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The combination of accelerated urbanization and tourism-related activities, along with frequent coastal flooding,
has generated pressure on the coastline of the Republic of Croatia (RH). In this paper, an integrated coastal
vulnerability model (ICVI) for coastal flooding was developed. The ICVI was generated using a GIS multicriteria
approach and derived from two sub-indices: the physical vulnerability index (CVIy) and the socio-economic
vulnerability index (CVIg). In total, 30 criteria were used in the derivation of the ICVI, with twelve contrib-
uting to CVIg and eighteen to CVIy. The ICVI model is represented as a line divided into smaller segments, each
segment indicating ICVI vulnerability levels ranging from 1 (very low) to 5 (very high). The accuracy of CVIy was
evaluated using 159 geocoded coastal flood locations obtained from various websites and the official register of
Hrvatske Vode flood events from 2008 to 2023. More than 80% of geocoded flood locations are situated in areas
with very high (5) or high (4) CVIy. Furthermore, out of 32 settlements with officially registered flood events,
90.6% of them are located in areas with very high or high ICVI. Since all data used in the ICVI derivation were
acquired from open-source databases and a user-friendly GIS-MCDA toolbox was utilized, this paper presents a
cost-effective approach to modeling integrated coastal vulnerability. This model can guide decision-makers and

provide them with new insights for implementing an effective integrated coastal zone management strategy.

1. Introduction and background

Coastal zones are highly dynamic, oscillating environments endan-
gered by anthropogenic pressures and naturally related processes
(Domazetovic et al., 2021). Different approaches are used in delineating
coastal areas (Batista, 2018; Liu et al., 2015; Ramnalis et al., 2023). The
most straightforward approach is based on the elevation where the
low-elevation coastal zone (LECZ) is used in defining contiguous and
hydrologically connected areas of land along the coast and below 10 m (Liu
et al, 2015). Also, the administrative approach is often applied
(Ramnalis et al., 2023; Batista, 2018). LECZ is considered extremely
vulnerable to different hazards due to the high concentration of popu-
lation and economy-related infrastructure and activities (Koboevic¢
et al., 2012). The importance of adequate management of coastal zones
is often emphasized (Portman et al., 2012).

The greatest hazard expected to threaten LECZ will be sea level rise
(SLR) (Gornitz, 1991; Karymbalis et al., 2012; Karymbalis et al., 2014;

* Corresponding author.

Bilskie et al., 2014; Horton et al., 2020; Ruzi¢ et al., 2019; El-Shahat
etal., 2021; Griggs and Reguero, 2021; Baldoni et al., 2024). Depending
on the regional level the SLR can deviate significantly from the globally
averaged rate (global mean sea level - GMSL). Intergovernmental Panel on
Climate Change (IPCC) stated that GMSL increased by 0.20 m from 1901
to 2018. The average rate of SLR was 1.3 mm/year between 1901 and
1971, increasing to 1.9 mm/year between 1971 and 2006 and further
increasing to 3.7 mm/year between 2006 and 2018. In the IPCC’s
newest report, this is classified as high confidence (IPCC et al., 2023).
According to the IPCC’s mildest scenario, the global SLR is expected to
be 0.29-0.59 m by 2100. In the worst scenario and other recent studies
(Vitousek et al., 2017), an increase of 0.51-2 m is expected by 2100
(IPCC et al., 2019).

The risk increases when the population and economy are concen-
trated along coastal areas (McGranahan et al., 2007). An increase in
coastal flooding frequency is recognized as a short-term effect of SLR
(Bilskie et al., 2014; Vitousek et al., 2017). Coastal flooding occurs
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during exposure to combined oceanographic and hydrologic events,
which can be storm surges, large waves, high tides, extreme precipita-
tion, and mean sea-level anomalies (Vitousek et al., 2017; Wahl et al.,
2015). Due to relative SLR, extreme sea level events that now have a
1-in-100-year probability are projected to occur at least once a year at
more than half of all tide gauge locations by 2100, regardless of the
scenario considered (high confidence in IPCC repoert from 2023). Addi-
tionally, other regional changes are projected, including an increase in
the intensity of tropical cyclones and/or extratropical storms (medium
confidence in IPCC report). The IPCC et al. (2023) reports that the
observed adverse impacts of flood and storm-induced damages to cities
in coastal areas, which are attributed to climate change, will continue to
intensify globally (high to very high confidence).

The Mediterranean coast is a globally significant biodiversity hot-
spot, heavily influenced by a wide range of pressures (Siljeg et al., 2020).
It is considered a climate change hotspot, facing significant and
increasing human impacts (Furlan et al., 2021). It contains many coastal
plains that are expected to be particularly vulnerable to flooding, lead-
ing to significant property damage, habitat destruction and risks to
human safety (Antonioli et al., 2017; Furlan et al., 2021). Data has
shown an increase in absolute SLR of 2.6 & 0.2 mm/yr on average across
the Mediterranean for the 1993-2015 (Thiébault and Moatti, 2016). SLR
is expected to increase with considerable variability along Mediterrane
coasts (Loizidou et al., 2024).

Although less researched and less known, floods caused by extreme
high sea levels also occur on the eastern, ie Croatian coast of the Adriatic
Sea (Medugorac et al., 2015; UPRIMO, 2022). The Adriatic Sea high
water levels usually occur during late autumn and winter (Medugorac
et al., 2015). At the head of the basin, SLR due to the storm surges, in
some cases, reaches >1 m. Although coastal settlements in the eastern
Adriatic are considered less vulnerable, in recent times several extreme
events are increasingly occurring (Medugorac et al., 2018). On the
northern part of the Croatian coast, in the last 15 years, more frequent
flooding has been observed (UPRIMO, 2022). If the sea level rises by 1
m, 54,910 people in 302 coastal settlements of Croatia will be flooded
(Simac et al., 2023).

Although the concept of vulnerability has been extensively used in
hazard-related research, it lacks an acceptable definition (Cutter et al.,
2009). In this paper, vulnerability is considered as people’s differential
inability to deal with hazards, based on the position of groups and individuals
within both the physical and social worlds (Dow, 1992). The conceptuali-
zation of a vulnerability is based on the hazards-of-place (HOP) (Cutter,
1996) model, where socioeconomic and physical elements influence the
vulnerability of a location. This index needs to integrate both natural
and social component to effectively be used in coastal vulnerability
assessment to specific hazard (UNISDR, 2004).

Coastal vulnerability index (CVI) is one of the most popular and
straightforward methods (Gornitz, 1991. in Simac et al., 2023). CVI is
usually derived for hazards caused by climate change (Torresan et al.,
2012). A single CVI can depict vulnerability to multiple climate change
impacts (i.e. permanent sea level rise, storm surge, coastal flooding,
coastal erosion) (Torresan et al. (2012) or single climate change impact,
flooding (Balica et al., 2012), coastal erosion (Ariffin et al., 2023; Cissé
et al.,, 2024) or SLR (Furlan et al., 2021). To implement the CVI in
quantifying vulnerability to coastal flooding, the index should be
expanded with additional criteria specifically related to factors such as
high tides, rainfall, and others, since flooding can sometimes occur due
to a simultaneous combination of several factors (compound flooding)
(Wahl et al., 2015). Therefore, the derivation of a representative
vulnerability index is extremely challenging (Giannakidou et al., 2020).
A detailed methodological overview and history of coastal vulnerability
index (CVI) development is given by Torresan et al. (2012), Furlan et al.
(2021) and Simac et al. (2023). In the derivation of CVI, most of the
authors use between 6 and 19 variables (letto et al., 2018; Ruzic et al.,
2019; Simac et al., 2023). Roukounis and Tsihrintzis (2022) and Simac
et al. (2023) point out a large number of vulnerability indices derived on
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the basis of physical-geographical (CVI,' CSL?) and socio-economic
parameters (SoVL> SVI ...) and those that unite them (CSoVL,” CVI,°
MSCVIL,® CCFVI,” CRI-MED,® ICVI,” CUIVI'®). Since it is very straight-
forward ICVI is becoming increasingly popular in the management of
coastal areas (Ng et al., 2019; Ramnalis et al., 2023; Yahia Meddah et al.,
2023; Batzakis et al., 2024; Cissé et al., 2024).

The main objective of this paper is to develop the integrative ICVI for
the coastline of the Republic of Croatia (RH). So far, CVIs or its varia-
tions have only been performed on regions in Croatia (Ruzic et al., 2019;
Simac et al., 2023; Mi¢unovi¢ and Faivre, 2023). ICVI is derived as a
combination of two sub-indices: the physical vulnerability index (CVIy)
and the socioeconomic vulnerability index (CVIg) using GIS-MCDA
(Yahia Meddah et al., 2023). The derived ICVI was evaluated using
data from the cadastre of coastal floods reported in the Croatian media
over the past 15 years and a register of flood events of Hrvatske Vode for
the period from 2008 to 2023 (Vujicic, 2024).

What sets this study apart from others is the development of two sub-
indices using a comprehensive set of 30 criteria that includes both
physical and socio-economic vulnerability domains, primarily utilizing
open-source data. Additionally, the methodological contribution of this
study lies in the calculation of the mean ICVI for coastal settlements,
achieved by segmenting the urban section of the coastline into smaller
25-m elements an calculating the average ICVI for specific settlements.
In summary, while this study builds on established methodologies, its
strength lies in the integration of multiple criteria and the novel appli-
cation of segment-based ICVI calculation.

2. Study area

2.1. Physical-geographical characteristics of the republic of Croatia (RH)
coastline

The study area of the research includes the entire coastline of the
Republic of Croatia (RH). It covers the eastern coast of the Adriatic Sea
from the Savudrija peninsula in the west to the Prevlaka peninsula in the
southeast. The Adriatic Sea is the semi-enclosed northernmost part of
the Mediterranean Sea approximately 800 km long and 200 km wide
(Lipizer et al., 2014) with around 5% of its total area. The Strait of
Otranto (72 km wide) separates it from the Ionian Sea.

The RH has 1244 islands, geographically divided into 78 islands, 525
islets, and 641 rocks and reefs. The total length of the Croatian sea
coastline is 6176 km, of which the island’s coastline is 4398 km (71% of
the total sea coast) (Fig. 1) (Ministry of the SeaTransport and Infra-
structure, 2011 in Rossi et al., 2020). The indentedness of the Croatian
coastline of RH is predominantly karstic and steep with a very narrow
coastal strip ranging from 1 to 5 km in width. It is often limited by
mountain chains whose slopes frequently meet the coastline. Between
the Zadar and Sibenik only two larger coastal plains exist, the western
part of the Istrian coast and the northern Dalmatian coast (Baric et al.,
2008). Along the coast, relatively small karstic rivers dominate. Most of
the rivers have canyon-type estuaries.

The eastern Adriatic coast stretches in a NW-SE direction, and its
current morphology is the result of its geological basement and climatic

Coastal Vulnerability Index.

Coastal Sensitvity Index.

Social Vulnerability Index.

Coastal Social Vulnerability Score.

Composite Vulnerability Index.

Multi-scale coastal Vulnerability Index.

Coastal City Flood Vulnerability Index.

Multi-scale Coastal Risk Index in the Mediterranean.
Integrated Coastal Vulnerability Index.

Coastal Urban Industrial Vulnerability Index.
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Fig. 1. Coastline of the Republic of Croatia.

changes that began in the upper Pleistocene. Its current shape is a result
of the sudden rise in sea level (Flandrian transgression) which occurred
during the early part of the Holocene epoch, beginning around 11,700
years ago and continuing until about 8000 to 6000 years ago (Stanley,
1995). The rise of the sea level submerged the former lowlands in the
northwestern part of today’s Adriatic Sea, as well as the lower areas
along the coasts (Magas, 2013). Therefore, the Adriatic Sea is classified
as a relatively shallow and small sea. The total area of the Adriatic Sea is
138,595 km? (Magas, 2013). The average depth is 252 m, and about
75% of the Adriatic is shallower than 200 m (Magas, 2013). The
geomorphological seabed of the Adriatic Sea consists of several parts:
shallow northwestern part (depth up to 50 m), Jabucka basin (depth

@ Population count (PC)

245 m), Palagruza sill (130 m), and South Adriatic Bay (1330 m). As a
result, it is often divided into the Northern (shallowest), Central and
Southern (the deepest) Adriatic (Magas, 2013; Vilici¢, 2014). The border
between the northern and central Adriatic is the Jabucka basin. The
southern and central Adriatic border on the Palagruza still (Vilicic,
2014). Northern Adriatic is known for its significant river input and
largest Mediterranean shelf area. The central Adriatic is characterized
by an average depth of 140 m, while in the southern Adriatic, linked to
the Ionian Sea through the Otranto Sill, there is an increase in depth and
it contains the Adriatic’s deepest point reaching 1200 m (Kraus et al.,
2019).

The eastern Adriatic coast is characterized by a complex wave regime
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Fig. 2. GIS-MCDA methodological workflow.
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Table 1

List of the criteria used in socio-economic vulnerability index (CVIg) derivation.
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Sub-index Criteria Data Source

Literature (same or similar criteria)

Socioeconomic
vulnerability (CVIs)

Population count (PC) World PoP, (2023a)

Population density (PD)

Road density (RD) Geofabrik
% of old population (OP) DZS (2022)
Ageing index (AI) DZS (2022)

Tourist arrivals (TA) DZS (2022)

Educational infrastructure

density (EID)

Health infrastructure density

(HID) (2024), Geofabrik

Other critical infrastructure Geofabrik

density (CID)

Average income per inhabitant

(AID of the EU (2024)

% of non-employment (UN)
of the EU (2024)

Residential buildings density Geofabrik

(RBD)

World PoP, (2023b)

Ministry of Science and Education (2024)

Ministry of Health (2024); Geofabrik, HLJK

Ministry of Regional Development and Funds

Ministry of Regional Development and Funds

Mani Murali et al. (2013); Tragaki et al. (2018); Yahia Meddah
et al. (2023); Satta et al. (2016)

Mavromatidi et al. (2018)

Mclaughlin and Cooper (2010); Gargiulo et al. (2020); Yahia
Meddah et al. (2023)

Szlafsztein and Sterr (2007); Zanetti et al. (2016); Tragaki et al.
(2018); Gargiulo et al. (2020),

Mavromatidi et al. (2018)

Satta et al. (2016); Yahia Meddah et al. (2023)

Satta (2014); Debortoli et al. (2019); Hawchar et al. (2020)

Satta (2014); Debortoli et al. (2019); Hawchar et al. (2020)
Palmer et al. (2011); Johnston et al. (2014)

Mavromatidi et al. (2018); Rabby et al. (2019),
Mavromatidi et al. (2018);

Rabby et al. (2019)
Palmer et al. (2011); Chao et al. (2021)

influenced by complex morphology and the presence of many islands.
The mean wave height (MWH) in this region varies depending on
location and exposure to prevailing winds. Dominant winds in the
Adriatic Sea that cause surface waves in winter are bora (N-NE to E-NE)
and sirocco (E-SE to SS-E), while in the summer it is maestral (W-NW to
NW) (Vilici¢, 2014; Katalinic et al., 2014). The bora is a cold and dry
wind that mixes the water column, increasing evaporation, sea density,
and heat loss (Dorman et al., 2006). It is strongest from December to
March. The primary constraint on the development of bora wind waves
is the relatively narrow fetch (Katalinic¢ et al., 2014). The sirocco is a
warm and humid wind, which is most intense in the channels between
the coast and the islands that are open to the S-SE. The frequency of the
sirocco is higher during the colder months and increases from the
northern to the southern Adriatic (Vilici¢, 2014). Both the bora and si-
rocco can reach storm conditions and cause extreme wave events,
whereas the maestral is a milder wind. During storm conditions, the si-
rocco can reach speeds of over 100 km/h, while maximum wave heights
when bora is blowing can be between 6.2 and 7.2 m (Katalinic¢ et al.,
2014). Other winds that can generate surface waves in the Adriatic Sea
include ostro (S), libeccio (W), garbin (SW), ponent (W), tramontane (N to
NW), levante (E), and coastal circulation winds (Katalini¢ et al., 2014).
Wind speeds and wave heights increase from the northern part of the
Adriatic basin towards the south. Katalini¢ et al. (2014) found out that
maximum mean annual significant wave height (SWH) for the Adriatic
basin is 0.68 m, which is lower than the measurements reported by
Queffeulou and Bentamy (2007), indicating a mean SWH of 0.85 m for
period from 1992 to 2005. Also, 80% of SWH in the Adriatic Sea are
below 1.10 m Katalinic et al. (2014). Katalini¢ and Parunov (2018) have
calculated extreme wave heights in the Adriatic sea based on the Weibull
distribution for different return periods. They concluded that extreme
SWH values calculated for a 100-year return period are 8.48 m for the
North, 7.10 m Central and 6.75 m for the South Adriatic respectively.
Also, their analysis showed the mean yearly SWH has been increasing at
a rate of around 0.05 m per decade.

The Adriatic Sea has a microtidal regime (Medvedev et al., 2020)
where in some periods semidiurnal (SD) or diurnal (D) tides predomi-
nate. Diurnal tides are propagating from the Croatian to the Italian coast
and the amplitudes are rising from the South to the North Adriatic.
Although in most of the Mediterranean Sea, the mean tidal range does
not exceed 20-30 cm (Lozano and Candela, 1995) in the Adriatic, higher
values are recorded (Medvedev et al., 2020). Mean (D) tidal range along
the eastern Adriatic coast, based on the long-term sea level measure-
ments, is estimated to be 22 ¢cm at Dubrovnik, 23 cm at Split, 25 cm at

Zadar, 30 cm at Bakar and 47 cm at Rovinj. In the Gulf of Trieste, it can
reach 1.2 m with the impact of the long-lasting sirocco and low air
pressure (HHI, 2024). This can contribute to the formation of devas-
tating floods in the northern Adriatic, in Venice (known as “acqua alta”)
(Bajo et al., 2019). Some parts of the Croatian coast are undergoing
erosion and retreat, but of slightly lower intensity (Island of Susak,
Vrgada and Nin) particularly where the natural sediment supply is low
(Sokoli¢, 1994).

Sea-level measurements taken at four locations along the eastern
Adriatic coast over the past 40 years show varying trends, with some
areas experiencing an SLR between 0.53 and 0.96 mm/year, while
others have seen a decrease between 0.50 and 0.82 mm/year, largely
influenced by local tectonic activity (Baric et al., 2008).

2.2. Socio-economic characteristics of the republic of Croatia (RH)
coastline

Based on the last official population census from 2021, 870,489 in-
habitants, or ~22.5% of the total Croatian population (3,871,833) live
in settlements bordering the coast (DZS, 2022). The average population
density of the settlements bordering the coast is 168 population/km,?
while the average population density of settlements in the hinterland is
65.6 population/km.? The coastal zone of RH plays a significant role in
the national economy (Ivandi¢ and Sutalo, 2018) since tourism-related
activities generate almost a fifth of the GDP of RH (Dukec et al.,
2020). The primary economic activities in the coastal area revolve
around the utilization of coastal resources, including tourism, fisheries
and aquaculture, maritime transport, and shipbuilding (Baric et al.,
2008). In 2023, a total of 19,492,931 tourist arrivals and 92,376,832
overnight stays were recorded in the RH. Of these, 16,934,300 arrivals
(or 86.9%) and 87,351,814 overnight stays (or 94.6%) were recorded in
the counties bordering the sea (DZS, 2024).

3. Material and methods

The GIS-MCDA is widely used in coastal vulnerability modeling
(Mohamed, 2020; Barzehkar et al., 2021; Cissé et al., 2024). The
workflow consisted of six steps (Fig. 2): (1) definition of the main
objective, (2) determination of criteria; (3) criteria standardization; (4)
determination of weight coefficients; (5) criteria aggregation and (6)
accuracy assessment of the model (Domazetovic et al., 2019).
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Fig. 3. Location of different critical infrastructure in coastal settlements.

3.1. Selection of vulnerability criteria

Vulnerability depends not only on the magnitude of the hazard but
also on the socio-economic conditions of the population (Rabby et al.,
2019).

3.1.1. Socio-economic criteria

Twelve criteria were used in the derivation of CVIg (Table 1). Pop-
ulation count (PC) and density (PD) are recognized as important criteria
due to the pressure exerted by the population and its activities on the
coast. A larger population and higher population density negatively
impact the coast, making it more vulnerable (Satta et al., 2016; Tragaki
et al., 2018; Yahia Meddah et al., 2023).

The road network (RD) and residential building density (RBD) are
considered a relevant socio-economic criterion. Coastal zones with a
higher RD and RBD are more vulnerable (Gargiulo et al., 2020; Yahia
Meddah et al., 2023). RD was calculated using the Line Density tool in
ArcMap 10.8. RBD was calculated using the Kernel Density. The cell size
of rasters was 25 m, while the search radius was set to 500 m. The share
of the old population (OP) represents the percentage of the vulnerable
group (+65 years) in the total population. The bigger the percentage, the
vulnerability will be higher (Zanetti et al., 2016; Tragaki et al., 2018;
Gargiulo et al., 2020). The ageing index (AI) refers to the number of the
elderly population (+65) per 100 individuals younger than 14 years old
in the population. The tourist arrivals (TA) have the same influence on
vulnerability as the PC and PD. The bigger the number of tourists, the
higher the vulnerability (Satta et al., 2016; Yahia Meddah et al., 2023).
With the addition of this criteria we recognize the influence of the in-
tensity of coastal tourism on coastal vulnerability, knowing previous
findings that higher tourist numbers correlate with increased vulnera-
bility (Satta et al., 2016; Yahia Meddah et al., 2023). This criteria is
recognized as important since coastal tourism is a sector of central
economic importance in Croatia. The important aspect is temporal
dimension which could not be included. Coastal flooding mostly occurs
outside the tourist high season, however, knowing the newest scenarios
of climate change it is expected that the spring and autumn will be more
suitable for tourism activities, increasing the overall risk of flooding
(Toubes et al., 2017). Therefore, while it is recognized that seasonal

population variations may indeed influence coastal conditions, our
study focuses on assessing overall vulnerability patterns based on
comprehensive demographic and socio-economic criteria throughout
the year.

The density of critical infrastructures is important in modeling social
aspects of vulnerability due to their importance in everyday life.
Namely, climate change-induced elements are the main reasons for
damage to coastal infrastructure (Bosello and De Cian, 2014). Therefore,
a coastal zone is considered to be more vulnerable if the number of
critical infrastructure near the coast is higher (Satta, 2014; Debortoli
et al., 2019; Hawchar et al., 2020).

HID included geocoded locations of clinical hospitals, clinics, general
hospitals, special hospitals, health centers, county institutes for emer-
gency medicine, polyclinics, pharmacies, and public health service for
general family medicine (Fig. 3). EID included geocoded locations of
universities, secondary schools, primary schools and kindergartens. CID
included banks, ATMs, technical inspection stations, post offices, malls,
financial agencies, department stores, supermarkets and department
stores (Fig. 3). The density of all infrastructure was derived using the
Kernel Density tool in ArcMap 10.8.1. The cell size of the output raster
was 25 m, while the search radius was set to 500 m. Average income per
inhabitant (AII) is an economic indicator of wealth. Even if the magni-
tude of damage from specific hazards caught up the rich more in abso-
lute terms, the poor population will still suffer greater relative damage
due to their inability to cope with it (Felsenstein and Lichter, 2014).
Therefore, the rate of unemployment (UN) is also used. It is considered
that an area with a higher UN is generally more vulnerable to specific
hazards (Mavromatidi et al., 2018).

3.1.2. Physical-geographical criteria

Eighteen criteria were used in the derivation of CVIy (Table 2). The
input model for deriving the morphometric parameters in CVIy was
EUDEM. Areas with lower elevation and gentle slopes are more
vulnerable to coastal flooding and more exposed to the influence of the
sea (Gargiulo et al., 2020; Zampazas et al., 2022).

Areas closer to streams, canals, and drains (DSCS) have higher vol-
umes of runoff during heavy rainfall events. This can contribute to
flooding, especially if the drainage systems are ineffective. The
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Table 2
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List of the criteria used in physical-geographical vulnerability index (CVIs) derivation.

Sub-index

Criteria

Data Source

Literature (same or similar criteria)

Physical - geographical

vulnerability (CVIy)

Elevation (E)
Slope (S)

Distance from streams, canal and
drains (DSCS)

Topographic wetness index (TWI)
Landforms (L)

Topographic Roughness Index
(TRD)

LandUse/LandCover (LU/LC)

Topographic Position index (TPI)
Normalized difference vegetation
index (NDVI)

‘Wind Shelter Index (WSI)

Flow Accumulation (FA)

Mean High Water (MHW)

Mean Range of Tides (MN)

Mean Wind Speed (MWS)
Mean Fetch Wave (MFW)
Bathymetry (B)

EUDEM

EUDEM

Geofabrik

EUDEM
EUDEM
EUDEM

Corine Land Cover
2018

EUDEM

Sentinel2

EUDEM
EUDEM
ASTERION
ASTERION

Global Wind Atlas
Waves (2012)
GEBCO

Parthasarathy and Natesan (2015); Tragaki et al. (2018); Gargiulo et al. (2020);
Zampazas et al. (2022); Simac et al. (2023)

Parthasarathy and Natesan (2015); Tragaki et al. (2018); Gargiulo et al. (2020);
Zampazas et al. (2022); Simac et al. (2023)

Bhattachan et al. (2018)

Fitra et al. (2024)
Mahapatra et al. (2015); Simac et al. (2023)
Osorio-Cano et al. (2019)

Satta et al. (2016); Calil et al. (2017); Yahia Meddah et al. (2023)

Berman and Kuleshov (2023)
Tibbetts and van Proosdij (2013); Pantusa et al. (2018)

Berman and Kuleshov (2023)

Idier et al. (2019)

Tano et al. (2016); Pantusa et al. (2018); Anfuso et al. (2021); Zampazas et al.
(2022)

Zhang et al. (2021)

Muler and Bonetti (2014)

Parthasarathy and Natesan (2015)

Precipitation (P) WorldClim
Significant Wave Height (SWH)

Surface

Copernicus Marine

Burkett and Davidson (2012); Ribas et al. (2020)
Kumar et al. (2010); Tano et al. (2016); Pramanik et al. (2016); Anfuso et al.
(2021)

topographic wetness index (TWI) is a parameter that characterizes the
potential for water accumulation and soil saturation. Higher values of
TWI indicate low-lying areas prone to water accumulation. It may
indicate depressions or valleys where water accumulates during flood.
TWI was derived using the Topographic Convergence Index (TWI) tool
from the Topography Tools 10_3 toolbox. Landforms (L) provide infor-
mation about type of the terrain topography. The criteria was derived
using the Landform Classification (Jenness) tool from Topography Tools
10 3 toolbox. Low-lying areas, such as valleys, or coastal plains are more
prone to flooding. Terrain roughness index (TRI) affects the resistance of
the land to the water flow. Higher R implies greater resistance. Criteria
was derived using the Roughness tool in Geomorphometry and Gradient
Metrics (version 2.0) toolbox. LU/LC cirteria was acquired from CORINE
Land Cover website (Copernicus, 2024). Classes like residential zones,
commercial areas and industrial sites have higher vulnerability to coastal
flooding, while classes like bare karst and sparsely vegetated areas have
lower vulnerability. The topographic position index (TPI) was derived in
SAGA GIS 9.3.1. The TPI helps identify low-lying areas by analyzing the
elevation of a pixel to its surroundings. Negative TPI values indicate
depressions or valleys which are more susceptible to flooding. The NDVI
measures the presence and greenness of vegetation, which can be useful
for dispersing wave energy and reducing erosion in case of extreme
events (Pantusa et al., 2018). The NDVI was derived from Sentinel2a
imagery acquired from Sentinel Hub. The higher the NDVI value, the
lower the vulnerability to coastal flooding is (Pantusa et al., 2018). The
Wind Shelter Index (WSI) was calculated in SAGA GIS 9.3.1 for four
wind directions that generate the largest waves along the Croatian coast.
These include the bora (45°NE), the southeasterly sirocco (135°SE), the
southerly ostro (180°S), and the southwesterly libeccio (225°SW). Mean
WSI is then calculated as the mean value of these four WSI models.
Therefore, the mean WSI was calculated to assess vulnerability of coastal
areas based on their exposure to these predominant wind directions that
cause the largest waves on the eastern Adriatic coast. In deriving the
WSI, we considered not just wind directionality but also the alignment
between wind vectors and coastline exposure, which amplifies vulner-
ability when these are aligned with the fetch. Flow Accumulation (FA)
was derived in SAGA GIS 9.3.1 (top-down). It provides information about
drainage patterns and potential flood pathways. Higher values of FA are
more susceptible to flooding. Mean high water (MHW) represents the

average height of the high tide over one-year period (2023) while mean
range of tides (MN) represents the difference in height between mean
high water and mean low water. Data of MHW and MN for marigraphic
stations in the Adriatic Sea were acquired from the ASTERION website
for 2023. Higher MHW and MN values indicate a greater risk of flooding
during high tide (Pantusa et al., 2018; Zampazas et al., 2022). MHW and
MN models were produced using Create Thiessen Polygons (Tragaki et al.,
2018; Yahia Meddah et al., 2023). Mean wind speed (MWS) affects the
coast due to the transport of particles and the generation of waves or
storm surges. Higher MWS increases the vulnerability of the coastal
area. The mean fetch wave (MFW) is important in modeling vulnera-
bility to coastal flooding, particularly in the context of wave action and
storm surges. Fetch refers to the distance over which wind blows across
open water. Longer fetch distances allow waves to build up and gain
more energy. Fetch wave model was derived using Waves 2012 toolbox
on the basis of DEM of the entire Adriatic Sea including the Strait of
Otranto. The fetch model was generated for the same wind directions as
in the WSI. The MFW is then calculated as the mean value of four FW
models. Significant wave height (SWH) provides information about the
average height of the highest one-third of waves. SWH was downloaded
from Copernicus Marine Data Store for a period of time April 19, 2021 to
April 2023. However, due to the highly indented Croatian coastline,
regional reanalyses of SWH, such as MEDSEA, often underestimate
values along the coast and around the islands (Bujak et al., 2023). On the
other hand, data along the regular coastline are very accurate and reli-
able. Therefore, we recognize that regional reanalysis data, such as the
MEDSEA dataset, may indeed underestimate SWH values along the
highly indented Croatian coastline. However, SWH remains valuable in
representing wave energy levels under average conditions, particularly
along the smoother coastal segments where the data is reliable. There-
fore, in addition to SWH, the analysis also includes mean wind speed
(MWS) and mean fetch wave (MFW), both of which are key elements in
determining the wave height. The bathymetry (B) data provides infor-
mation about the underwater topography. This information is important
in understanding wave dynamics. Shallower coastal areas are generally
more vulnerable to coastal flooding because, as waves move into
shallow water, they interact more with the seafloor. This interaction
causes the waves to slow down, increase in height, and concentrate their
energy, which can result in more powerful and destructive wave action
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Fig. 4. Standardized criteria for socio-economic vulnerability index (CVIy).

along the coast. In shallower waters, waves have more friction with the
seafloor, causing them to change in height, wavelength, and energy. The
precipitation (P) is a important factor in modeling vulnerability to
coastal flooding. Higher the P increases vulnerability of the coastal area
since it can contribute to increased runoff, leading to higher river
discharge and potential flooding.

It was not possible to achieve consistency across all the data used for
modeling the sub-indices (CVIg and CVIy) in terms of spatial resolution
and the time of data acquisition. This is very hard because of the (a) used
data types which vary significantly (acquired using different sensors,
acquisition techniques, various sources, and other factors); and (2) it
was desirable to utilize open-source data, which limited our selection of
data sources. However, it is important to note that such discrepancies in
spatial and temporal resolution are characteristic of many studies on
coastal vulnerability modeling. Despite these challenges, defined data
was used to ensure the integration of all critical criteria necessary for a
comprehensive assessment of coastal vulnerability, even though the
spatial and temporal resolutions are not perfectly aligned.

3.2. Criteria standardization

To make different criteria comparable, they need to be reclassified on
the same scale. Standardization was done using combination of Jenks
(natural breaks) method and decision maker method (Maric et al., 2021;
Cissé et al., 2024). The CVI; criteria were all standardized using Jenks
natural breaks classification method on a scale from 1 to 5 which indicate
the vulnerability level: very low (1), low (2), moderate (3), high (4), and
very high (5) (Fig. 4). In standardization of criteria for physical vulner-
ability index (CVIy) Jenks and decision maker method have been used
(Fig. 5) (Table 3).

3.3. Determination of weight coefficients and criteria aggregation

In aggregating criteria different methods have been used (Simac
et al., 2023). In this paper, each sub-index (CVIy and CVIg) was calcu-
lated separately and then the final ICVI model was derived from them.
After the standardization of all criteria (1-5) weights must be assigned to
each criteria based on their relative importance. Since the ICVI in-
tegrates both physical (CVIy) and socio-economic criteria (CVIg) in the
absence of accurate data on the relative impact of the selected indicators
the simple average method of aggregation was used. It provides equal
weightage to all selected critera within defined sub-indices illustrating
the interdependency and complexity of coastal vulnerability (Yahia
Meddah et al., 2023; Attri et al., 2022). Therefore, for each criteria
standardized in the CVIg sub-index weighting coefficient of a = 0.0833
was assigned, while for the CVIy weighting coefficient of b = 0.0555 was
assigned. Each sub-index was aggregated using the tool Weighted Sum in
ArcMap, which adds up the classified values (1-5) of each criteria (Eq.
(1). and Eq. (2)). Namely, Gornitz et al. (1997) in Simac et al. (2023)
stated that addition shows lower sensitivity to misclassification errors
and missing data.

CVIs =PC” + PD" + RD" + OP" + AI" + TA" + EID" + HID" + CID*
+ AII* + UN® + RBD*
®

where CVIg is socio-economic vulnerability index, PC is standardized
population count, PD is population density, RD is road density, OP is old
population percentage, Al is ageing index, TS is tourist arrivals, EID is
educational infrastructure density, HID is health infrastructure density,
CID is other critical infrastructure density, All is the average income per
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Table 3

Standardized criteria for physical vulnerability index (CVIy).
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inhabitant, UN is non-employment percentage, RBD is residential
buildings density, a is defined weight coefficient for CVIs criteria
(0.0833).

CVIy =E° 4+ 8° + DS + TWI® 4 L® + TRI® + LU/LC" 4 TPI" 4 NDVI®
+ WSI® + FA® + MHW® + MN°® + MWS® + MFW" + B®
+ P + SWH®
2)

where CVIy is physical vulnerability index, E is standardized elevation, S
is slope, DSCS is distance from streams, canals and drains, TWI is
topographic wetness index, L is landforms, TRI is topographic roughness
index, LU/LC is landuse/landcover, TPI is topographic position index,
NDVI is normalized difference vegetation index, WSI is wind shelter
index, FA is flow accumulation, MHW is mean high water, MN is mean
range of tides, MWS is mean wind speed, MFW is mean fetch wave, B is
bathymetry, P is precipitation, SWH is significant wave height, b is
defined weight coefficient for CVIy criteria (0.0555).

The final ICVI model was derived in Raster Calculator by summing the
sub-indices (CVIy and CVIs) and dividing by the number of sub-indexes
(Eq. (3)) (Szlafsztein and Sterr, 2007). Then, the vulnerability values
were classified into five classes using the Jenks method. In future
research, the adjustment of the weights based on expert judgment or
sensitivity analysis will be.

ICVI:CVIN+CVIS 3)
2

where ICVI is integrated coastal vulnerability model, CVIy is physical-

geographical vulnerability index and CVIg js socio-economic vulnera-

bility index.

3.4. Ranking of most vulnerable settlements

Determining the most vulnerables settlements to coastal flooding
was based on the derived mean ICVI value and its urban section of the
coastline. An urban section of the coastline refers to the part of a coastal
settlement that directly borders or touches the sea and is characterized
by human habitation and development. For example, Fig. 6 illustrates

Standardization Criteria 1 (very low) 2 (low) 3 (medium) 4 (high) 5 (very high)
method
DECISION MAKER (E) >40 20-40 5-20 2-5 0-2
METHOD O] >32 12-32 5-12 2-5 0-2
(DSCS) >5000 5000-2000 2000-500 500-100 0-100
(TRD) >20 10-20 5-10 1-5 0-1
(5] 9,10 7,8 5,6 3,4 1,2
(FA) 0-1000 1000-5000 5000-10000 10000-20000 >20000
Lo/ 3.3.2,4.2.3,5.1.1, 3.2.1,3.2.2, 3.2.3, 2.3.1,3.1.1,3.1.2,3.13, 1.3.1,1.3.2,1.3.3,1.4.1, 2.1.1, 1.1.1,1.1.2,1.2.1,1.2.2,
LC) 5.1.2,5.2.3 3.3.3,4.1.1,4.21,5.2.1 3.2.4,3.3.14.22 2.1.2,2.21, 222,223,242, 1.2.3,1.2.3,1.4.2
2.4.3
(B) <-54 —54--15 -15-—5 —5--2 -2-0
JENKS (NATURAL (NDVI) >0.22 0.22-0.15 0.15-0.1 0.1-0.05 0-0.05
BREAKS) (TWD 3.2-8.1 8.1-10.5 10.5-12.8 12.8-15.7 15.7-28.5
(TPD) 25--2.5 —2.5--6.3 —6.3-—12.0 —12.0--24.0 —24--110.5
(WsD) 0-41.2 41.2-54.7 54.7-66.7 66.7-81-4 >81.4
(MHW)  42.4-44.8 44.8-51.4 51.5-61.6 61.6-90.8 >90.8
(MN) 40.4-44.4 44.4-54.1 54.1-66-0 66.0-94.4 >94.4
(PREC) 35-63 63-75 75-87 87-100 >100
(SWH) 0-0.10 0.10-0.19 0.19-0.29 0.29-0.41 >0.41
(MWS) 1.5-3.7 3.7-4.9 4.9-59 5.9-7.1 >7.1
(MFW) 0-0.05 0.05-0.17 0.17-0.33 0.33-0.51 >0.51

# 1 = canyons, deeply incised streams 2 = midslope drainages, shallow valleys 3 = upland drainages, headwaters 4 = u-shaped valleys 5 = plains 6 = open slopes 7 =
upper slopes, mesas 8 = local ridges, hills in vallyes 9 = midslope ridges, small hills in plains, 10 = mountain tops, high ridges.
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Fig. 7. Socio-economic (CVIg), physical (CVIy) and integrated coastal vulner-
ability index (ICVI).

the difference in the ICVI for the city of Pula when assessed under two
scenarios: (a) based on the entire length of its coastline bordering the sea
(94.6 km), and (b) based on only the portion of the coastline that is
inhabited and developed (15.9 km). In scenario (a), the ICVI for Pula is
2.601 (class 3), indicating medium vulnerability. In contrast, in scenario
(b), where only the developed coastal section is considered, the ICVI for
Pula rises to 4.679 (class 5), indicating very high vulnerability.

The mean ICVI of specific settlement is calculated following this
procedure. The urban section of the coastline (Fig. 6b) is divided into

o

Settlement border

that touches the
sea=15.9 km (

Mean ICVI = 4.679
very high vulnerability

1)

Fig. 6. Example showing the difference between deriving the mean ICVI for the city of Pula using (a) the entire coastline of the settlement versus (b) only its

Table 4

Lenght and share of vulnerability classes for coastline.
Vulnerability CVIs CVIy ICVI
Level (1-5

evel (1-5) Lenght Share Lenght Share Lenght Share
(km) (%) (km) (%) (km) (%)

(1) very low 1314 19.4 405 6.0 1764 25.98
(2) low 3058 45.0 1610 23.7 1501 22.11
(3) medium 1563 23.0 1515 22.3 1537 22.64
(4) high 716 10.5 1964 28.9 1120 16.49
(5) very high 139 2.0 1298 19.1 869 12.79

smaller segements (lines) with a distance of 25 m. A ICVI value from
derived model was then joined to each line segement using the tool
Spatial Join and function Closest. Thus, each settlements urban section of
the coastline, had n smaller linear segments with a specific ICVI value
(for example, Pula had around 330 elements). The mean ICVI of a spe-
cific settlement was then calculated using the tool Dissolve as the average
ICVI value of the derived smaller segments. The clustering of line ele-
ments is made based on to the settlements ID code. In addition to the
mean ICVI of a specific settlement, the length of the urban section of the
coastline and the number of people living in settlement were added in
attribute table.

3.5. Validation of CVIy and ICVI accuracy

Accuracy assessment of the derived model was conducted using a
cadastre of coastal floods reported in the Croatian online media over the
past 15 years. Data acquisition was carried out based on the locations
geocoded from online articles. Each location where the flood occurred
had an ID associated with the date of the flood event and a link to the
web article from which the information was acquired. Acquisition of
location was done using Google Earth Pro and ArcMap 10.8.1. Therefore,
the derived flood cadastre represented the reference ground data for the
evaluation of the derived physical vulnerability index (CVIy). For each
geocoded location a vulnerability value, ranging from (1) very low to (5)
very high, was added (using Spatial Join—Closest). The acquired flood
events are compared with CVIy results considering that we could not
acquire data about the infrastructural damages (which are more relevant
to the CVIg results).

The accuracy assessment of the CVIy and ICVI models was also made
on the basis of the Register of Flood Events of Croatian Waters for the
period from 2008 to 2023. This dataset was acquired by Vujicic (2024).
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4. Results and discussion
4.1. Derived vulnerability indices (CVIs, CVIy and ICVI)

Given the wide range of global coastal conditions and varying
research objectives, there is no one-size-fits-all Coastal Vulnerability
Index (CVI). As a result, the indices used are always tailored to fit local
conditions. In this study, we have performed the first national-scale
assessment of physical (CVIy), socio-economic (CVIs) and final inte-
grated coastal vulnerability (ICVI) model to coastal flooding (Fig. 7).

Table 4 shows lenght (km) and share of total coastline classified by
vulnerability levels for CVIs, CVIy and ICVI-. As expected, CVIs have a
much smaller length or share of the coastline in the very high (5) and high
(4) vulnerability classes. This is because in the CVIs modeling the
selected criteria reflect the concentration of population and urban
related elements and activities on the coast. The length and percentages

10

Table 5
Larger coastal settlement ranked according to mean ICVI.
Name Mean_ICVI Urban section of coastline Population
(km) (2021)
Zadar 4.963 (very 20.07 67309
high)
Sibenik 4.912 (very 8.19 31115
high)
Rovinj 4.903 (very 6.55 11629
high)
Kastela 4.757 (very 15.17 37794
high)
Makarska 4.696 (very 4.80 12809
high)
Dubrovnik  4.694 (very 16.65 26922
high)
Pula 4.678 (very 16.59 52220
high)
Podstrana 4.638 (very 4.13 10403
high)
Split 4.620 (very 23.83 149830
high)
Table 6
Smaller coastal settlement ranked according to mean ICVIL
Name MEAN_ICVI Urban section of Population
coastline (km) (2021)
Senj 5.000 (very 4.41 4164
high)
Opatija 4.928 (very 7.10 5701
high)
Biograd na 4.902 (very 6.25 5601
moru high)
Umag 4.901 (very 6.04 6751
high)
Primosten 4.898 (very 4.77 1555
high)
Crikvenica 4.846 (very 4.73 6239
high)
Vodice 4.839 (very 5.65 6592
high)
Pag 4.808 (very 4.41 2322
high)
Brodarica 4.720 (very 5.55 2611
high)
Murter 4.683 (very 4.86 1920
high)
Porec 4.655 (very 6.84 8841
high)

of the classes in the CVIy model are similar in all vulnerability classes,
with the exception of the very low class (1), which is several times
smaller than the other classes and very high (5), which is in few percent
smaller than low, medium and high classes.

The most vulnerable (5 - very high) parts of the coastline according to
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the CVIg are, as expected, parts of urban coastal areas of biggest cities of
coast Split, Omis, Makarska, Dubrovnik, Sibenik, Zadar, Trogir, Vodice,
Sibenik, Rijeka, Rovinj, Dubrovnik, and Pula (Fig. 7). Then, the high (4)
vulnerability class includes the coastal area of Pore¢, Novigrad (Istria),
most of the Opatija Riviera, Crikvenica, Novi Vinodolski, Vir, Biograd na
Moru, Kastela, Ploce, Umag, Primosten and larger settlements on the
bigger islands (example Brac¢ Island) (Fig. 8).

Namely, the intensity of vulnerability decreases with the reduction of
human activities or urban content at the coastline. Thus, the areas of
highest (5), high (4) and medium (3) vulnerability are associated with
locations where there is pronounced touristic activity, road network
density, critical infrastructure and population density (Fig. 9). Low
values of CVIs are generally located in areas with little socioeconomic
activity. Very low (1) vulnerability areas are found in inaccessible areas
characterized by steep, difficult-to-access terrain. Considering that de-
mographic criteria such as the share of the old population and the ageing
index were also used in the process of performing CVIs, islands (Pre-
muda, Molat) with a slightly less favourable demographic picture were
recognized into categories of higher vulnerability.

All coastal settlements were then ranked according to mean ICVI.
The most endangered larger settlements (n = 9) were singled out based
on three criteria: (a) mean ICVI of urban section of coastline >4.5; (b)
length of urban section of coastline >4 km and (c) population >10,000
(Table 5).

Also, the most endangered smaller settlements were singled out
based on three criteria: (a) mean ICVI of urban section of the coastline
>4.5; (b) length of urban section of coastline >4 km; (c) number of
inhabitants <10000 and >300 (Table 6). These criteria are met by
eleven settlements.

Despite the vulnerable physical-geographic characteristics of the
croatian narrow coastal zone, urbanization, construction of apartments
and tourist-related activities are still accelerating. Croatian newspaper
articles frequently discuss the issue of floods affecting coastal cities
(URL1). They mention flooded parts of Split (ICVI'! is 4.62/very high),
material damage in Istria, i.e. Pula (ICVI is 4.678/very high), Novigrad
(ICVI - 4.511/very high) near Zadar and in Istria (ICVI - 4.975/very high),
Kastela (ICVI is 4.757 /very high), Vodice (ICVI is 4.893 very high), Rab
(ICVI is 4.857/very high), Rijeka (ICVI is 4.566/very high), Vela Luka
(ICVI is 4.254/high), Hvar (ICVI is 3.917/high), Trogir (ICVI is
4.415/high), Sibenik (ICVI is 4.912/very high), Senj (ICVI is 5.000/very

11 Mean ICVI derived for urban section of coastline (km).
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high) (URL1, URL4-6, URL8-14). In the future, the biggest flood events
will be related to the northern Adriatic, where the tides and the combi-
nation of southern-wester winds are the most powerful. These will be
Umag (ICVI is 4.901/very high), Novigrad (ICVI is 4.975/very high) in
Istria, Porec¢ (ICVI - 4.654/very high), Rovinj (ICVI is 4.903/very high),
Vrsar (ICVIis 3.941/high) which will be flooded in the future. Then there
are towns that have a low waterfront, such as Cres (ICVI is - 4.167/high)
(URL1-3, URL7). IPCC 6th Assessment Report Sea Level project that the
city of Rovinj in 2100 will experience SLR of 0.64 m (SSP5-8.5).

4.2. Causes of coastal flooding

The most common cause of flooding in Croatian coastal settlements
is the typical chain of mesoscale events over the Adriatic region,
including a combination of strong to severe sirocco or scirocco, which
carries warm Mediterranean air to the Adriatic and generates the
cyclonic vortex (Brzovi¢ and Mahovi¢, 1999), ultimately producing
sea-level rise and high waves (Kolega, 2006). During the very strong
wind, especially in the autumn and the first half of the winter, the sea
level can rise over half a meter (Bernot, 1983). The waves, caused by the
sirocco, can reach a height of a few meters. Forecasting is important
because it induces high tides and flooding of the main low-lying coastal
area of the northern Adriatic. Air pressure, cyclones, is the second at-
mospheric factor affecting sea level rise. During southeast winds and bad
weather, air pressure can drop by more than 20 mb daily, which can
cause the sea level to rise by 20 cm (Kolega, 2006). Therefore, extremely
high levels of the Adriatic Sea are most often caused by storm surges
caused by the passage of deep cyclones over the Adriatic area and the
joint action of atmospheric air pressure and wind (Medugorac et al.,
2018).

A factor that is not directly related to the cause of floods but makes
this area predisposed to the occurrence of floods is the orientation and
geomorphology of the Croatian coast (Dalmatian coasts) (Kelletat,
2019). The Croatian coast is primarily oriented in an NW-SE direction. It
features numerous islands parallel to the coast and remnants of moun-
tain ranges submerged by rising sea levels. The Croatian coast is mainly
exposed the west, southwest, south and southeast. Namely, a large part
of the coast, especially in the northern part near Istria, faces west, to-
wards Italy across the Adriatic Sea. The central part of Dalmatia, where
the coast has a slightly curved direction, is exposed to the southwest. The
southern part of Dalmatia, including the areas around Dubrovnik, is
exposed to the south, towards the open Adriatic. This type of orientation
of the Croatian coast exposes it directly to wave action generated by
predominant south-east (sirocco), south (ostro) south-west (libeccio) and
west wind (ponente). This exposure increases vulnerability to coastal
floods, driven by coastal orientation, wave dynamics and wind
direction.

The predominant karst landscape of the Croatian coast, with its
porous rock, can exacerbate the occurrence of coastal flooding. Heavy
rainfall can lead to rapid runoff and swelling of rivers, while the same
karst features limit the capacity for water absorption, thus increasing
flood risks. Also, storm surges, particularly during severe weather con-
ditions combined with rising sea levels due to climate change, can in-
crease the potential for coastal flooding. The fact that coastal areas in
Croatia are particularly popular tourist destinations, which are now
experiencing significant development, does not make the situation any
better.
cause of flooding was recognized in a sudden drop in air pressure on the
day of the flood or a few days before, which was accompanied by a
long-term rise in sea level. It is pointed that the occurrence and amount
of precipitation in most cases do not coincide with flooding.

4.3. Cadastre of coastal floods

A total of 159 coastal flood locations were from acquired ranging
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Table 7

Comparison of settlements with registrated flood events and mean ICVI of settlements coasline
Settlement Number of floods mean ICVI mean CVIy Settlement Number of floods mean ICVI mean CVIy
Novigrad 3 4.98/very high 4.60/very high Ist 1 5.00/very high 4.27/high
Antenal 2 4.00/high 5.00/very high Biograd na Moru 3 4.90/very high 4.26/high
Tar - Vabriga 3 3.80/high 4.20/high Vodice 7 4.84/very high 3.85/high
Porec 4 4.65/very high 4.32/high Zadar 19 4.96/very high 4.14/high
Vrsar 2 3.94/high 4.1/high Sibenik 7 4.91/very high 4.60/very high
Rovinj 7 4.90/very high 4.60/very high Rogoznica 1 4.66/very high 4.43/high
Pula 5 4.68/very high 3.89/high Kastela 3 4.76/very high 3.70/high
Opatija 4 4.93/very high 4.48/high Trogir 6 4.41/high 2.84/medium
Volosko 2 4.97 /very high 3.79/high Split 9 4.62/very high 2.92/medium
Rijeka 8 4.56/very high 3.87/high Omis 2 4.65/very high 3.26/medium
Bakar 8 3.79/high 4.43/high Hvar 5 3.92/high 3.01/medium
Crikvenica 4 4.85/very high 4.30/high Stari Grad 5 3.39/medium 2.55/medium
Krk 1 4.54/very high 4.31/high Jelsa 1 2.09/low 2.44/low
Rab 1 4.86/very high 4.36/high Vela Luka 7 4.25/high 2.73/medium
Cres 5 4.17/high 4.33/high Komolac 1 4.63/very high 4.38/high
Mali Losinj 4 2.86/medium 3.14/medium Dubrovnik 6 4.69/very high 4.00/high

from Umag to Dubrovnik (Fig. 10). The flood locations were geocoded
from the websites of local portals. Coastal flood locations included
events that have occurred in the last 15 years.

A reclassified value ranging from 1 (very low) to 5 (very high) of CVIy
was automatically added to each geocoded flood location (n = 159).
This was done using the Spatial Join tool and Match option Closest. More
than 80 % (n = 129) of flood locations are located on the coastline with
very high (5) and high (4) physical vulnerability. Only 2.52 % (n = 4) of
the flood locations is located on the coastline with very low (1) and low
(5) physical vulnerability. These cases, in which a flood event was
recorded, and the coastline has a very low or low ICVI, refer to flooding of
boats along the coast itself, or a small flood of the waterfront. This re-
sults confirm the accuracy of the derived CVly.

A total of 146 coastal floods in 32 settlements were detected in the
TU register of flood events of Croatian waters in the period from 2008 to

12

2023 (Fig. 11). Most were recorded in the northern Adriatic (63 flood
events), 49 in the middle, and 34 in the southern (Vujici¢, 2024, from
Hrvatske vode, 2024).

For each of the 32 settlements in which the occurrence of flooding
was registered, the mean CVIy and ICVI value of the urban section of the
coastline was calculated. The derived mean CVIy and ICVI values are
compared with the number of registered floods. For the mean ICVI, out
of a total of 32 settlements, 29 of them (90.6%) belong to the very high
(5) and high (4) vulnerability class. Two settlements (6.25%) are located
in (3) medium vulnerability class and only one (3.125%) in low
vulnerability class. None was recorded in the very low vulnerability class
(Table 7). Regarding the mean CVIN, 24 settlements (75.0%) belong to
the very high (5) and high (4) vulnerability class, seven (21.8%) to me-
dium vulnerability class and one settlement in low vulnerability
(3.125%). None was recorded in the very low vulnerability class. These
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results confirm the accuracy of the derived ICVI (Table 7).
5. Conclusion

An integrated spatial vulnerability model (ICVI) to coastal flooding
was derived for the coastal area of the Republic of Croatia (RH). ICVI is
derived as a combination of the two sub-indices; physical vulnerability
index (CVIy) and the socioeconomic vulnerability index (CVIs). In total,
30 criteria were used in the derivation of ICVI, twelve in the derivation
of CVIs and eighteen in the derivation of CVIy. The ICVI model is derived
in the form of a line divided into smaller segments (distance of 25 m)
where each segment has a classified value of integrated vulnerability
ranging from 1 (very low) to 5 (very high). In total, around 2000 km, or
29.3% of RH coastline is classified in very high and high vulnerability
class. The accuracy of CVIy was evaluated using 159 geocoded coastal
flood locations acquired from various websites and the official register
of Hrvatske vode which acquired flood events from 2008 to 2023. More
than 80 % of geocoded flood locations are located on the coastline with
very high (5) and high (4) of CVIy. Furthermore, of 32 settlements with
officially registered flood events, 90.6% belong to the very high and high
ICVI vulnerability. In summary, Croatia’s coast, with its unique
geomorphological features and orientation, is vulnerable to coastal
flooding due to its orientation, potential for storm surges, sea-level rise,
and the effects of urbanization and tourism-related activities.
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