptation, and Vulnerability. Working Group II Contribution of to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change; Portner, H.-O., Roberts, D.C., Tignor, M.M.B., Poloczanska,
E., Mintenbeck, K., Alegria, A., Craig, M., Langsdorf, S., Loschke, S., Mdller, V., et al., Eds.; Cambridge University Press: Cam-
bridge, UK; New York NY, USA, 2022; p. 3056.

Giorgi, F. Climate Change Hot-Spots. Geophys. Res. Lett. 2006, 33, L08707. https://doi.org/10.1029/2006GL025734.
Giorgi, F.; Lionello, P. Climate Change Projections for the Mediterranean Region. Glob. Planet. Change 2008, 63, 90-104.
https://doi.org/10.1016/j.gloplacha.2007.09.005.

9.  Vitousek, S.; Barnard, P.L.; Limber, P.; Erikson, L.; Cole, B. A Model Integrating Longshore and Cross-Shore Processes for Pre-
dicting Long-Term Shoreline Response to Climate Change. ]. Geophys. Res. Earth Surf. 2017, 122, 782-806.
https://doi.org/10.1002/2016JF004065.

10. Taherkhani, M.; Vitousek, S.; Barnard, P.L.; Frazer, N.; Anderson, T.R.; Fletcher, C.H. Sea-Level Rise Exponentially Increases
Coastal Flood Frequency. Sci. Rep. 2020, 10, 6466. https://doi.org/10.1038/s41598-020-62188-4.

11. Ku, H; Kim, T.; Song, Y.-I. Coastal Vulnerability Assessment of Sea-Level Rise Associated with Typhoon-Induced Surges in
South Korea. Ocean Coast. Manag. 2021, 213, 105884. https://doi.org/10.1016/j.0cecoaman.2021.105884.

12.  Neumann, B.; Vafeidis, A.T.; Zimmermann, J.; Nicholls, R.J. Future Coastal Population Growth and Exposure to Sea-Level Rise
and Coastal Flooding— A Global Assessment. PLoS ONE 2015, 10, e0131375. https://doi.org/10.1371/journal.pone.0118571.

13. Ranasinghe, R. Assessing Climate Change Impacts on Open Sandy Coasts: A Review. Earth Sci. Rev. 2016, 160, 320-332.
https://doi.org/10.1016/j.earscirev.2016.07.011.

14. Vousdoukas, M.I; Mentaschi, L.; Voukouvalas, E.; Verlaan, M.; Jevrejeva, S.; Jackson, L.P.; Feyen, L. Global Probabilistic Pro-
jections of Extreme Sea Levels Show Intensification of Coastal Flood Hazard. Nat. Commun. 2018, 9, 2360.
https://doi.org/10.1038/s41467-018-04692-w.

15. Nicholls, R.J.; Adger, W.N.; Hutton, CW.; Hanson, S.E. (Eds.). Deltas in the Anthropocene; Palgrave Macmillan: Cham, Switzer-

land, 2020; p. 282.



Water 2025, 17, 1991 23 of 28

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bakkensen, L.A. Mediterranean Hurricanes and Associated Damage Estimates. ]. Extrem. Events 2017, 4, 1750008.
https://doi.org/10.1142/52345737617500087 .

Portmann, R.; Gonzalez-Aleman, J.J.; Sprenger, M.; Wernli, H. How an Uncertain Short-Wave Perturbation on the North Atlan-
tic Wave Guide Affects the Forecast of an Intense Mediterranean Cyclone (Medicane Zorbas). Weather Clim. Dynam. 2020, 1,
597-615. https://doi.org/10.5194/wcd-1-597-2020, 2020.

Scicchitano, G.; Scardino, G.; Monaco, C.; Piscitelli, A.; Milella, M.; De Giosa, F.; Mastronuzzi, G. Comparing Impact Effects of
Common Storms and Medicanes along the Coast of South-Eastern Sicily. Mar. Geol. 2021, 439, 106556.
https://doi.org/10.1016/j.margeo.2021.106556.

Marcos, M.; Tsimplis, M.N.; Shaw, A.G.P. Sea Level Extremes in Southern Europe. |. Geophys. Res. Ocean. 2009, 114, C01007.
https://doi.org/10.1029/2008]C004912.

Conte, D.; Lionello, P. Characteristics of Large Positive and Negative Surges in the Mediterranean Sea and Their Attenuation in
Future Climate Scenarios. Glob. Planet. Change 2013, 111, 159-173. https://doi.org/10.1016/j.gloplacha.2013.09.006.

Lionello, P.; Cavaleri, L.; Nissen, K.M.; Pino, C.; Raicich, F.; Ulbrich, U. Severe Marine Storms in the Northern Adriatic: Char-
acteristics and Trends. Phys. Chem. Earth 2012, 4041, 93-105. https://doi.org/10.1016/j.pce.2010.10.002.

Medugorac, L; Orli¢, M.; Janekovi¢, I.; Pasari¢, Z.; Pasari¢, M. Adriatic Storm Surges and Related Cross-Basin Sea-Level Slope.
J. Mar. Syst. 2018, 181, 79-90. https://doi.org/10.1016/j.jmarsys.2018.02.005.

Pervan, M.; éepié, J. Analysis of the Eastern Adriatic Sea Level Extremes. ST-OPEN 2023, 4, 2023.2111.5.
https://doi.org/10.48188/s0.4.10.

Mel, R.; Viero, D. Pietro; Carniello, L.; Defina, A.; D’Alpaos, L. Simplified Methods for Real-Time Prediction of Storm Surge
Uncertainty: The City of Venice Case Study. Adv. Water Resour. 2014, 71, 177-185. https://doi.org/10.1016/j.advwa-
tres.2014.06.014.

Ferrarin, C.; Valentini, A.; Vodopivec, M.; Klaric, D.; Massaro, G.; Bajo, M.; De Pascalis, F.; Fadini, A.; Ghezzo, M.; Menegon, S.;
et al. Integrated Sea Storm Management Strategy: The 29 October 2018 Event in the Adriatic Sea. Nat. Hazards Earth Syst. Sci.
2020, 20, 73-93. https://doi.org/10.5194/nhess-20-73-2020.

Perini, L.; Calabrese, L.; Luciani, P.; Olivieri, M.; Galassi, G.; Spada, G. Sea-Level Rise along the Emilia-Romagna Coast (North-
ern Italy) in 2100: Scenarios and Impacts. Nat. Hazards Earth Syst. Sci. 2017, 17, 2271-2287. https://doi.org/10.5194/nhess-17-2271-
2017.

Gallina, V.; Torresan, S.; Zabeo, A.; Rizzi, J.; Carniel, S.; Sclavo, M.; Pizzol, L.; Marcomini, A.; Critto, A. Assessment of Climate
Change Impacts in the North Adriatic Coastal Area. Part II: Consequences for Coastal Erosion Impacts at the Regional Scale.
Water 2019, 11, 1300. https://doi.org/10.3390/w11061300.

Noon, V.; Riviere, C.; Strosser, P.; Manea, E.; Gissi, E.; Barbanti, A. Study on Integrating an Eco-System-Based Approach into
Maritime Spatial Planning— Valuation Case Study: Assessing and Valuing Ecosystem Services in the Northern Adriatic. Final
Report. 2021. Available online: https://www.milieu.be/wp-content/uploads/2021/08/Study-on-EBA-in-MSP-NAdriatic-case-
study-final-report-25.08.2021.pdf (accessed on 23 May 2025).

Ferrarin, C.; Bajo, M.; Benetazzo, A.; Cavaleri, L.; Chiggiato, J.; Davison, S.; Davolio, S.; Lionello, P.; Orli¢, M.; Umgiesser, G.
Local and Large-Scale Controls of the Exceptional Venice Floods of November 2019. Prog. Oceanogr. 2021, 197, 102628.
https://doi.org/10.1016/j.pocean.2021.102628.

Rizzi, ].; Torresan, S.; Zabeo, A.; Critto, A.; Tosoni, A.; Tomasin, A.; Marcomini, A. Assessing Storm Surge Risk under Future
Sea-Level Rise Scenarios: A Case Study in the North Adriatic Coast. J. Coast. Conserv. 2017, 21, 453-471.
https://doi.org/10.1007/s11852-017-0517-5.

Melet, A.; Meyssignac, B.; Almar, R.; Le Cozannet, G. Under-Estimated Wave Contribution to Coastal Sea-Level Rise. Nat. Clim.
Chang. 2018, 8, 234-239. https://doi.org/10.1038/s41558-018-0088-y.

Bonaldo, D.; Antonioli, F.; Archetti, R.; Bezzi, A.; Correggiari, A.; Davolio, S.; De Falco, G.; Fantini, M.; Fontolan, G.; Furlani, S.;
et al. Integrating Multidisciplinary Instruments for Assessing Coastal Vulnerability to Erosion and Sea Level Rise: Lessons and
Challenges from the Adriatic Sea. J. Coast. Conserv. 2019, 23, 19-37. https://doi.org/10.1007/511852-018-0633-x.

McEvoy, S.; Haasnoot, M.; Biesbroek, R. How Are European Countries Planning for Sea Level Rise? Ocean. Coast. Manag. 2021,
203, 105512. https://doi.org/10.1016/j.ocecoaman.2020.105512.

Lagarias, A.; Stratigea, A. Coastalization Patterns in the Mediterranean: A Spatiotemporal Analysis of Coastal Urban Sprawl in
Tourism Destination Areas. GeoJournal 2023, 88, 2529-2552. https://doi.org/10.1007/s10708-022-10756-8.

Masson-Delmotte, V.; Zhai, P.; Pirani, A.; Connors, S.L.; Péan, C.; Chen, Y.; Goldfarb, L.; Gomis, M.1.; Robin Matthews, ].B.;
Berger, S., et al. (Eds). IPCC, 2021: Climate Change 2021: The Physical Science Basis. Working Group 1 Contribution of to the Sixth



Water 2025, 17, 1991 24 of 28

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK; New York, NY,
USA, 2021.

Lionello, P. Climate Change 2022 —Impatti, Adattamento e Vulnerabilita Il Secondo Volume (WG2) Del Sesto Rapporto Di
Valutazione Dell'IPCC, La Pitt Aggiornata e Completa Rassegna Scientifica Sui Cambiamenti Climatici. Available online:
https://files.cmcc.it/ar6/wg2/scienziati_italiani_IPCC_ar6_wg2.pdf (accessed on 14 May 2025).

Merkens, J.L.; Reimann, L.; Hinkel, J.; Vafeidis, A.T. Gridded Population Projections for the Coastal Zone under the Shared
Socioeconomic Pathways. Glob. Planet. Change 2016, 145, 57-66. https://doi.org/10.1016/j.gloplacha.2016.08.009.

Andreadis, KM.; Wing, O.E.]J.; Colven, E.; Gleason, C.J.; Bates, P.D.; Brown, C.M. Urbanizing the Floodplain: Global Changes
of Imperviousness in Flood-Prone Areas. Environ. Res. Lett. 2022, 17, 104024. https://doi.org/10.1088/1748-9326/ac9197.
Nicholls, R.J.; Wong, P.P.; Burkett, V.R.; Codignotto, J.O.; Hay, J.E.; McLean, R.F.; Ragoonaden, S.; Woodroffe, C.D. Coastal
Systems and Low-Lying Areas. In Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Parry, M., Canziani, O., Palutikof, J., van der Linden,
P., Hanson, C., Eds.; Cambridge University Press, Cambridge: Cambridge, UK, 2007; pp. 315-356.

Wong, P.P,; Losada, 1.].; Gattuso, ].-P.; Hinkel, J.; Khattabi, A.; Mclennes, K.L.; Saito, Y.; Sallenger, A. Coastal Systems and Low-
Lying Areas. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of
Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Field, C.B., Barros, V.R., Dokken,
D.J., Mach, KJ., Mastrandrea, M.D., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2014; pp. 361-
409.

Hlodversdottir, A.O.; Bjornsson, B.; Andradottir, H.O.; Eliasson, J.; Crochet, P. Assessment of Flood Hazard in a Combined
Sewer System in Reykjavik City Centre. Water Sci. Technol. 2015, 71, 1471-1477. https://doi.org/10.2166/wst.2015.119.

Harley, M.D.; Turner, L.L.; Kinsela, M.A.; Middleton, ].H.; Mumford, P.J.; Splinter, K.D.; Phillips, M.S.; Simmons, J.A.; Hanslow,
D.J.; Short, A.D. Extreme Coastal Erosion Enhanced by Anomalous Extratropical Storm Wave Direction. Sci. Rep. 2017, 7, 6033.
https://doi.org/10.1038/s41598-017-05792-1.

Wu, X.;; Wang, Z.; Guo, S.; Liao, W.; Zeng, Z.; Chen, X. Scenario-Based Projections of Future Urban Inundation within a Coupled
Hydrodynamic Model Framework: A Case Study in Dongguan City, China. ]. Hydrol. 2017, 547, 428-442.
https://doi.org/10.1016/j.jhydrol.2017.02.020.

Locatelli, L.; Guerrero, M.; Russo, B.; Martinez-Gomariz, E.; Sunyer, D.; Martinez, M. Socio-Economic Assessment of Green
Infrastructure for Climate Change Adaptation in the Context of Urban Drainage Planning. Sustainability 2020, 12, 3792.
https://doi.org/10.3390/su12093792.

Rufat, S.; Tate, E.; Burton, C.G.; Maroof, A.S. Social Vulnerability to Floods: Review of Case Studies and Implications for Meas-
urement. Int. J. Disaster Risk Reduct. 2015, 14, 470-486. https://doi.org/10.1016/j.ijdrr.2015.09.013.

Hammond, M.].; Chen, A.S,; Djordjevi¢, S.; Butler, D.; Mark, O. Urban Flood Impact Assessment: A State-of-the-Art Review.
Urban Water ]. 2015, 12, 14-29. https://doi.org/10.1080/1573062X.2013.857421.

Agonafir, C.; Lakhankar, T.; Khanbilvardi, R.; Krakauer, N.; Radell, D.; Devineni, N. A Review of Recent Advances in Urban
Flood Research. Water Secur. 2023, 19, 100141. https://doi.org/10.1016/j.wasec.2023.100141.

Cooley, S.; Schoeman, D.; Bopp, L.; Boyd, P.; Donner, S.; Ghebrehiwet, D.Y.; Ito, S.-I.; Kiessling, W.; Martinetto, P.; Ojea, E.; et
al. Oceans and Coastal Ecosystems and Their Services. In Climate Change 2022 —Impacts, Adaptation and Vulnerability; Pértner,
H.-O., Roberts, D.C., Tignor, M., Poloczanska, E.S., Mintenbeck, K., Alegria, A., Craig, M., Langsdorf, S., Léschke, S., Mdller, V.,
et al., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2022; pp. 379-550.

Reimann, L.; Vafeidis, A.T.; Brown, S.; Hinkel, J.; Tol, R.S.]. Mediterranean UNESCO World Heritage at Risk from Coastal
Flooding and Erosion Due to Sea-Level Rise. Nat. Commun. 2018, 9, 4161. https://doi.org/10.1038/s41467-018-06645-9.
Vousdoukas, M.L; Clarke, J.; Ranasinghe, R.; Reimann, L.; Khalaf, N.; Duong, T.M.; Ouweneel, B.; Sabour, S.; Iles, C.E.; Trisos,
CH.; et al. African Heritage Sites Threatened as Sea-Level Rise Accelerates. Nat. Clim. Change 2022, 12, 256-262.
https://doi.org/10.1038/s41558-022-01280-1.

Tong, S.; Bambrick, H.; Beggs, P.].; Chen, L.; Hu, Y.; Ma, W,; Steffen, W.; Tan, J. Current and Future Threats to Human Health
in the Anthropocene. Environ. Int. 2022, 158, 106892. https://doi.org/10.1016/j.envint.2021.106892.

Rafiq, F.; Ahmed, S.; Ahmad, S.; Khan, AA. Urban Floods in India. Int. ]. Sci. Eng. Res. 2016, 7, 721-734.

Shah, M.A.R.; Rahman, A.; Chowdhury, S.H. Challenges for Achieving Sustainable Flood Risk Management. . Flood Risk.
Manag. 2018, 11, S352-S358. https://doi.org/10.1111/jfr3.12211.

Chen, K.F.; Leandro, J. A Conceptual Time-Varying Flood Resilience Index for Urban Areas: Munich City. Water 2019, 11, 830.
https://doi.org/10.3390/w11040830.



Water 2025, 17, 1991 25 of 28

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

UNFCCC (United Nations Framework Convention on Climate Change). Defining and Understanding Transformational Adap-
tation at Different Spatial Scales and Sectors, and Assessing Progress in Planning and Implementing Transformational Adapta-
tion Approaches at the Global Level; 2024. Technical Paper by the Secretariat, FCCC/TP/2024/8. Available online: https://un-
fccc.int/sites/default/files/resource/tp2024_08.pdf (accessed on 23 May 2025).

Mariano, C.; Marino, M.; Pisacane, G.; Sannino, G. Sea Level Rise and Coastal Impacts: Innovation and Improvement of the
Local Urban Plan for a Climate-Proof Adaptation Strategy. Sustainability 2021, 13, 1565. https://doi.org/10.3390/su13031565.
Melica, G.; De, F.; Rios, L.; Palermo, C.; Ferrario, M.; Baldi, F.; Ulpiani, M.; Hortelano, O.; Barbosa, A. Covenant of Mayors: 2022
Assessment— Climate Change Mitigation and Adaptation at Local Level; JRC130957; Publications Office of the European Union: Lux-
embourg, 2022. https://doi.org/10.2760/930988.

Manzan, M.; Bacaro, G.; Nardini, A.; Casagrande, G.; Pezzi, A.; Petruzzellis, F.; Tordoni, E.; Fontolan, G. Climate Change Risk
and Vulnerabilities Analysis in Trieste SECAP. Sustainability 2022, 14, 5973. https://doi.org/10.3390/su14105973.

Bisht, D.S.; Chatterjee, C.; Kalakoti, S.; Upadhyay, P.; Sahoo, M.; Panda, A. Modeling Urban Floods and Drainage Using SWMM
and MIKE URBAN: A Case Study. Nat. Hazards 2016, 84, 749-776. https://doi.org/10.1007/s11069-016-2455-1.

Mignot, E.; Li, X.; Dewals, B. Experimental Modelling of Urban Flooding: A Review. |. Hydrol. 2019, 568, 334-342.

Habel, S.; Fletcher, C.H.; Anderson, T.R.; Thompson, P.R. Sea-Level Rise Induced Multi-Mechanism Flooding and Contribution
to Urban Infrastructure Failure. Sci. Rep. 2020, 10, 3796. https://doi.org/10.1038/s41598-020-60762-4.

Gao, M.; Wang, Z.; Yang, H. Review of Urban Flood Resilience: Insights from Scientometric and Systematic Analysis. Int ] Env.
Res Public Health 2022, 19, 8837. https://doi.org/10.3390/ijerph19148837.

Shi, S.; Yang, B.; Jiang, W. Numerical Simulations of Compound Flooding Caused by Storm Surge and Heavy Rain with the
Presence of Urban Drainage System, Coastal Dam and Tide Gates: A Case Study of Xiangshan, China. Coast. Eng. 2022, 172,
104064. https://doi.org/10.1016/j.coastaleng.2021.104064.

Balaian, S.K.; Sanders, B.F.; Abdolhosseini Qomi, M.]. How Urban Form Impacts Flooding. Nat. Commun. 2024, 15, 6911.
https://doi.org/10.1038/s41467-024-50347-4.

Xie, W.; Tang, B.; Meng, Q. The Impact of Sea-Level Rise on Urban Properties in Tampa Due to Climate Change. Water 2022, 14,
13. https://doi.org/10.3390/w14010013.

Comune Di Grado. La Laguna Di Grado. Available online: https://comune.grado.go.it/it/vivere-il-comune-22477/luoghi-
22478/la-laguna-di-grado-69770 (accessed on 2 April 2025).

Bezzi, A.; Casagrande, G.; Fracaros, S.; Martinucci, D.; Pillon, S.; Sponza, S.; Bratus, A.; Fattor, F.; Fontolan, G. Geomorphological
Changes of a Migrating Sandbank: Multidecadal Analysis as a Tool for Managing Conflicts in Coastal Use. Water 2021, 13, 3416.
https://doi.org/10.3390/w13233416.

Demo. Demografia in Cifre. Bilancio Demografico Mensile e Popolazione Residente per Sesso, Anno 2024. Available online:
https://demo.istat.it/app/?a=2024&i=D7B (accessed on 26 May 2025).

ISTAT. I Flussi Turistici—Anno 2023. Available online: https://www.istat.it/comunicato-stampa/i-flussi-turistici-anno-2023/
(accessed on 23 May 2025).

Marocco, R. Le Spiagge Di Grado: Situazione Attuale, Tendenze Evolutive Ed Ipotesi d’intervento per Il Risanamento Degli
Arenili. GORTANIA — Atti Del Mus. Friul. Di Stor. Naturale. 2000, 22, 5-37.

De Grassi, V. Le Rovine Subacquee Di San Gottardo a Grado. Aquil. Nostra 1952, 23, 27-36.

Gaddi, D. Approdi Nella Laguna Di Grado. Antichita Altoadriatiche XLVI. Strutture Portuali e Rotte Marittime Nell'alto Adriatico Di
Eta Romana; Zaccaria, C., Ed.; EUT Edizione Universita Trieste: Trieste, Roma, 2001.

Tortorici, E. Archeologia Subacquea e Trasformazioni Geomorfologiche Del Territorio: Il Caso Della Laguna Di Grado. In
Proceedings of the Atti Convegno Nazionale di Archeologia Subacquea, Anzio, Italy, 30 May-1 June 1997, pp. 315-325.

Bezzi, A.; Pillon, S.; Martinucci, D.; Fontolan, G. Inventory and Conservation Assessment for the Management of Coastal Dunes,
Veneto Coasts, Italy. J. Coast. Conserv. 2018, 22, 503-518. https://doi.org/10.1007/s11852-017-0580-y.

Regione Autonoma Friuli Venezia Giulia-Autorita Di Sistema Portuale Del Mare Adriatico Orientale. Piano Regolatore Portuale
Del Porto Di Monfalcone, Variante Localizzata. Studio Meteomarino. Progettisti: Modimar, SJS Engineering, Archest. 2019.
Available online: https://www .regione.fvg.it/rafvg/export/sites/default/RAFVG/ambiente-territorio/pianificazione-
gestioneterritorio/ FOGLIAY/allegati/Allegato_33_alla_Delibera_2066-2019.pdf (accessed on 27 March 2025).

Ferla, M.; Crosato, F.; Ragazzo, M. Litorali e Lagune Del Nord Est. Presentazione Convegno “Aree Costiere Del Nord Adriatico
e Gestione Delle Alluvioni: Attuazione Della Direttiva 2007/60/CE Sulla Gestione Dal Rischio Alluvione”, Mestre 5 Ottobre 2012.
Available online: https://www.venezia.isprambiente.it/ispra/upload/en_home/ricerche/litorali_e_lagune_del_nord-est.pdf (ac-
cessed on 27 March 2024).



Water 2025, 17, 1991 26 of 28

77.

78.

79.

80.

81.
82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Casagrande, G.; Bezzi, A.; Fracaros, S.; Martinucci, D.; Pillon, S.; Salvador, P.; Sponza, S.; Fontolan, G. Quantifying Transgressive
Coastal Changes Using UAVs: Dune Migration, Overwash Recovery, and Barrier Flooding Assessment and Interferences with
Human and Natural Assets. ]. Mar. Sci. Eng. 2023, 11, 1044. https://doi.org/10.3390/jmse11051044.

Petti, M.; Pascolo, S.; Bosa, S.; Bezzi, A.; Fontolan, G. Tidal Flats Morphodynamics: A New Conceptual Model to Predict Their
Evolution over a Medium-Long Period. Water 2019, 11, 1176. https://doi.org/10.3390/w11061176.

Dorigo, L. La Laguna di Grado e le Sue Foci. Ricerche e Rilievi Idrografici; Pubbl. 165; Magistrato Alle Acque— Ufficio Idrografico:
Venezia, Italy, 1965; p. 231.

Perini, L.; Emilia-Romagna, R.; Calabrese, L.; Luciani, P. Il Rischio Da Mareggiata in Emilia-Romagna: L’evento Del 5-6 Febbraio
2015. 11 Geol. 2016, 53, 8-17.

Coles, S. An Introduction to Statistical Modeling of Extreme Values; Springer-Verlag: London, UK, 2001; p. 209.

Caruso, M.F.; Marani, M. Extreme-Coastal-Water-Level Estimation And Projection: A Comparison Of Statistical Methods. Nat.
Hazard Earth Syst. Sci. 2022, 22, 1109-1128. https://doi.org/10.5194/nhess-22-1109-2022.

Citta Di Venezia. Grafici e Statistiche. Available online: https://www.comune.venezia.it/it/content/grafici-e-statistiche (accessed
on 23 May 2025).

Gumbel, E. Statistics of Extremes; Columbia University Press: New York, NY, USA, 1958; p. 375.

Goda, Y.; Asce, M. On the Methodology of Selecting Design Wave Height. In Proceedings of the 21st Coastal Engineering Con-
ference, ASCE, New York, NY, USA, 20-25 June 1988; pp. 899-913.

Citta Di Venezia. Riferimenti Altimetrici. Available online: https://www.comune.venezia.it/it/content/riferimenti-altimetrici
(accessed on 23 May 2025).

ISPRA. Dati. La Rete Meteo-Mareografica Della Laguna Di Venezia (RMLV). Le Stazioni Meteo-Mareografiche. Available
online: https://www.venezia.isprambiente.it/rete-meteo-mareografica (accessed on 23 May 2025).

National Oceanic and Atmospheric Administration (NOAA). Mapping Coastal Inundation Primer; National Oceanic and Atmos-
pheric Administration: Washington, DC, USA, 2012. Available Online: https://coast.noaa.gov/data/digitalcoast/pdf/coastal-in-
undation-guidebook.pdf (accessed on 27 May 2025).

Regione Autonoma Della Sardegna; Autorita Di Bacino Regionale Della Sardegna. Piano Di Gestione Del Rischio Di Alluvioni.
Relazione Metodologica Sulle Inondazioni Costiere. Available online: https://pianogestionerischioalluvioni.regione.sarde-
gna.it/documenti/1_617_20190124124513.pdf (accessed on 14 May 2025).

Perini, L.; Calabrese, L.; Deserti, M.; Valentini, A.; Ciavola, P.; Armaroli, C. Le Mareggiate e Gli Impatti Sulla Costa in Emilia-
Romagna 1946-2010; I Quaderni ARPA; Regione Emilia Romagna Ambiente: Emilia-Romagna, Italy, 2011; p. 144. Available
online: https://www.researchgate.net/publication/290441941 (accessed on 26 May 2025).

Perini, L.; Calabrese, L.; Salerno, G.; Luciani, P. Mapping of flood risk in Emilia-Romagna coastal areas. In Proceedings of the
Abstracts 86° Congresso Nazionale della Societa Geologica Italiana, Arcavacata di Rende (CS), Italy, 18-20 September 2012; .
https://doi.org/10.13140/2.1.1703.7766.

Perini, L.; Calabrese, L.; Salerno, G.; Ciavola, P.; Armaroli, C. Evaluation of Coastal Vulnerability to Flooding: Comparison of
Two Different Methodologies Adopted by the Emilia-Romagna Region (Italy). Nat. Hazards Earth Syst. Sci. 2016, 16, 181-194.
https://doi.org/10.5194/nhess-16-181-2016.

Permanent Service for Mean Sea Level (PSMSL). Trieste. Tide Gauge Data. Available online: https://www.psmsl.org/data/ob-
taining/stations/154.php (accessed on 23 May 2025).

Da Lio, C.; Tosi, L. Land Subsidence in the Friuli Venezia Giulia Coastal Plain, Italy: 1992-2010 Results From SAR-Based Inter-
ferometry. Sci. Total Environ. 2018, 633, 752-764. https://doi.org/10.1016/j.scitotenv.2018.03.244.

Areggi, G.; Pezzo, G.; Merryman Boncori, ].P.; Anderlini, L.; Rossi, G.; Serpelloni, E.; Zuliani, D.; Bonini, L. Present-Day Surface
Deformation in North-East Italy Using InNSAR and GNSS Data. Remote Sens. 2023, 15, 1704. https://doi.org/10.3390/rs15061704.
IPCC ARG Sea Level Projection Tool. Nasa Earth Data, Sea Level Change. Available online: https://sealevel.nasa.gov/ipcc-ar6-
sea-level-projection-tool (accessed on 23 May 2025).

Autorita Di Bacino Distrettuale Delle Alpi Orientali. Aggiornamento e Revisione Del Piano Di Gestione Del Rischio Di
Alluvioni. Allegato I. Elementi Tecnici Di Riferimento Nell'impostazione Del Piano. Distretto Delle Alpi Orientali. Available
online: https://sigma.distrettoalpiorientali.it/sigma/documentDownload/downloadDocumentByld?documentId=360 (accessed
on 14 May 2025).

Tomasin, A.; Pirazzoli, P.A. Extreme Sea Levels on Adriatic Coasts: A Comparison on Estimation Methods. In Atti dell’Istituto
Veneto di Scienze, Lettere ed Arti; Tomo CLXVII (2008-2009) — Classe Scienze Matematiche, Fisiche e Naturali; Istituto Veneto di
Scienze, Lettere ed Arti: Venice, Italy, 2008; pp. 53-82.


http://dx.doi.org/10.13140/2.1.1703.7766

Water 2025, 17, 1991 27 of 28

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Arguez, A.; Vose, R.S. The Definition of the Standard WMO Climate Normal: The Key to Deriving Alternative Climate Normals.
Bull. Am. Meteorol. Soc. 2011, 92, 699-704. https://doi.org/10.1175/2010BAMS2955.1.

Sanchez, L.; Volksen, C.; Sokolov, A.; Arenz, H.; Seitz, F. Present-Day Surface Deformation of the Alpine Region Inferred from
Geodetic Techniques. Earth Syst. Sci. Data 2018, 10, 1503-1526. https://doi.org/10.5194/essd-10-1503-2018.

Zerbini, S.; Bruni, S.; Raicich, F. Tide Gauge Data Archaeology Provides Natural Subsidence Rates along the Coasts of the Po
Plain and of the Veneto-Friuli Plain, Italy. Geophys. ]. Int. 2021, 225, 253-260. https://doi.org/10.1093/gji/ggaa602.

Lionello, P.; Barriopedro, D.; Ferrarin, C.; Nicholls, R.J.; Orli¢, M.; Raicich, F.; Reale, M.; Umgiesser, G.; Vousdoukas, M.; Zan-
chettin, D. Extreme Floods of Venice: Characteristics, Dynamics, Past and Future Evolution (Review Article). Nat. Hazards Earth
Syst. Sci. 2021, 21, 2705-2731. https://doi.org/10.5194/nhess-21-2705-2021.

Marsico, A.; Lisco, S.; Lo Presti, V.; Antonioli, F.; Amorosi, A.; Anzidei, M.; Deiana, G.; De Falco, G.; Fontana, A.; Fontolan, G.;
et al. Flooding Scenario for Four Italian Coastal Plains Using Three Relative Sea Level Rise Models. ]. Maps 2017, 13, 961-967.
https://doi.org/10.1080/17445647.2017.1415989.

Galluccio, G.; Hinkel, J.; Fiorini Beckhauser, E.; Bisaro, A.; Biancardi Aleu, R.; Campostrini, P.; Casas, M.F.; Espin, O.; Vafeidis,
A.T. Sea Level Rise in Europe: Adaptation Measures and Decision-Making Principles. State Planet 2024, 3-slrel, SP,3-slrel,6,2024.
https://doi.org/10.5194/sp-3-slrel-6-2024.

van de Wal, R.; Melet, A.; Bellafiore, D.; Camus, P.; Ferrarin, C.; Oude Essink, G.; Haigh, I.D.; Lionello, P.; Luijendijk, A.; Toimil,
A.; et al. Sea Level Rise in Europe: Impacts and Consequences. State Planet 2024, 3-slrel, SP,3-slrel,5,2024.
https://doi.org/10.5194/sp-3-slrel-5-2024.

Mel, R.A; Viero, D.P.; Carniello, L.; Defina, A.; D’ Alpaos, L. The First Operations of Mo.S.E. System to Prevent the Flooding of
Venice: Insights on the Hydrodynamics of a Regulated Lagoon. Estuar. Coast. Shelf Sci. 2021, 261, 107547.
https://doi.org/10.1016/j.ecss.2021.107547.

Shayegh, S.; Moreno-Cruz, J.; Caldeira, K. Adapting to Rates versus Amounts of Climate Change: A Case of Adaptation to Sea-
Level Rise. Environ. Res. Lett. 2016, 11, 104007. https://doi.org/10.1088/1748-9326/11/10/104007.

Sriver, R.L.; Lempert, R.J.; Wikman-Svahn, P.; Keller, K. Characterizing Uncertain Sea-Level Rise Projections to Support Invest-
ment Decisions. PLoS ONE 2018, 13, e0190641. https://doi.org/10.1371/journal.pone.0190641.

Horton, B.P.; Khan, N.S; Cahill, N.; Lee, ].S.H.; Shaw, T.A.; Garner, A.].; Kemp, A.C,; Engelhart, S.E.; Rahmstorf, S. Estimating
Global Mean Sea-Level Rise and Its Uncertainties by 2100 and 2300 from an Expert Survey. NP] Clim. Atmos. Sci. 2020, 3, 18.
https://doi.org/10.1038/s41612-020-0121-5.

Hinkel, ].; Feyen, L.; Hemer, M.; Le Cozannet, G.; Lincke, D.; Marcos, M.; Mentaschi, L.; Merkens, J.L.; de Moel, H.; Muis, S.; et
al. Uncertainty and Bias in Global to Regional Scale Assessments of Current and Future Coastal Flood Risk. Earths Future 2021,
9, €2020EF001882. https://doi.org/10.1029/2020EF001882.

Cin, F.D.; Fleischmann, M.; Romice, O.; Costa, ].P. Climate Adaptation Plans in the Context of Coastal Settlements: The Case of
Portugal. Sustainability 2020, 12, 8559. https://doi.org/10.3390/su12208559.

Barnard, P.L.; Dugan, ].E.; Page, H.M.; Wood, N.J.; Hart, ] A.F.; Cayan, D.R.; Erikson, L.H.; Hubbard, D.M.; Myers, M.R.; Melack,
JM.; et al. Multiple Climate Change-Driven Tipping Points for Coastal Systems. Sci. Rep. 2021, 11, 15560.
https://doi.org/10.1038/s41598-021-94942-7.

Toledo, I.; Pagan, J.I; Lépez, I.; Aragonés, L.; Olcina, J. Nature-Based Solutions on the Coast in Face of Climate Change: The
Case of Benidorm (Spain). Urban Clim. 2024, 53, 101816. https://doi.org/10.1016/j.uclim.2024.101816.

Bol, R. Operation of the “Maeslant Barrier”: (Storm Surge Barrier in the Rotterdam New Waterway). In Flooding and Environ-
mental Challenges for Venice and its Lagoon: State of Knowledge; Fletcher, C., Spencer, T., Eds.; Cambridge University Press: Cam-
bridge, UK, 2005; pp. 311-315.

Jorissen, R.; Kraaij, E.; Tromp, E. Dutch Flood Protection Policy and Measures Based on Risk Assessment. E3S Web Conf. 2016,
7,20016. https://doi.org/10.1051/e3sconf/20160720016.

Binini Partners. Porta Vinciana a Cesenatico. Sbarramento Mobile per La Difesa Dalle Esondazioni Meteomarine. Available

online: https://www.bininipartners.it/progetti/porta-vinciana-a-cesenatico/ (accessed on 22 May 2025).



Water 2025, 17, 1991 28 of 28

117. I Baby MOSE per La Difesa Di Chioggia Dalle Acque Alte. Available online: http://www.forumtelecontrollo.it/al-
legati/11.20_progea_angelini.pdf (accessed on 22 May 2025).

118. Munaretto, S.; Vellinga, P.; Tobi, H. Flood Protection in Venice under Conditions of Sea-Level Rise: An Analysis of Institutional
and Technical Measures. Coast. Manag. 2012, 40, 355-380. https://doi.org/10.1080/08920753.2012.692311.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



