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Abstract

Coasts are subject to multiple natural hazards, which are increasing nowadays. Coastal flooding and erosion are some of the most common
hazards affecting coastlines. Being aware of the vulnerability of coasts is important to achieve integrated coastal management. The coastal
vulnerability index (CVI) is a common index used to assess coastal vulnerability because it is easily calculated. However, given that its
calculation includes numerous manual steps, it requires considerable time, which is often unavailable, to produce accurate and utilizable results.
In this work, we developed a ModelBuilder model by using the tools provided by ArcGIS Pro (ESRI). Through this model, we automatized
most of the steps involved in CVI calculation. We applied the ModelBuilder model in the northern Peloponnese, for which the CVI has already
been calculated in three other works. We were thus able to assess the effectiveness of our ModelBuilder model. Our results demonstrated that
through the ModelBuilder, most of the processes could effectively be automatized without problems, and our results are consistent with the

findings of previous works in our study area.
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1 Introduction

Coastal zones are a dynamic environment that is easily
affected by multiple natural and anthropogenic factors
(Dronkers, 2005). As a result, they are systems that are
highly vulnerable to natural hazards (Anfuso et al., 2021;
Castelle et al., 2024; Lam et al., 2018; Vousdoukas et al.,
2020). Low-elevation coastal areas host 10%—13% of the
world’s population, rendering them the most densely popu-
lated environment globally (MacManus et al., 2021). The
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issues of coastal erosion and rising sea levels have attracted
increasing concern given that coastal zones bear a continu-
ously increasing population and human activities, such as
industry, transportation, and tourism (Ankrah et al., 2023;
Bagheri et al., 2023; Dong et al., 2024; Pouye et al., 2024;
Vousdoukas et al., 2020; Winckler et al., 2023).

Therefore, coastal erosion is a threat to numerous coastal
areas globally (Ghanavati et al., 2023; Gracia et al., 2018;
Vousdoukas et al., 2020). European countries experiencing
coastal erosion include, for example, Greece (e.g., Depoun-
tis et al., 2023; Evelpidou et al., 2022), Italy (e.g., Celata
and Gioia, 2024), France (e.g., Chadenas et al., 2023),
Spain (e.g., Sanchez-Artuas et al., 2023), Germany (Hofst-
ede, 2024), and the U. K. (Kantamaneni et al., 2022).
Coastal erosion is also present in various countries in Afri-
ca, such as Senegal, (Sarr et al., 2024), Algeria (Moradi
et al., 2022), and west Africa (Dada et al., 2024); in
America, such as the U.S.A. (Schuller, 2023), Costa Rica
(Barrantes-Castillo and Ortega-Otarola, 2023), and Argen-
tina (Garzo et al., 2023); and in Asia, such as Sri Lanka,
Malaysia, Thailand (Saengsupavanich et al., 2023), Japan
(Uda, 2022), and Indonesia (Setyawan, 2022; Tarigan et al.,
2024).

Many researchers agree that climate change has already
caused, and will continue causing, an increase in glacier
melting and will thus aggravate the rise in sea levels (e.g.,
Jevrejeva et al., 2023; Vernimmen and Hooijer, 2023).
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Coastal erosion can occur even in areas that were not pre-
viously threatened (Stockdon et al., 2023). A general con-
sensus exists that due to climate change, wave activity will
also increase, leading to increased coastal erosion problems
globally (Dong et al., 2024; Patra et al., 2023; Tadesse
et al., 2022). Among the most important impacts of coastal
erosion and the future rise in sea levels are the losses of
coastal property, coastal resilience, biodiversity, economy,
and tourism; the destruction of natural habitats; land
changes; damage to cultivation; and an increase in the cost
of coastal management measures (Garola et al., 2022;
Gonzélez Rodriguez et al., 2024; Kirezci et al., 2023;
Pouye et al., 2024). Quantitative assessments and analyses
of coastal vulnerability appear to be necessary (Maanan
et al., 2018). Spatially assessing the vulnerability of coasts
to erosion can aid in decision making and adaptation strate-
gies (Liu and Zhang, 2023; Roukounis et al., 2023; Tsaimou
et al., 2023).

Coastal zones are among the most important physical
parameters of coastal vulnerability to various hazards
(storms, coastal erosion, coastal inundation, and tsunamis)
(Pendleton et al., 2010). Coastal vulnerability refers to the
susceptibility of people and infrastructure to coastal changes
as a result of climate-induced coastal hazards (McLaugh-
lin et al., 2010; Ramieri et al., 2011). Therefore, coastal
vulnerability is composed of two aspects, each one of
which has a different set of parameters: social (Ramieri
et al., 2011) and physical (McLaughlin et al., 2010).

Several methods for assessing coastal vulnerability have
been developed (cf. Liu and Zhang, 2023). For example,
in some published studies, the assessment was based on
physical parameters such as land use, wave characteristics,
and shoreline change rates (Ahmed et al., 2018; Jana and
Bhattacharya, 2013). In other cases, coastal vulnerability
was assessed in combination with hazards and exposure
(Merlotto et al., 2016; Narra et al., 2017; Thakur and
Mohanty, 2023). A widely employed method is the use of
the coastal vulnerability index (CVI) (e.g., Charuka et al.,
2023; Depountis et al., 2023; Dike et al., 2024; Liu and
Zhang, 2023; Ramnalis et al., 2023; Tarigan et al., 2024;
Tsaimou et al., 2023).

A main advantage of the CVI is its simple functionality
and easy usage. Moreover, the CVI combines the sensitivity
of coastal zones to sea level changes, which are reflected
by their natural properties, such as morphological inclina-
tion and wave action, with their adaptability to potential
changes. After its initial introduction by Gornitz et al.
(1991), the CVI was later modified by several researchers
to include additional parameters (Church and White, 2011).
Roukounis and Tsihrintzis (2022) have reviewed this index
and the parameters used in its calculation in detail. This
index is calculated by using several physical parameters,
which could be geological and geomorphological. The
most commonly employed factors include geomorphology,
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coastal slope, sea level changes, shoreline displacement,
mean significant wave height, and tidal range (Gornitz
et al., 1991; Hamid et al., 2021; Pendleton et al., 2005).

Geomorphology parameters refer to the geomorphologi-
cal characteristics of coastal zones. They quantify the resis-
tance of different types of coasts to a specific coastal haz-
ard (e.g., coastal erosion) (Suhana et al., 2016; Thieler and
Hammar-Klose, 1999). It is one of the parameters that
affect the CVI the most (Koroglu et al. 2019; Tarigan et al.
2024). Shoreline displacement refers to the extent to which
coasts have been subjected to erosion or shoreline progres-
sion: the higher the extent of the displacement, the higher
the coastal vulnerability (Gornitz et al., 1991; Pendleton
et al., 2005). In terms of slope, coasts of small inclination
are affected by marine processes (e.g., waves and tides) to
a greater extent than steeper ones (Thieler and Hammar-
Klose, 1999).

The mean significant wave height quantifies the ability
of waves to redistribute coastal sediments and thus pro-
voke or hinder coastal erosion (e.g., Moradi et al., 2022;
Pang et al., 2023). The tidal range is the fluctuation of the
sea level due to the rotation of the sun and moon (Diez
et al., 2007). It is a crucial aspect of coastal vulnerability
(Fok, 2012). Generally, coastal vulnerability increases as
the tidal range increases (Doukakis, 2005). Finally, sea level
changes refer to the relative fluctuations in sea levels. Giv-
en that this index refers to the human lifetime scale, it only
rarely consists of fluctuations; depending on the local tec-
tonic regime, it can be considered as the relative rise, fall,
or stability of sea levels (Pendleton et al., 2005). Areas with
considerable sea level changes show high vulnerability
(Mohd et al., 2019; Pendleton et al., 2010).

A major disadvantage of the CVI is that it requires
numerical data for parameters that cannot be easily quanti-
fied. Therefore, the values of these parameters are quanti-
fied arbitrarily by researchers on the basis of their experi-
ence and knowledge of the study area, as well as the avail-
ability of data. Nevertheless, it is an accurate index for spa-
tial studies on the vulnerability of coasts to sea level rises
(European Commission, 2004; Mohanty et al., 2017).

In this study, a ModelBuilder model was developed to
calculate the CVI automatically by using the ArcGIS Pro
by Esri in reference to Pendleton et al. (2005). The calcula-
tion of the CVI requires numerous manual processes and a
good knowledge of geomorphology. Moreover, the usage
of a geographic information system (GIS) appears to be
necessary. Therefore, the calculation of the CVI is a time-
consuming process. Moreover, when done manually, it can
lead to numerous inaccuracies. On small scales, these inac-
curacies may lead to considerable modeling failure. Hence,
the ModelBuilder model was constructed in such a way that
it could divide the studied coastline into segments, each
one of which would be assigned an integral value (1-5) for
each of the six addressed parameters of the CVI on the
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basis of bibliographical references. Moreover, the Model-
Builder model was developed so that it also calculates the
CVI on the basis of these values. We applied this Model-
Builder model to a part of the Corinthian Gulf because at
least three previous works have calculated the CVI of this
area. Given that our purpose is not to assess the area’s vul-
nerability, we used already existing results to test our model.

GIS has grown to be a powerful tool for modeling (Buh-
mann et al., 2002; Maguire et al., 2005) and can hence be
used for future predictions (Goodchild, 2005). An advan-
tage offered by the ArcGIS (or ArcMap) ModelBuilder is
that it can combine different GIS operations while running
models that are composed of different databases (Pfaff and
Glennon, 2004). Moreover, it can simplify and accelerate
modeling (AbdelRahman and Tahoun, 2019; Csafordi et al.,
2012; Schaller and Mattos, 2010).

ModelBuilder functions as a sequence of GIS functions,
each of which is performed once the previous one is com-
pleted successfully (https://pro.arcgis.com/en/pro-app/
latest/help/analysis/geoprocessing/modelbuilder/what-is-
modelbuilder- . htm; accessed July 17, 2024). The GIS
ModelBuilder offers the ability to manage geoprocessing
tools and has thus been applied in various fields of sci-
ence. Several studies have utilized the ArcMap and/or Arc-
GIS ModelBuilder for their models. For example, Csafordi
et al. (2012) developed a ModelBuilder model to calculate
the universal soil loss equation (Wischmeier and Smith,
1978), which is commonly used to model soil erosion.
Chaaban et al. (2012) employed ModelBuilder to create
two models to measure coastline retreat on a shore of
France. Schaller and Mattos (2010) applied ModelBuilder
in landscape development planning. Tiwari and Ajmera
(2021) utilized ModelBuilder for land suitability assess-
ment. AbdelRahman and Tahoun (2019) used Model-
Builder to assess soil quality. ModelBuilder has also been
employed for soil quality assessment (Mohamed et al.,
2011, 2015), land resource assessment (Saleh et al., 2015),
drought hazard assessment (Belal et al., 2014), and solar
energy modeling (Effat, 2017; Effat and El-Zeiny, 2017)
in Egypt.

ModelBuilder requires three distinct elements: an input,
geoprocessing tools, and an output dataset (Allen, 2011;
Csafordi et al., 2012). Input parameters are defined by the
user. Although geoprocessing tools are usually predefined
in accordance with GIS software, the user determines which
of them will be used and in what way. Output data are pro-
duced by ModelBuilder on the basis of the other two ele-
ments. Models created through the ModelBuilder tool need
to be tested in several areas to be assessed and/or corrected
(Csafordi et al., 2012). A crucial parameter to be consid-
ered when developing a ModelBuilder model is to identify
the nature and type of the model(s) to be implemented, the
modeling process, and how GIS will used to perform these
processes (Chang, 2014). Defining the objectives of the

model and dividing it into elements, wherein each element
interacts properly with the others, are also important (Dar-
wish, 2023).

The ArcGIS ModelBuilder has proven to be a useful
tool in coastal zone studies (Hysa and Baskaya, 2018). It
can identify the intersection between shorelines and mea-
sure coastline retreat and advance (Deabes, 2017; Kaliraj
and Chandrasekar, 2012). It can be effective in quantify-
ing changes in the shoreline (retreat or advance) (Deabes,
2017) and monitoring the impacts of the rise in sea levels
(Darwish, 2023) in addition to coastal vulnerability (Chaa-
ban et al., 2012; Kaliraj and Chandrasekar, 2012).

2 Study area

The study area is the northern-central part of the Pelo-
ponnese, Greece. Specifically, it is a 12 km part of the coast-
line from Sykia to the Kamari settlements, including the
town of Xylokastro (Figure 1). It is located in the southern
part of the Corinth Gulf.
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Figure 1 Satellite image of the study area and its location in Greece

As mentioned previously, the purpose of our work is not
to calculate the vulnerability of the Peloponnesian coast
but to develop and test our ModelBuilder model instead.
This particular region was selected for two reasons: First
of all, it is ideal for the application of the CVI because it is
characterized by low coastal morphology and intense recent
relative sea level changes (due to intense tectonic activity)
and because its susceptibility to coastal erosion is well-
known (Valaouris et al., 2014).

Second, three works on the coastal vulnerability of this
area already exist (Karymbalis et al., 2012; Ramnalis et al.,
2023; Tragaki et al., 2018). Our aim is not to assess the
area’s vulnerability but rather the functionality of our tool
in calculating the CVI. Applying our ModelBuilder model
in an area for which the CVI has already been calculated
and where the effects of coastal hazards are already known
and mapped has allowed us to compare our results with
the findings of already existing works on the area and, there-
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fore, assess the functionality of our ModelBuilder model.
2.1 Geological and geomorphological setting

The mean high tide in the study area is approximately
0.15 m relative to the sea level (Tsimplis, 1994). North-
western winds prevail (Soukissian et al., 2007; Valaouris
et al., 2014). In contrast to tides, waves can cause remark-
able localized rises in the sea level surface (Hydrographic
Service of the Hellenic Navy, 2005). Nevertheless, the wave
height does not exceed 0.1 m (Soukissian et al., 2007).

A number of rivers and torrents flow into the Corinth
Gulf, and their estuaries are located within the study area
(Vassilakis et al., 2007), eroding relatively soft lithologies
and thus producing considerable sediment yield (Vassilakis
et al., 2016). Morphological slopes are generally less than
5% in the coastal zone, without any coastal escarpments
(Vassilakis et al., 2016). Regarding the submarine geomor-
phology, the slope is steep in the largest part of the area.

Previous studies (Valaouris et al., 2014; Vassilakis et al.,
2016) have mentioned that several sections of the study
area’s coastal zone have already suffered coastal erosion
(see Section 2.2 for details). Coastal erosion in other sec-
tions was reported to have progressed. By correlating satel-
lite images from the period of 1970—1996, Valaouris et al.
(2014) concluded that the shoreline has advanced by up
to 10 m depending on the area and has retreated by up to
23 m at other locations. For the period of 1996—2011, the
study area had almost exclusively undergone a mean retreat
of 14 m.

Valaouris et al. (2014) predicted the future state of the
coastline of Xylokastro under the assumption that no fur-
ther tectonic displacement will occur and taking into
account the moderate scenario of IPCC for a 0.38 m rise in
sea level in the next 100 years. They predicted that the
western and eastern coasts will retreat by 10.9 and 4.1 m,
respectively. Assuming a rise in sea levels of more than
1 m, the retreat on the western coast will exceed 23.8 m
(Valaouris et al., 2014).

The area of the Corinthian Gulf is characterized by
intense Quaternary tectonic activity (e.g., Armijo et al.,
1996; Evelpidou et al., 2023; Roberts et al., 2009). The
study area is controlled by north-dipping faults parallel to
the shoreline, most of which are normal and active (Briole
et al., 2000; Hollenstein et al., 2008). The Xylokastro fault
is a dominant normal fault and has caused a high-rate tec-
tonic uplift in the study area (Armijo et al., 1996).

2.2 Previous studies on coastal vulnerability in
the study area

Karymbalis et al. (2012) applied the CVI, which they
named the coastal sensitivity index (CSI). The six parame-
ters that they incorporated are the same as those described
herein, except for the parameter of shoreline displacement,
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which corresponded to the shoreline erosion/accretion rate
rather than the measured shoreline displacement used in
this work (instead of rate). They categorized the values of
the CSI as very high (> 6.2), high (5-6.2), medium (3.9-5),
low (1.6-3.9), and very low (< 1.6). The CSI of the area of
Kamari was categorized as moderate, whereas that of the
immediate southeastern part was categorized as low. Inter-
estingly, the CSI of the area west of Xylokastro until Sykia
has been categorized as low to very low.

In a recent study, Ramnalis et al. (2023) calculated the
CVI, to which they added four socioeconomic factors,
namely, population density, land cover, road network, and
railway network. They named this index the integrated
CVI and calculated it in two forms: a) as the square root
of all factors to their number and b) as the sum of the
physical and socioeconomic factors (individually) divided
to two. In case a), the coastal vulnerability of Kamari was
categorized as low, progressed gradually to high until
Xylokastro, and was moderate east of it. In case b), the
coastal vulnerability of Kamari was categorized as high
and that of the surrounding coasts as moderate. Immedi-
ately after, the coastal vulnerability of the area was very
high, then high, very high in the area of Xylokastro, and
high immediately east.

Tragaki et al. (2018) performed a CVI analysis for the
whole Peloponnese, including the study area. In their case,
the coastal vulnerability of the whole study area was classi-
fied as moderate, except for that of Kamari, which was cat-
egorized as very high.

3 Materials and methods

3.1 Standard step method for the calculation of
the CVI

The CVI was used for the assessment of the study area’s
vulnerability. The parameters incorporated into the CVI
include three geological and three physical parameters
(Karymbalis et al., 2012; Pendleton et al., 2005, 2010). The
geological parameters include the following:

a. geomorphology, that is, the shore’s resistance to erosion;

b. shoreline displacement, that is, the long-term trend
regarding regression or progression; and

c. coastal slope, which reflects the area’s vulnerability
to flooding.

The physical parameters include

d. significant wave height,

e. tidal range, and

f. relative sea level change rate.

The index is given by the following equation:

_Ja-b-c-d-e-f
CVI—,/ g (D
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Although digitized Greek coastlines can be found through
several platforms and official services, high-accuracy data
for our small study area are not publicly accessible. There-
fore, the shoreline was digitized by using Google Earth
Pro. It was then inserted into ArcMap v. 10.4 and ArcGIS
v. 3.2. for further processing.

The studied coastline was digitized in the form of a poly-
line and divided into segments. The first segmentation was
performed on the basis of the geomorphology factor. Geo-
morphological zones were determined through the combined
usage of Google Earth Pro and drone pictures accessed
through TripInView.

We followed the classification by Pendleton et al. (2005):
very high corresponds to low-elevation sandy beaches or
estuarine mouths; high corresponds to highly engineered
sections; moderate corresponds to alluvial fans and cliffs
with sandy beaches; low corresponds to low-medium cliffs
and rocky platforms; and very low corresponds to high ver-
tical cliffs. In contrast to Pendleton et al. (2005), we con-
sidered gravelly or cobbly beaches as moderate rather than
high because, in our case, the study area is only divided
into sandy, gravelly beaches, and hard engineering (very
high, medium, and very low respectively).

These segments were resegmented on the basis of the
shoreline displacement factor. For example, if a segment
of the coastline showed two or more zones of different val-
ues for the parameter of shoreline displacement, this seg-
ment was resegmented in accordance with these zones
(Figure 2). Each segment was given a value for each of
these factors. These factors ranged from 1-5, reflecting low
to high vulnerability. For example, low coastal slopes would
correspond to low vulnerability and were thus assigned
low values. The values are shown in Table 1.

Factor b, shoreline displacement, was obtained through
the correlation between different positions of the shoreline
(Chaaban et al., 2012) and was part of previous research
on the area (Vassilakis et al., 2016). Specifically, analog sat-
ellite images from the periods of 1945 (Hellenic Cadastre,
2021), 1987, 1996, and 2010 and digital satellite images
from the periods of 2000 (Ikonos-2), 2008 (Ikonos-2), and

—
.

.

\ \\
"~ Shoreline dlsplacement Segmentatl()n

Geomorphology segmentation
Final segmentation

Figure 2 Segmentation of a part of the coastal zone based on
geomorphology and shoreline displacement

2012 (WorldView-2) were obtained and analyzed by using
photogrammetrical methods (Vassilakis and Papadopou-
lou-Vrynioti, 2014). Unmanned aerial vehicle pictures
were also taken in the study of Tsokos (2024) on July 20,
2017; nine flights were made at a height of 120 m. All the
above images were inserted into a GIS environment and
georeferenced by using ArcMap 10.4 and ArcGIS v. 10 by
Esri, thus allowing for digitization and correlation between
older shoreline positions (Mullick et al., 2020). The coor-
dinate system used was the Hellenic Geodetic System of
Reference (HGSR/EI'XA’87) (Mugnier, 2002). Past chang-
es in the position of the shoreline were measured by using
the Digital Shoreline Analysis System v.4.3 extension of
ArcGIS, which allows for the creation of sections perpen-
dicular to the shoreline (Thieler et al., 2009).

Shoreline displacement ranges from —0.69 m (shoreline
retreat) to +0.20 m (shoreline progression) and has been
categorized as 1 for shoreline progression and 2—5 for shore-
line retreat (2: 0-0.19; 3: 0.2—0.39; 4: 0.4-0.59; 5: 0.6-0.69).

The coastal slope (c¢) was obtained automatically by GIS
software. A digital elevation model (DEM) with 4 x 4 accu-
racy was created through the digitization of the topographic
diagrams by the Hellenic Military Geographical Service
on a 1:5 000 scale. For slope categorization, we adopted
the value ranges proposed by Alexandrakis et al. (2010)
and measured the distance of the shoreline from the 5 m
contour line. Slope values (1-5) were assigned to the slope
ranges 10.0%—-31.0%, 4.8%—10.0%, 3.3%—4.8%, 1.4%—
2.9%, and 2.9%—3.3% on the basis of the geometric inter-
val classification provided by ArcGIS Pro.

Table 1 CVI parameters and their values
1 2 3 4 5
Parameter
Very low Low Medium High Very high
Geomorphology - - Cobbly/gravelly beaches roads/hard engineering sandy beaches
Shoreline displacement (m) progression 0-0.19 0.2-0.39 0.4-0.59 0.6-0.69
Coastal slope (%) >12 12-9 9-6 6-3 <3
Relative sea level change - - - high uplift rates -
Wave height <0.1 m - - - -
Tidal range 0.15m - - - -
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Wave height and tidal range were classified as very low
for the whole study area for three reasons: First, they are
very low in the whole study area (Soukissian et al., 2007).
Therefore, there is no need to categorize them further
because they would only slightly affect the final value of
the CVI. Second, both sources, as well as several online
open-data platforms examined (Copernicus, 2023; Hellenic
Navy Hydrographic Service, 2020; Israel Marine Data Cen-
ter, n.d.; National and Kapodistrian University of Athens,
2023; National Oceanography Centre, 2023; UNESCO,
2023), lacked a detailed categorization for the study area
regarding either its tidal range or wave height. Finally, this
work aims not to calculate the CVI per se but rather to
examine the efficacy of a ModelBuilder model that can
calculate it automatically.

The wave height of the studied segment was also catego-
rized as very low by Karymbalis et al. (2012), whereas
Ramnalis et al. (2023) considered very low values for the
tidal range and wave height for their whole coastline (i.e.,
the whole northern Peloponnese, including our segment).
Tragaki et al. (2018) considered wave height as very low
for our segment and that for the whole Peloponnesian
coast as very low and equal to the tidal range.

The same is true for relative sea level changes; given
the intense tectonic uplift in the area (Armijo et al., 1996),
the whole study area is classified as high in terms of rela-
tive sea-level changes. Although several works have been
conducted on different sites of the northern Peloponnese
(e.g., Evelpidou et al., 2023; Pirazzoli et al., 1994; Turner
et al., 2010), the study area has not been studied to such an
extent that could allow for further categorization regarding
relative sea level changes. This situation is in accordance
with that in previous studies on the area. Karymbealis et al.
(2012) and Ramnalis et al. (2023) have also categorized
the whole studied segment as very low (in the case of
Ramnalis et al. (2023), their whole coastline has been cate-
gorized as very low), whereas Tragaki et al. (2018) have
considered relative sea level changes as low for the whole
Peloponnesian coastline.

3.2 ModelBuilder description for the automation
of CVI calculation

3.2.1 Input and preprocessing

The model was designed to process a shoreline polyline
dataset, where each entry in the attribute table corresponds
to a specific segment of the shoreline. This table is enriched
with vulnerability data for several CVI variables. As men-
tioned above, these variables are

* Geomorphology (“geo”)

* Mean wave height (“wave”

* Coastal slope (“slp”)

* Tidal range (“tidal”)

* Relative sea level rise (“rs1”)

@ Springer

* Shoreline displacement or, equally, erosion rate (“eros”

Each variable is captured as an individual field within
the attribute table. To kickstart the model’s operations, the
DEM and shoreline data are sourced directly from their
respective file paths (meaning they should be just hooked
at the start point of the model). Figure 3 shows a flow
chart of the methodology for the ModelBuilder model.

3.2.2 Shoreline resolution enhancement

To attain a high resolution, particularly when integrating
the values of the slope, the shoreline polyline is subdivided
into small segments through the “Split Line at Vertices”
function, ensuring that the original attributes remain intact.

3.2.3 Slope variable computation

To attain a high resolution, particularly when integrating
values of the slope, the shoreline polyline is subdivided
into small segments through the “Split Line at Vertices”
function, ensuring that the original attributes remain intact.

The conventional methodology for slope variable com-
putation is automated as follows:

* Conditional DEM Generation: A conditional DEM,
highlighting regions elevated above 5 m, is produced by
using the “Con” tool.

* DEM Conversion: This conditional DEM is then con-
verted into a polygon via the “Raster to Polygon™ tool.

* Correlation with the Shoreline: Each shoreline seg-
ment’s proximity to the nearest slope value in the condi-
tional DEM polygon is computed by employing the “Near”
tool. Subsequently, the “slope rate” field is generated and
populated by using the following formula in the “Calculate
Field”, where run is the result of near, and rise is 4:

slope(%)=?u—sfl3 x 100 (2)

* Normalization: The z-score normalization technique
is applied to the slope values. This method is preferred
given the variable slope ranges across the extensive regions
considered in general for CVI calculations. Normalization
involves the calculation of the mean () and standard devi-
ation (o). Thereafter, the normalized values (z-scores) are
computed by using the following formulas in the “Calcu-
late field”:

3)

o= e S @

2,=2"FH )

3.2.4 Hybrid calculation of vulnerability
A hybrid approach determines the categorization of the
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Figure 3 Visual representation of the ModelBuilder model constructed in ArcGIS software

slope’s vulnerability. This method combines general stan-
dards (traditional categorization) (European Commission,
2004) with region-specific standards (statistical normaliza-
tion), offering a comprehensive categorization system and
ensuring that the vulnerability assessment is specific to the
terrain and informed by the broader landscape context.

The hybrid classification method leverages the absolute
values of the slope and their statistical standing within the
dataset. The reasoning behind this approach is provided
below:

* Stability of Extremes: Extremely steep or flat terrains
inherently exhibit specific vulnerabilities. Steep terrains
(> 12%) generally have low vulnerability to coastal issues,
such as inundation, and are hence classified as “very low”.
Conversely, very flat terrains (< 3%) are highly suscepti-
ble, leading to a “very high” vulnerability classification.

* Addressing the Middle Ground: The vulnerability of
slopes that are not at the extremes is not only dictated by
their steepness, but also by how they compare with other
slopes in the region as well. z-Score normalization becomes

vital in this situation.

» Statistical Significance of the z-Score: z-Scores offer
insights into how unusual or typical a slope is within the
dataset. A positive z-score indicates that the slope is steeper
than average, whereas a negative z-score means it is gen-
tler than average. The closer the z-score is to 0, the closer
the slope is to the mean value of the dataset.

* Balancing Raw Values and Relative Standing: By
considering the actual value of the slope and its z-score
(Table 2), the hybrid classification method ensures that
slopes are not just evaluated in isolation but also in the
context of their surroundings. For example, a slope that
might be considered of “moderate” vulnerability in one
region might be classified differently in another region
where the average slope is steeper or gentler (Table 3).

Essentially, the hybrid table is a multiattribute table, and
the results are obtained through decision making between
the two integrated tables. This technique is called multiat-
tribute decision making (MADM).

@ Springer
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Table 2 Classification of vulnerability based on z-score normalized
values

Classification of vulnerability z-Score normalization

Very low (1) >2
Low (2) 1-2
Moderate (3) -1-1
High (4) -2—-1
Very high (5) <=2

Table 3 Hybrid calculation of vulnerability based on coastal slope
(%) and z-score normalized values

Slope rate  Slope normalization  Classification of vulnerability
>12 Any 1
12-9 <0 2
12-9 >0 3
9-6 >0 4
9-6 <0 2
9-6 =0 3
6-3 =0 4
6-3 <0 3
<3 Any 5

3.2.5 Multi-attribute decision making (MADM)
MADM is a method used to evaluate and rank multiple
alternatives on the basis of various criteria. It involves com-

paring different options by assigning values or weights to
each criterion, ensuring a comprehensive assessment
(Tzeng and Huang, 2011). Although numerous estab-
lished popular MADM models exist, our model is simpler
than others, using direct thresholds and z-score normaliza-
tion to produce rankings.

* Alternatives: Different locations (lines) with specific
slope values.

* Criteria: The value of the slope (quantitative) and its
z-score normalization (statistical measure).

3.2.6 Final CVI calculation
The culminating step involves the generation and com-

putation of the CVI field. The CVI is calculated by using
the formula provided in the “Calculate Field” tool:

_ 1Y
CVI=->p, (6)

i=1

where n is the number of the parameters (n = 6 in our
case), and p, is the value of each parameter.

4 Results

Upon the creation of the ModelBuilder model, the CVI
was calculated for the study area (Figure 4). Modeling
results show that the CVI fluctuates between 2.3 and 7.3.
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Figure4 CVI and the six parameters

@ Springer



A.Tsokos et al.: Development of a ModelBuilder for Automatizing the Calculation of Coastal Vulnerability Index: Application in the Northern Corinthian Gulf 1057

Similar to the parameters’ values, the CVI is classified
into ranges (i.e., medium for values between 3 and 4, high
for values between 4 and 5, and very high for values greater
than 5).

Given that coastal erosion is affected by multiple param-
eters, its assessment requires the weighting of these param-
eters in accordance with the study area (Li et al., 2015). Of
the six parameters, sea level changes, wave height, and tidal
range were considered equal for the whole study area and,
therefore, bear no actual influence on the geographical dis-
tribution of the CVI values. Of course, we can speculate
that each parameter has a different impact on each part of
the coastline. However, due to the lack of detailed measures
for these three parameters, we cannot further model their
impact on our study area.

It is interesting to mention that there are only two dis-
tinct areas where the CVI is low; approximately half of the
studied shoreline is of medium vulnerability, whereas the
other half is of high to very high vulnerability. Except for
the two small regions in Kamari and Sykia, where the CVI
is very high, only the broader area of Xylokastro falls into
the very high category; this finding is consistent with the
published data on coastal erosion in this part (Valaouris
et al., 2014; Vassilakis et al., 2016).

5 Discussion
5.1 Functionality of the ModelBuilder

Notable differences exist between the results of this study
and those of previous works in the same area. These differ-
ences are mainly attributed to the fact that compared with
the present work, all three previous studies on this area
(Karymbalis et al., 2012; Ramnalis et al., 2023; Tragaki
et al., 2018) focused on a larger area and therefore provided
fewer details on the characteristics (predominantly geomor-
phology) of the study area.

Moreover, there is consistency with the situation reported
by Karymbalis et al. (2012), i.e. that Kamari was character-
ized with medium vulnerability, which increased toward
Sykia. The same trend was found by Ramnalis et al. (2023),
who reported that coastal vulnerability ranged from low to
high or medium to very high from Kamari to Sykia (depend-
ing on which of the two indices is used). Based on this sit-
uation, we conclude that coastal vulnerability in the cen-
tral part of the study area between Kamari and Sykia exhib-
its an increasing tendency, while in the area of Sykia (i.e.,
from NW to SE), it remains low.

Some of the activities, such as the initial segmentation
of the coastline based on geomorphology, were conducted
manually. An automatization of this process would require
multiple open datasets, which were unavailable in our case.
Nevertheless, the rest of the processes were conducted

automatically by using the ModelBuilder model. There-
fore, the overall process of CVI calculation was time-sav-
ing. Moreover, the consistency between our results and
those of previous works points to the fact that our Model-
Builder model functioned correctly.

5.2 Advantages and disadvantages of an
automated process for CVI calculation

The CVI is a commonly used index for assessing coastal
vulnerability and can be very efficient for coastal manage-
ment (Loinenak et al., 2015; McLaughlin et al., 2010). It
combines the coastal zone’s sensitivity to sea level changes,
which is reflected by its natural properties, such as mor-
phological inclination and wave action, with its adaptability
to potential changes. It has proven to be an effective way
of estimating vulnerability to coastal hazards and under-
standing the effect of each social or physical parameter
(Charuka et al., 2023). Another great advantage of the CVI
is that, in contrast to a “physical” model of coastal vulnera-
bility, it is dimensionless, meaning that it allows for com-
parisons between shorelines of different geological, geo-
morphological, and social configurations. Moreover, it can
simplify parameters that would otherwise be a challenge to
incorporate into a mathematical model (McLaughlin et al.,
2010). For these reasons, the CVI is still used today despite
being a relatively old methodological approach (e.g., Cha-
ruka et al., 2023; Depountis et al., 2023; Komi et al., 2022;
Ramnalis et al., 2023; Roukounis and Tsihrintzis, 2022;
Tsaimou et al., 2023).

We can enumerate some advantages and limitations of
the technique based on ModelBuilder compared with the
traditional method for calculating the CVI. These advan-
tages and limitations are summarized in Table 4. To begin
with, several functions cannot and should not be automated.
The first is the segmentation of the coastline and its char-
acterization based on the geomorphology parameter. Dif-
ferent authors have used different methods or a combina-
tion of different approaches to quantify this parameter.
These approaches include the use of aerial photos (e. g.,
Charuka et al. 2023), geological maps (e.g., Ramnalis et al.
2023), or topographic maps and fieldwork (e.g., Ainee and
Anwar 2014).

However, despite the technological advances for coastal
studies, including GIS, remote sensing, and artificial intel-
ligence (e.g., Bahari et al., 2023; Kumar et al., 2020), geo-
morphological mapping cannot be done purely automati-
cally without fieldwork by experts (Hamidova et al., 2024).
Coastal environments are no exception. While this situa-
tion may not be the case on large scales, the accuracy of an
automated method lessens as the scale reduces (van der
Meijj et al., 2022).

For the parameter of geomorphology, a ModelBuilder
model like the one proposed herein can be used. Neverthe-
less, the procedure will not be purely automated because it
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Table 4 Major advantages and disadvantages of an automated method vs. a manual method for CVI calculation

Parameter Automated method Manual method
Time (+) Time-saving (=) Time-consuming
Error in the . . . . . .
+ -_—
calculations (+) Less feasible (done automatically) (-) Highly feasible, especially in large areas
Accuracy of the (+) Highly accurate, with accuracy proportional to the resolution  (—) Accuracy is often limited deliberately because it

final output of the data

(+) Can be applied simultaneously in different areas or in the

would require extra time and effort

(=) Must be made separately in each case without
saving time

(+) Once the CVlI is calculated, a modified version can
be calculated within a short time

Application same area under different conditions

Modification =) (?annqt be applied under a different CVI equation (e.g., a
modified index)

Complete (=) The geomorphology factor and the thresholds of the other

automatization  factors cannot be identified automatically

may still require some adjustments in accordance with the
study area. For example, while the method of slope calcu-
lation is fixed, adjustments could be needed in accordance
with the configuration of the study area. In addition, in the
case that the three parameters we consider stable (wave
height, tidal range, and sea level changes) do show some
variation, their variation will differ from area to area, and
modification and/or customization may be required (cf.
Kaliraj and Chandrasekar, 2012). Our ModelBuilder model,
of course, is created to be applied in areas wherein these
three parameters will not be stable. In any case, work at
the researcher level needs to be conducted in GIS and the
field to produce accurate results.

Some of the benefits of the ModelBuilder model method
over the purely manual method of CVI calculation must be
noted. First, once all the data are imported into GIS, manual
calculations require a large amount of time, which is depen-
dent on the length of the studied shoreline, geomorphologi-
cal characteristics (which determine the number and length
of segments based on the geomorphology parameter), and
characteristics of the other parameters. It involves the seg-
mentation of the coastal zone and the designation of a vul-
nerability value for each segment. Furthermore, depending
on the length of the studied coastline and the number of
segments, mistakes are easy to make.

The ModelBuilder model that we developed ensures that
some of the above procedures are conducted automatically
in a short time and with the necessary accuracy. While the
geomorphology parameter still has to be categorized manu-
ally, the other parameters can be categorized by the soft-
ware. Vulnerability values are assigned automatically. In
addition, the CVI itself is calculated automatically. The
only procedures that must be conducted manually include
setting the thresholds for sea level changes, wave height,
tidal range (in case of variation), and shoreline displace-
ment, i.e., which values will correspond to what vulnera-
bility. However, these four parameters cannot be calcu-
lated purely automatically because they may differ from
area to area.

@ Springer

It is also worth mentioning that several errors may arise
while calculating the CVI manually, particularly in the case
when the coastline is long or when a factor has numerous
different characterizations along the coastline. For exam-
ple, when dealing with a wavelength of considerable varia-
tion, the structured query language selection from the GIS
may induce typographical errors, such as “2.5” instead of
“2.0” or a multiplication sign instead of a division sign,
and the user may not notice these errors. The nonmanual
method calculates each factor and mathematical value
automatically, thereby reducing the possibility of error
substantially.

A further advantage of the automated process is that it
can be applied simultaneously in different areas once the
data are prepared. Moreover, the automated method can be
applied successively in the same area but with different
conditions (e.g., thresholds for the factors). This situation
is not true for the manual method. An important disadvan-
tage of the automated method is that once the factors have
been categorized, a modified version of the CVI, such as
one with the inclusion of another factor and/or the rejec-
tion of a pre-existing one, cannot be applied. This situation
would require the development of a new ModelBuilder
model.

Although the CVI is an index that is easy to calculate,
needing simple GIS processes and data that are easy to find,
it still requires considerable time to be properly and accu-
rately calculated and attention to avoid potential mistakes.
With ModelBuilder, many procedures can be automated or
semiautomated (Kaliraj and Chandrasekar, 2012) such that
the necessary time is reduced and potential human mistakes
are avoided. We do believe that this model will help future
studies by scientists and coastal authorities/stakeholders as
both direct increasing attention to coastal zones.

A major advantage of a ModelBuilder model is that it
depicts potentially complex functions and processes in the
form of a simple and easy-to-follow flow chart. In this
way, the creator of the model can easily monitor it, alter
the order in which functions are performed, and identify
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potential failures or function errors (Darwish, 2023; Deabes,
2017). Moreover, readers can better understand the meth-
odology used. Another advantage is that it can link raster
and vector files even into the same function if necessary
(Chang, 2014). Moreover, all the files created in the inter-
mediate processing are preserved and can be used or modi-
fied if necessary (Darwish, 2023).

5.3 Major limitations of the current study

It is crucial to refer to the major limitations that were
faced during this study. To begin with, while various open
sources of data concerning the maritime parameters of the
Greek coastline (in our case, significant wave heights and
tidal range) exist, they concern the whole Greek coastline
or massive segments of it. As a result, their accuracy is
questionable when small scales are considered. An exam-
ple is the significant wave height of our study area, which
is 0-0.1 m (and is the same throughout the whole north-
eastern part of the Peloponnese). Field observations during
previous studies on this location have confirmed that the
significant wave height is indeed low. However, the value
of 0.1 m found in the literature (Soukissian et al., 2007) is
low for this area, given its problem with coastal erosion
(Valaouris et al., 2014; Vassilakis et al., 2016).

A similar problem is found for relative sea level changes.
On large scales, e.g., on the scale of the whole Corinthian
Gulf, a relatively accurate classification of the coastline
based on this factor would be possible on the basis of the
data provided by the literature (cf. Evelpidou et al. (2023)
and references within). However, on small scales, like our
case study, identifying segments of different tectonic activ-
ities is difficult mainly because first, tectonic activity has
been identified in different ways by each researcher. Osten-
sive indicators of tectonic uplift or subsidence include
landforms (marine terraces, tidal notches, and beach rocks),
archaeological finds (e.g., submerged ancient buildings and
uplifted harbors), geodetic data, and fault activity. There-
fore, even when authors provide quantitative data on verti-
cal tectonic movements, homogenizing and comparing them
are difficult. Second, measuring considerable differences
in vertical tectonic movements along very small stretches of
coastline is difficult unless substantially different events
have indeed occurred or differential movements are present.

In numerous surveys, the geological parameters of the
CVI are often weighted more than the physical (oceano-
graphical) ones, usually due to a lack of data. However,
climate change has already led to remarkable changes in
marine parameters, and this situation has exerted a substan-
tial impact on many coasts. As a consequence, marine
parameters are crucial and should not be neglected (Pang
et al., 2023).

In such cases, identifying these parameters through in situ
observations and measurements in addition to the data from
the literature would be best. An even more accurate way of

quantifying wave activity is through hydrodynamic mod-
els (Pang et al., 2023). Of course, this work did not con-
duct this approach because it does not aim to identify the
coastal vulnerability of the area and provide accurate quan-
titative results but rather aims to automatize coastal vulner-
ability assessment. Clearly, to be integrated, this assess-
ment must be accompanied by field observations and exten-
sive pre-GIS work. Therefore, an automatization of CVI
calculation is important.

6 Conclusions

This study shows that even though not all processes could
be automated (and should not be automated but should
instead be determined and manually inserted by research-
ers), ModelBuilder is a highly valuable tool, not only for
calculating the CVI but for modeling all of its parameters
as well. For example, the segmentation of the shoreline
based on geomorphology cannot be automated because it
is determined by the study area and the researchers’ experi-
ence. By contrast, its resegmentation based on other parame-
ters was facilitated by ModelBuilder, accelerating the pro-
cess and minimizing the possibility of mistakes. The Mod-
elBuilder model facilitates the error-free assignment of the
parameters’ values. It needs to be applied in other coastal
areas for testing and assessment. This work’s specific study
area is at high risk because its CVI values are high to very
high in most parts and moderate in others. This result is
consistent with the findings of already existing works in
the study area, confirming that the ModelBuilder has func-
tioned well.
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