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Abstract: Awareness of coastal landscapes vulnerability to both natural and man-made hazards
induce to monitor their evolution, adaptation, resilience and to develop appropriate defence
strategies. The necessity to transform the monitoring results into useful information is the
motivation of the present paper. Usually, to this scope, a coastal vulnerability index is deduced, by
assigning ranking values to the different parameters governing the coastal processes. The principal
limitation of this procedure is the individual discretion used in ranking. Moreover, physical
parameters are generally considered, omitting socio-economic factors. The aim of the present study
is to complement a geographical information system (GIS) with an analytical hierarchical process
(AHP), thus allowing an objective prioritization of the key parameters. Furthermore, in the present
case, socio-economic parameters have been added to physical ones. Employing them jointly, an
integrated coastal vulnerability index (ICVI) has been estimated and its effectiveness has been
investigated. To show how it works, the proposed method has been applied to a portion of the
Adriatic coastline, along the Apulian region in southern Italy. It has permitted to identify and
prioritize the most vulnerable areas, revealing its efficacy as a potential tool to support coastal
planning and management.

Keywords: coastal morphodynamics; coastal vulnerability index; geographic information systems
(GIS), analytical hierarchical process (AHP)

1. Introduction

Coastal regions worldwide provide important ecosystem services, such as fishing, aquaculture,
tourism and high biological and ecological productivity. During the 20th century, increasing
populations, urbanization and development activities have started altering littoral processes and thus
the provisions of these services [1]. Although coastal zones represent a small part of the urbanized
land, they are exposed to the continuous action of several factors, both natural and man-induced,
operating on different time scales. Some of the most relevant natural factors are: wave height and
direction, wind, tide, sediment transport, sediment supply from rivers to sea, soil subsidence, relative
sea level change, rainfall, frequency and intensity of extreme climate events, including storms. As
well, among the main factors induced by man we can group: maritime constructions and coastal
defence such as ports and barriers, which interfere with the dynamics of sediments [2]; construction
of housing, industrial, recreational infrastructures; interventions in river basin management and
regulation of watercourses to provide water resources for drinking, irrigation and industrial use,
which induce alteration of vegetation and forest drainage [1].

Moreover, most coastal environments around the world are experiencing the effects of climate
change [3-5]. Among its major consequences is the global sea level rise, which will also contribute
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influencing the frequency and intensity of storm surge events [3,6]. In fact, sea level rise could cause
permanent inundations of low-lying regions, amplification of episodic flooding events and increased
beach erosion and saline intrusion, thus increasing the susceptibility of coastal populations and
ecosystems [7,8]. These effects would be even more hazardous when coupled to high concentration
of people and socio-economic activities [9-11].

Consequently, the detection and mapping of coastal areas particularly vulnerable to the impacts
of hazards is a powerful decision tool, serving to promote the sustainable use of coastal resources
and guarantee their conservation. Various methods have been proposed over the years to evaluate
coastline vulnerability [12-14]. This assessment can be strengthened by integrating as much as
possible all different types of risks to which a coastal area is exposed and embedding multiple
dimensions of vulnerability, such as physical and socio-economics factors.

Most commonly used methods to assess coastal vulnerability to climate change are: index- or
indicator-based methods; GIS-based Decision Support Systems (DSS); methods based on dynamic
computer models [12].

Index- and indicator-based approaches are quite similar. Since its original formulation [15,16],
the index-based tool expresses coastal vulnerability by means of a one-dimensional risk/vulnerability
index (CVI, Coastal Vulnerability Index). When a set of independent elements are combined into a
final summary indicator, the approach is named indicator-based. The CVI provides a discretization
of the coastline in various segments, assigning ranking values for each of them, based on different
parameters evaluation. The resulting CV1is a simple numerical basis for ranking sections of coastline
in terms of their potential for changes. Generally, the CVI is expressed as the square root of the
product of the ranking factors divided by the number of parameters considered [17,18]. Similarly,
Vittal Hegde and Radhakrishnan Reju [19] used the sum of the value of each variable divided by the
number of variables. Later, Nageswara Rao et al. [20] calculated the CVI by taking the sum of the
considered variables with the rank of each multiplied by their corresponding weights.

DSS addressing climate change are meant to support decision makers in the sustainable
management of natural resources and in the definition of possible adaptation and mitigation
measures [4]. A key role in these systems is played by GIS (Geographic Information System), that is,
set of computer tools that can capture, integrate and display spatial data. As an example, among these
GIS-based DSS are DESYCO DEcision support SYstem for Coastal climate change impact assessment
[4] and DITTY approach [21]. As an example, DESYCO is an open source software able to combine
different scenario data resulting from climate models and high-resolution hydrodynamic,
hydrological and biogeochemical models with vulnerability analysis of environmental and socio-
economic features of the territory. It provides GIS-based maps, identifying hot-spot areas. DITTY-
DSS incorporates mathematical and analytical models for separately handling biogeochemical,
hydrodynamic, ecological and socio-economic aspects of vulnerability.

Computer based dynamic models can be roughly divided into sector models and integrated
assessment models. The first category is related to a particular coastal process (e.g., coastal erosion or
saltwater intrusion in freshwater systems). The second group, including for example, DIVA Dynamic
Interactive Vulnerability Assessment [22] or REGIS Regional Impact Simulator [12], analyses multiple
impacts.

The principal limitations of index- and indicator-based approaches is the incapacity to address
socio-economic aspects. Consequently, they need to be extended/modified, by adjusting not only the
number but also the typology of the key variables [12,23], which can be properly customized to better
adapt to the specific coastal zone or region. The second weakness of these approaches is that the
weights used in the ranking scale of evaluation are assigned based on individual discretion. The
advantage to adopt more complex tools, such as GIS-based DSS, is in their flexibility, as they can fit
different models/scenarios, identifying and prioritizing areas and targets at risk. On the other side,
building and implementing the model chain requires great initial efforts in terms of time and
resources. As well, also computer based dynamic models allow generating many scenarios but they
often have limited resolution, thus are not appropriate for local scale application. Moreover, they
generally require medium-high expertise to carry out intensive testing and validation.
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For a scoping or ‘first look” assessment, these models result even much sophisticated and time-
consuming. Therefore, we aim to illustrate a relatively simple but efficient method to assess coastal
vulnerability, which allows: i) overcoming of the restrictions of index-based models and ii) to take
advantage from GIS support in processing and visualization. Our proposal is strengthened by the
presence of socio-economic issues in the estimation [24,25] and by an objective hierarchy of the
involved parameters, to go beyond the hastiness and arbitrariness of index-based methods.
Specifically, some selected key parameters, both physical and socio-economics, have been
implemented in a geographical information system (GIS) and have undergone a multi-criteria
evaluation method, named Analytical Hierarchy Process AHP. Finally, the Integrated Coastal
Vulnerability Index (ICVI) has been computed [26,27] using a formulation different from the classical
one by Gornitz et al. [15] and mapped to identify priority of vulnerable coastal areas.

We have verified the applicability and reliability of the proposed methodology in the analysis
of a part of the Adriatic coast in southern Italy, which is very vulnerable and subjected to strong
erosion and human activities.

2. Study Area

The study area is located along the Apulian region facing the Adriatic Sea, included between the
Gulf of Manfredonia and the city of Barletta, for a total length of about 40 km, while its planimetric
width is around 5 km landward (Figure 1). Other two coastal towns in this region are Zapponeta and
Margherita di Savoia. In geo-lithological terms, this coastline was formed on the Quaternary deposit
due to the sediment transport of the Ofanto river (Figure 2), the most important river of the region.
North of Margherita di Savoia’s port the coast has low and mainly sandy beaches (92%), sometimes
pebbly, limited inland by marshy areas, whereas offshore submerged bars and groins are present.
The alongshore sediment transport is northward. The greatest part of this coastal strip has
significantly retreated due to strong erosion phenomena, also intensified by flood risk. The coastline
between Margherita di Savoia and Barletta’s port consists of low sandy beaches (mainly due to the
Ofanto river’s solid supply), with dunes, wetlands and salt marshes. This coastal sector is subjected
to predominant NNW and SSE winds and the annual wave climate is characterized by a bimodal
regime with a clear predominance of waves from N-NNE and E-ESE [28].

It is worth noting that in the last two centuries, the inland region and the coastline have suffered
remarkable transformations. The hydrographic basins of the rivers flowing into the Gulf of
Manfredonia (including the Ofanto river) have been involved in restoring works aiming at
remediating marshy areas and distributing water in reclaimed basins with connected canalizations.
Moreover, the urbanization of the coastal strip has started in 1960. Consequently, the solid supply
from land to sea has diminished, contributing to a widespread erosion, still occurring today along
the entire coast from Manfredonia to Margherita di Savoia.
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3. Materials and Methods

The identification of more vulnerable coastal strips, where potential risks may be relatively high,
has been faced in literature by applying different methodological approaches, as previously written.
Among the first and widely adopted methods is the index-based one, which provides a Coastal
Vulnerability Index (CVI) [15,29-33] usually according to the following steps. Firstly, key parameters
are identified, that is, those ones linked to the hazard, which potentially could cause an adverse effect
and those ones linked to susceptibility, which make the system prone to the effects of the hazard
factors [15,34]. The number and typology of the key parameters can be modified according to the
study area, the specific needs and the available data [12-14]. The second step consists in rating the
key parameters, generally based on a semi-quantitative score, from low to high vulnerability. Finally,
the key parameters are integrated in the single index, which represents the general vulnerability of
the coastal area.

The added value of the present study is in attributing a rating to the key parameters, jointly
physical and socio-economic, based on the Analytic Hierarchy Process (AHP) proposed by Saaty [35]
and Saaty and Vargas [36]. This is a robust and flexible multi-criteria decision analysis methodology,
able to provide a better understanding of complex decisions by decomposing the problem into a
hierarchical structure. Specifically, AHP employs a pairwise comparison procedure between the
decision elements, successively ranking them according to their relative importance, thus enabling to
obtain a scale of preference amongst the available alternatives [37]. Several studies have shown how
the AHP methodology can be successfully used as a decision tool for the case of landslide hazard
zoning, flood mapping and soil erosion danger mapping [30,38,39]. Nevertheless, few studies have
applied the AHP methodology for the analysis of coastal vulnerability [32,33].

In the present study, as briefly sketched in Figure 2, starting from the available data, we have
firstly recognized some key parameters. Seven physical parameters have been selected to detect the
Physical Vulnerability Index (PVI). Among these, sea level rise, significant wave height and mean
tidal range are the active ones linked to the hazard, which potentially could cause an adverse effect.
On the contrary, coastal slope, coastal elevation, coastal landforms/features and shoreline change rate
are the passive ones linked to susceptibility, which make the system prone to the effects of the hazard.
Following a similar protocol, the Socio-economic Vulnerability Index (SVI) has been calculated using
three parameters, which are susceptibility triggering: population, road networks and land use/land
cover. Although the parameters considered for the SVI are not exhaustive, they are indicative of the
socio-economic vulnerability status of the target region. All these parameters have been implemented
in a GIS and have undergone the multi-criteria evaluation method AHP, used to calculate the
parameters’ weights. Finally, PVI and SVI have been joined to compute the ICVI with a new
formulation, different from the classical one by Gornitz [15] and Gornitz et al. [16], which has been
discussed.

The GIS implementation has been based on data collection and processing, by means of
superposition, graphical visualization of the parameters and, finally, mapping of the results. The
available data have been previously converted in vectorial format to be overlapped and made
comparable each other.

3.1. Physical Parameters

The seven analysed physical parameters contributing to the PVI are listed in Table 1, together
with the sources respectively providing these data and the time period covered by the same data. It
is worth noting that the selection of these parameter is based on previous applications of the CVI
method [17,18]. In any case, we remark that Thieler and Hammar-Klose [18] originally applied the
index-based method to evaluate the potential vulnerability of the U.S. coastline at the national scale.
Therefore, we have adapted our selection to the specific target site [12], taking into account its
geographical and morphological peculiarities, especially referring to a low-lying area. The standard
practice [40,41] is to assemble a list of variables using criteria such as suitability, availability of data,
usefulness and ease of recollection.
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As suggested by Payo [42], some of these parameters are dependent and exert reciprocal
feedbacks. For example, if the shoreline rate change is negative, that is, the shore is eroding, it
becomes wider and gentler. Consequently, the impact of waves is lower for the same given energy.
It is difficult to quantitatively consider these interactions, thus the adoption of the AHP approach
reveals very useful. In fact, the reciprocal influence of the variables is estimated in the procedure, by
means of proper matrixes of comparison (as shown in the following Section 3.3).

In the adopted technique, the target coastline has been segmented into strips of equal lengths
(500 m). For each strip and for each considered physical parameter a vulnerability ranking from 1 to
4 has been assigned, representing very low, low, high and very high vulnerability, respectively (Table
2). The thresholds chosen for the four classes shown in Table 2 are the same already used in previous
classical studies. In particular, referring to significative wave height and shoreline rate change the
limits by Thieler and Hammar-Klose [18] are replicated, to sea level rise those by Tragaki et al. [25],
to tidal range those by Karimbalis et al. [43].

Table 1. Physical and socio-economic parameters investigated in the study.

Variable Data Source Period of Reference
Atlas of Italian beaches
Coastal slope Data from Territorial Information Service— 2001
Apulian Region (www.sit.puglia.it)
Coastline Cartography and orthophoto f.rom Natlon'al 2005; 2008; 2011; 2013
landforms/features Geoportal (http://www.pcn.minambiente.it)
Significant Wave European Centre for Medium-Range Weather 20082013
height Forecasts (ECMWF) model
.g Shoreline change rate Aerial photos (spatial), GPS measurements 1992; 12%91?', 22%(12' 2008;
> Literature data about the projections of global
. mean sea level rise over the 21st centur
Sealevel rise (IPCC 2014; Galassi and Spada [5]; LambeZk et 1990-2100
al. [44])
Tidal data Tide gauge data from National tid(.a ga.uge 1999-2014
network (https://www.mareografico.it/)
Coastal elevation Data fror.n Territ.orial Inforrr}ation ?er.vice— 2015
Apulian Region (www.sit.puglia.it)
Census sectors maps and Statistic data from
o Population National Institute of Statistics 2017
‘B (https://www istat.it/)
g Road networks ANAS (http://stradeanas.it/it) 2017
§ Cartography from Ortho-images from
_g National Geoportal 2017
& Land use/Land cover (http://www.pcn.minambiente.it) 2011

Data from Territorial Information Service—
Apulian Region (www.sit.puglia.it)
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Table 2. Vulnerability ranking assigned for physical parameters.

Coastal Vulnerability Ranking

P t D ipti
arameter ESCHPHON ey Low (1) Low (2) High3)  Very High (4)
Coastal slope (%) Percentage of >2 1.3+2 05+13 01+05
coastal slope
C?astal Mudflats,
Coastal resistance . Dunes,
R . Protection i mangroves,
landforms/featur  capacity against Rocky coast estuaries and
s works beaches,
es erodibility and lagoons

. barrier-spits
sea level rise

Significant wave

Significant wave .
& height can cause

height <0.55 0.55+0.85 0.85+1.2 >1.2
severe coastal
(m) crosi
osion
Mobility
Shoreline change ?horil.me
rate Post '1ve >+2 +2t0 0 O0to-2 <2
(m/yr) accretion,
y negative
erosion)
Sea level rise M.ean sea-level <18 1826 2 6+34 s34
(mm/yr) rise per year
Difference
Tidal range (m) ~ Corweenyearly <02 0.2+0.45 0.45+0.7 >0.7
mean high tide
and low tide
Coastal elevation  Surface elevation -6 3.6 03 <0

(m) to mean sea level

3.1.1. Coastal Slope

Coastal slope, obtained as the ratio of the altitude change to the horizontal distance between any
two points on the coast perpendicular to the shoreline, is a key factor in estimating the impact of sea
level rise on a target coastline and thus in evaluating land loss from inundation. Coastal areas with
gentle land slope are considered highly vulnerable, since they allow abundant penetration of
seawater, whereas location with steeper slopes are assumed as areas of low vulnerability, providing
greater resistance to inundation due to rising sea levels and storm surges [17,32].

Data provided by the Italian Atlas of the Beaches [28] and by the Territorial Information Service
of the Apulian Region (www.sit.puglia.it) show that the coastline of the study area mainly consists
of sandy beaches, with an average slope of the submerged beach equal to 1%. Submerged bars, both
single and in series, are also present. The northern coastline is characterized by higher slopes, within
the range 1.0-1.3%, while the southern coastline slopes are in the range 0.9-1.0%. These data have
been determined from a topographic and bathymetric grid extending 5 km landward and seaward
of the shoreline.

In Table 2, referring to percentage slope values, four classes of vulnerability are identified, from
high (coastal slope less than 0.5%, that is, very gentle slope) to low vulnerability (coastal slope greater
than 2%, that is, steep slope). Following this classification, the map of coastal slope vulnerability has
been implemented and is displayed in Figure 3.

3.1.2. Coastal Landforms/Features

Coastal landforms/features deal with the coastal morphology due to marine processes and
landscape evolution. They represent the response of the coast to both erosion and sea level rise.
Landforms offer a certain degree of resistance to erosion: for instance, rocky cliffs and wave-cut
benches offer maximum resistance and therefore are much less vulnerable than sandy and muddy
forms such as dunes, mudflats and so forth, offering the least resistance and so being extremely
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vulnerable to sea level rise [17]. These behaviours have been considered to classify the vulnerability
ranking for this physical parameter, as written in Table 2. Orthophotos and satellite images (Table 1)
have shown that landforms in the study area are prevalently beaches, sand dunes, tidal flats and
estuaries. The northernmost coast, from Manfredonia to Margherita di Savoia (Figure 2) is
characterized by low and mainly sandy beaches (sometimes pebbly), with marshy areas inland.
Along the coastline from Margherita di Savoia to Fiumara (Figure 2) a low sandy coast with dunes,
wetlands and salt marshes is settled. The detailed map of coastal landforms/features vulnerability
based on this data is shown in Figure 3.
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Figure 3. Vulnerability ranking map of physical parameters.

3.1.3. Significant Wave height

The mean significant wave height is a pivotal parameter in many aspects of coastal evolution,
especially considering that wave energy is directly related to the wave height, as E = 1/ 8 pgH’ , being
E the energy density, H the wave height, p the water density and g the gravity acceleration.

Increasing wave energy results in an increased intensity of coastal processes (more often erosion
than accumulation), wave set-up and inundation along the coast, finally causing loss of land.
Coastlines experiencing high wave heights are thus considered more vulnerable than those exposed
to low wave heights [17,45], assuming that higher waves breaking has a stronger impact on the beach
and mobilizes and transports coastal sediments (refer to Table 2 for ranking values). Furthermore,
the wave action may endanger the cultural heritage and the infrastructures in low-lying areas [46].

The significant wave height data used in the present study come from a previous work by
Armenio et al. [47], where wave hind-casting was executed, starting from the results of the European
Centre for Medium-Range Weather Forecasts (ECMWF) model. For the coastline from Margherita di
Savoia town to the port of Barletta (Figure 2) the mean significant wave height is equal to 0.77 m,
with a wave propagation direction of 227° N and a wave period of 4.23 s. The coastline northward
Margherita di Savoia’s port is characterized by a significant wave height equal to 0.92 m, with a wave
period of 5.33 s and a wave propagation direction of 244° N. The deduced map of wave height
vulnerability is plotted in Figure 3.
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3.1.4. Shoreline Change Rate

Shoreline changes are the result of coastal processes which mainly depend on wave
characteristics, near-shore circulation, littoral transport and beach forms. Accreting coastlines are
considered less vulnerable because they benefit from the accumulation of land areas. As well,
coastlines in erosion are considered highly vulnerable due to the loss of natural and man-made
resources. Four categories of vulnerability have been identified for shoreline rate of change,
corresponding to high erosion, low erosion, low accretion and high accretion (Table 2).

The historical shoreline positions have been detected from geo-referenced aerial photographs,
digital orthophotos and field surveys (Table 1). Specifically, shoreline data referring to the years 1992,
1997, 2006, 2008, 2011 and 2013 have been digitized and superimposed for comparison. The shoreline
rate of change has been successively computed using the ArcGIS© GIS-Digital Shoreline Analysis
System (DSAS) tool [47], which applies a linear regression rate method, starting from the shoreline
position along specified perpendicular transects (more details [29]). Much of the target coastline is in
strong retreat due to advanced erosion and is also subjected to flood risk, as resulting from the Coastal
Plan of the Apulia Region [28]. The obtained vulnerability map is shown in Figure 3.

3.1.5. Sea Level Rise

The variation in sea level is based on global and local environmental and physical factors, with
a strong temporal variation. Its effects, depending on the coastal site morphology, lithological
composition, hydrodynamic regime and extension of anthropogenic pressure [48,49] can be mainly:
accelerated erosion at sedimentary coasts; intrusion of saline water into groundwater, thus impacting
ecosystems; changes in tides, affecting coastal flooding [50-52]. Sea level change is one of the most
important consequences of climate change. From the Intergovernmental Panel on Climate Change
data [3,52]) a global rise in the sea is expected, ranging from a minimum of 53 cm to a maximum of
97 within 2100.

The historical level of the sea in the Mediterranean and in the Adriatic Sea shows wide
interannual and multi-year fluctuations, mainly due to meteorological conditions [50-52]. For the
present study, data of sea level variation are referred to studies focusing on the Mediterranean Sea
[5,44]. Considering their results, across the whole Mediterranean Sea, a minimum sea-level rise
around 2.4-2.5 mmy/year has been taken as reference. Four vulnerability classes related to the mean
annual sea level rise have been identified, based on Tragaky et al. [25] and consequently a low
vulnerability value has been applied to the study area.

3.1.6. Tidal Level

Tidal range could origin occasional inundation hazards. For the present study, the mean tidal
range in the southern Adriatic Sea has been estimated based on the tide gauge station of the National
tide gauge network (https://www.mareografico.it/) located in Bari, for the period 1999—2014.
Numerical filters have been applied to obtain the annual mean tidal range value [53]. Four classes of
vulnerability ranking have been defined, as shown in Table 2, correlating tidal ranges to both
permanent and episodic inundation hazards, causing erosion and transport of sediment. Therefore,
macro-tidal coasts (>4 m) are the most vulnerable ones, while coastal areas characterized by low tidal
ranges are designated to be of low vulnerability [15]. In terms of mean tidal range, the entire study
area coast falls into the low vulnerability category (Figure 3), being a region with limited extension,
characterized by a mean tidal value around 0.30 m (Bari station).

3.1.7. Coastal Elevation

Coastal elevation is defined as the average height of an area above the mean sea level. High-
resolution topographic mapping is necessary to quantitatively assess coastal areas at risk from
flooding and future sea level rise. High elevations make the coast less susceptible, whereas low
elevations make it highly vulnerable (Table 2).
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In this study, data of coastal elevation have been derived from Digital Elevation Models (DEM)
of the Territorial Information Service of the Apulia Region (www.sit.puglia.it), from gridded
topographic and bathymetric elevation at 1 m vertical resolution for 8 m grid cells. The results of the
vulnerability evaluation are provided in Figure 3, where low coasts with sandy beaches are mainly
observed, hence being very vulnerable.

3.2. Socio-Economic Parameters

The changes of coastal systems due to social, economic and built-environment variables occur
frequently and rapidly, even more than those due to physical processes, thus their contribution
cannot be disregarded in the coastal vulnerability assessment [54]. The variables here selected for the
estimate of the SVI are: population number, land use/land cover and road networks (Table 1). In this
study case, the target area has been segmented every 500 m and assigned a vulnerability rank ranging
from 1 (very low vulnerability) to 4 (very high vulnerability) as shown in Table 3.

All the vulnerability rankings assigned to the socioeconomics parameters are grouped with
thresholds based on previous studies [12,14,24]. Consequently, the vulnerability ranking map
following these socioeconomics parameters has been implemented.

Table 3. Vulnerability ranking assigned for socioeconomics parameters.

Coastal Vulnerability Ranking
Very Low (1) Low (2) High (3) Very High (4)

Parameter Description

Number of residents in

Population C 0-5000 5000-10,000  10000-50,000 >50,000
the coastal municipality.

Road Presence of roads in
networks coastal areas in terms of
. . >1.5 1.5-1.0 1.0-0.5 <0.5
(distance distance from the
in km) shoreline.
Vegetated
Land use refers to Barren land, 8
land or open
purposes served by land water
. . R . spaces, Coastal Urban,
(i-e., recreation, tourism, bodies, . .
. . area (tidal ecological
Land agriculture, residence). marsh/bog . e
flats, Agriculture/ sensitive
use/Land Land cover refers to and moor, .
mangroves, fallow land regions.
cover surface cover on the sparsely
. . salt pans, Urban and
ground (i.e., vegetation, vegetated . .
. beaches), industrial area
urban infrastructure, areas, bare
. natural
water, bare soil or other). rock
grassland

3.2.1. Population

Most populated areas have increased economic value because people tend to protect their
properties, especially from erosion [55,56]. On the contrary, areas where few people live may not
experience the same attention on the coastal environment or have the same resources for protection
[57]. Moreover, a greater number of resident people generally implies more residential or industrial
building interventions, with consequent environmental impacts on the coast. Data on population
density obtained from the Italian National Institute of Statistics (Table 1) show that areas with denser
population are especially localized around Barletta and Margherita di Savoia (Figure 4). Based on the
ranking criteria, four vulnerability classes have been derived (Table 3).
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Figure 4. Distribution of population number, major provincial roads and motorways road in the study
area.

3.2.2. Coastal Road Networks

The road network is a relevant socio-economic information to evaluate coastal vulnerability and
risk, being directly referred to local accessibility, in terms of distance from cities and transport
infrastructures (e.g., railways, roads). The spatial distribution and clustering of places and structures
where people live and move is a key element in quantifying damages on human life, services and
economies (mainly in terms of immediate effects from for example, inundation or surges). In
addition, road networks are crucial during a natural calamity, to face emergencies and improve early
warning systems. The road network data used in this study have been obtained from the Italian
Ministry of Infrastructure and Transport and local institutions (Table 1). Figure 4 shows the major
provincial roads and motorways roads. The classification has been done by selecting buffers within
1.5km from the shoreline. Based on this, the vulnerability ranking has been fixed, as written in Table
3.

3.2.3. Land Use/Land Cover

The territorial information system of the Apulian region (www.sit.puglia.it) has provided
information about the land use of the region, since 2011, as shown in Figure 5, together with
indications of land covering. The northern part is characterized by irrigated areas inland and
residential areas along the coast. In the centre, salt plants are close to the coast, while fruit orchard
and vineyard are prevalent inland. The agricultural area also dominates the southern zone, where
densely populated residential areas are also present in the coastal strip. Urban centres are Margherita
di Savoia and Barletta towns, hence classified with very high/high vulnerability. Considering the
monetary value due to land use/cover, four vulnerability classes have been identified, as shown in
Table 3.
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Figure 5. Map of land use/land cover.

3.3. Analytical Hierarchical Process

The Analytical Hierarchical Process (AHP) is a multicriteria decision analysis method that solves
decision-making problems by ranking possible alternatives according to several criteria [35,36].

The AHP evaluates the needed weighting factors by means of a preference matrix, where all the
selected parameters, considered relevant for the specific study, are compared against each other.
Firstly, pairwise comparisons are carried out for all the parameters involved in the definition of both
PVI and SVI and the matrix is completed using scores based on their relative importance. In the
construction of the pairwise comparison matrix, each parameter is rated against every other one by
assigning a relative dominant value between 1 and 9, according to Saaty rating scale [35] as shown in
Table 4. In this way, qualitative evaluations are transformed into a quantitative assessment.

In the present study, referring respectively to physical and socio-economic parameters, a score
has been assigned to each couple of compared parameters, following the Saaty scale (Table 4) and
two different pairwise comparison matrixes have been derived (Tables 5 and 6). This operation in
any case involves a certain arbitrariness, even if deductions on the relative importance of the
parameters have previously been made, as summarized in Figures 3 and 6.
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Table 4. Saaty rating scale [35].

Intensity of

Definition Explanation
Importance
1 Equal importance Two factors contribute equally to the objective
3 Somewhat more Experience and judgment slightly favour one over
important the other
5 Much more Experience and judgment strongly favour one over
important the other
Experience and judgment very strongly favour one
Very much more P Jucs Y &Y .
7 ; over the other. Its importance is demonstrated in
important .
practice
9 Absolutely more The evidence favouring one over the other is of the
Important highest possible validity
2,4,6,8 Intermediate values Compromise is needed
Table 5. Pairwise comparison matrix of physical variables.
Coastal Coastal Rate of Mean I;/Iiein Coastal
Variables Landform/F  Shoreline  Tidal en. . Sea Level
Slope at Chan Ran Wave Elevation
€ 8¢ 8¢ Height
Coastal 1 3 6 9 9 4 7
Slope
Coastal
landform/feature 13 1 5 ? 8 3 6
Rate of shoreline 16 15 1 5 4 13 3
change
Mean tidal range 1/9 1/9 1/5 1 1/2 1/7 1/3
Mean sign. wave
. 1/9 1/8 1/4 2 1 1/5 1/3
height
Coastal 1/4 1/3 3 7 5 1 4
elevation
Sea level 1/7 1/6 1/3 3 3 1/4 1
Column Total 2.11 4.94 15.78 36 30.5 8.92 21.66

Table 6. Pairwise comparison matrix of socioeconomics variables.

Variables Population Density Land Use/Land Cover Roads Network
Population density 1 4 8
Land use/Land cover 1/4 1 4
Roads network 1/8 1/4 1
Column Total 1.38 5.25 13
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Figure 6. Vulnerability ranking map of socio-economic parameters.

To overcome this subjective evaluation, the method by Saaty [35] explains that the matrix must
be consistent and thus an index of consistency, known as consistency ratio CR, must be computed
with the following formula:

CR=CI/RI (1)
where CI is the consistency index and Rl means a random index.
The consistency index CI is expressed as:

_ (Amax—n)
T @)

where Awmax is the principal eigenvalue of the matrix and 7 is the order of the matrix.

The RI values for different values of n can be obtained by Saaty and Vargas [36], as shown in
Table 7.

If CR <0.10, the matrix is consistent, otherwise if CR > 0.10 we need to re-evaluate the pairwise
comparisons and test again the consistency by AHP. This procedure ensures the correct prioritization
of the involved variables [58].

Operatively, we have summed the values in each column of the pairwise matrix and have
normalized each value by its column total, thus generating a normalized pairwise matrix (as shown
in Tables 8 and 9 respectively for physical and socio-economic parameters). The mean value of each
row of this normalized matrix is the weight to be used for the row entry parameter, if consistency is
verified.

In the present case, following Equations (1) and (2) we have obtained the consistency ratios less
than 0.1 (Table 10) for both physical and socio-economic matrixes, consequently these weights
derived using AHP have been used to compute the PVI and SVI.

Specifically:

PVI = WiXi+ W2Xo + WiXs + WeXs + WsXs + WeXs + Wi X7 3)
SVI = WsXs + WoXo + WioXio 4)

where Wi is the weight value of the i-th variable and Xi is its vulnerability score (with i =1 + 10).
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Table 7. Values of RI, with n order of the matrix [36].

n 1 2 3 4 5 6 7
RI 0 0 0.58 0.9 1.12 1.24 1.32

Table 8. Normalized matrix of physical variables.

Coastal Coastal Rate of Mean Mean Sien Coastal
Variables oasta Landform/ Shoreline Tidal ea g . 0as ‘a Sea Level
Slope Wave Height  Elevation
Feature Change Range
Coastal slope 0.474 0.608 0.380 0.250 0.295 0.448 0.323
Coastal 0.156 0.203 0317 0.250 0.262 0.336 0277
landform/feature
Rate of shoreline 0.081 0.041 0.063 0.139 0.131 0.037 0.139
change
Mean tidal range 0.052 0.022 0.013 0.028 0.016 0.016 0.015
Mean sign. wave 0.052 0.025 0.016 0.056 0.033 0.022 0.015
height
Coastal elevation 0.118 0.067 0.190 0.194 0.164 0.112 0.185
Sea level 0.066 0.034 0.021 0.083 0.098 0.028 0.046
Table 9. Normalized matrix of physical variables.
Variables Population Density Land Use/Land Cover Roads Network
Population density 0.7273 0.7619 0.6154
Land use/Land cover 0.1818 0.1905 0.3077
Roads network 0.0909 0.0476 0.0769

Table 10. Computation of the consistency ratio (CR).

Variables Physical Variables Socioeconomic Variables
Amax 7.50 3.05
N 7 3
CI 0.08 0.03
RI 1.32 0.58
CR 0.06 0.04

4. Results and Discussion

As a result, Figure 7 maps the computed physical and socio-economics vulnerability indexes,
where PVI and SVI are displayed for each segmented and examined sector. From the comparison of
PVIand SVIin Figure 7, it can be noticed that the coastal stretch of Barletta is almost entirely classified
as highly vulnerable in physical terms. On the contrary, from the socio-economic point of view, its
vulnerability is more variable and is very high in a very limited stretch around Fiumara. The opposite
situation occurs in the northern section of the coast. The coastline of Zapponeta shows an extended
section with low vulnerability considering PVI and a high vulnerability considering SVI.

After these considerations, we have observed that a further step is necessary to have the most
complete vulnerability assessment of the coastline. To this, firstly, the classical and mostly used
formulation has been applied [15], even if it differs from the classical CVI formula because of the
inclusion of the socio-economic variables. In fact, we have computed the square root of the product
of the estimated contributions of each variable, based on Tables 2 and 3 in our case, divided by the
total number of criteria [15,45]:

ICVI1 = /(X " X; - X; - Xn0)/i (with1=1,2, .., 10) (5)

This option is the geometric average of the numerical values of the criteria [15,59] consequently
the resulting ICVI_1 tends to smooth out single large values of some criteria (damping extreme
ranges) and to particularly highlight cases when most of criteria have above average levels. It has
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been widely used at local, regional and supra-regional scale. As an example, the U.S. Geological
Survey (USGS) used this formulation to evaluate the potential vulnerability of the U.S. coastline at
the national scale [17,18]. They limited this expression to only physical parameters. In the present
case, the socioeconomic parameters have been also taken into consideration (i.e.,, Xs, X9 and Xio
variables in Equation (5)). It is worth noting that this expression may be quite sensitive to small
changes in individual factors. Furthermore, the Xi values used in Equation (5) are not objectively
weighted by means of any AHP procedure. Therefore, a second formulation has been investigated
[32,57], directly combining both PVI Equation (3) and SVI Equation (4) to compute:

ICVI 2 = PVI+SVI

(6)

In this way, both physical and socio-economic factors have equal contribution in the coastal
vulnerability assessment. Moreover, the ranked parameters used in Equations (3) and (4) are
weighted by the AHP method.

For each ICVI index, the obtained scores have been equally divided into 4 classes, attributing
very low vulnerability to the lowest values class and very high vulnerability to the highest values
class. Figure 8 shows the map of the examined area where ICVI_1 and ICVI_2 are both plotted along
the coast, with their corresponding classification.
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Figure 7. Physical and socio-economic vulnerability index map.

The shoreline length falling in each vulnerability class, for both ICVI_1 and ICVI_2, is shown in
Figure 8. Following ICVI_1 result, a coastline length equal to 1.5 km (i.e., the 3.75% of the total
coastline) is classified as very highly vulnerable, while following ICVI_2 result a coastline length of
6.0 km is very highly vulnerable (i.e., the 15% of the total coastline). Similarly, the length of coastline
with very low vulnerability is equal to 21.0 km considering the ICVI_1 estimation and 5.0 km for the
ICVI_2 estimation, which correspond to 52.5% and 12.5% of the total length, respectively.

Specifically, in Figure 8 we observe that ICVI_1 is characterized by very low/low vulnerability
along mostly of the examined coastline, except for a very a limited area around Fiumara. By
comparing Figure 8 with Figure 7, we note that ICV_1 distribution replicates the one of PVI in
correspondence of very low and low PVI values, while the high and very high vulnerability
elsewhere to both physical and socio-economic parameters is not evident in ICV_1 map. Therefore,
we deduce that ICV_1 tends to underestimate the real coastal vulnerability, as a consequence of the
flattening of the higher values due to Equation (5).
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Figure 8. Coastal vulnerability index map.

Conversely, ICVI_2 index seems affected more by physical parameters than by socio-economic
ones, when PVI score is higher than SVI one, as resulting along the southern coast. As well, along the
northern coastline, where the scores of PVI are very low/low (Figure 7), ICVI_2 distribution is
analogously more consistent with PVI distribution. Along the central coast, where both physical and
socio-economic effects contribute to high vulnerability, even if with different weights as deduced by
AHP, ICVI_2 shows high and very high scores. Thus, we can note that ICV_2 is more sensitive to
physical parameters.

ICVI_2 map, more reliably than ICV_1 map, respond to the typical and known peculiarities of
the target coastal environment, thus resulting in a more accurate and realistic vulnerability
assessment. Finally, we note that the ICVI_2 index is also more conservative than the ICVI_1 one. A
true validation of this result could be operated only based on the historical behaviour of the costal
site and on the experience. A rough validation of ICV_2 approach could be done considering the
strong erosion suffered in recent years along the coast northward Margherita di Savoia, because of
different factors [53] and which seems to be consistent with the obtained ICV_2 distribution.

We can certainly observe that this proposed approach is quite simple to implement. Adjustments
may be needed to address relevant characteristics in different regions and/or to make best use of
available data. Nevertheless, it is a useful tool for “first look” assessment, in need of more detailed
investigations, as it allows the identification of priority vulnerable coastal areas. It could be also very
useful for communication purposes. If compared with DSS tools and dynamic models, which are
much more complete but also much more complex to implement and time consuming, this procedure
is feasible and telling piece of a system that is satisfactorily illustrated to stakeholders, representing
a necessary step in coastal zone management plans.

5. Conclusions

The present study has proposed an objective methodology to evaluate coastal vulnerability
based on some key parameters, both physical and socio-economic. The procedure is based on the
implementation of this data in a GIS and on the following application of the analytical hierarchical
process to derive the ranked weights for these parameters. In the present application, the obtained
weights have been used to compute a physical index and a socio-economic index, successively joined
into an integrated coastal vulnerability index.

A formulation different from the classical one has been used to this scope and it has revealed
even more satisfactorily. In fact, the study has shown that the classical formulation (ICV_1)
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underestimates the coastal vulnerability. The new proposal (ICV_2) has illustrated that the examined
Adriatic Apulian coast is more vulnerable to physical parameters than to human induced hazards.
Particularly, a coastline length of 6.0 km is very highly vulnerable (i.e., the 15% of the total coastline)
especially in the southern area, while a coastline length of 5.0 km (i.e., the 12.5% of the total length)
has a very low vulnerability especially in the northern area.

The proposed procedure is quite simple to implement, repeatable and general and allows to
rapidly obtain vulnerability maps for a ‘first look” assessment. If compared with other more complete
but also more complex methodologies and models, it is much more feasible in providing tools to
prepare and respond to different impacts on people and settlements.

Author Contributions: Investigation, Methodology, Writing—original draft, F.D.S. and E.A.; Writing —review
& editing, F.D.S.; Conceptualization and Supervision, M.M. and A.F.P.

Funding: This research received no external funding.

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

References

1.  Pramanik, M.K; Biswas, S.S.; Mondal, B.; Pal, R. Coastal vulnerability assessment of the predicted sea level
rise in the coastal zone of Krishna—Godavari delta region, Andhra Pradesh, east coast of India. Environ.
Dev. Sustain. 2016, 18, 1635-1655.

2. Feola, A, Lisi, I; Salmeri, A.; Venti, F.; Pedroncini, A.; Gabellini, M.; Romano, E. Platform of integrated
tools to support environmental studies and management of dredging activities. ]. Environ. Manag. 2016,
166, 357-373.

3. IPCC. Summary for policymakers. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A:
Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change; Field, C.B., Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea,
M.D,, Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C,, et al, Eds.; Cambridge University
Press: Cambridge, UK; New York, NY, USA, 2014; pp. 1-32.

4. Torresan, S.; Critto, A.; Rizzi, ]J.; Marcomini, A. Assessment of coastal vulnerability to climate change
hazards at the regional scale: The case study of the north Adriatic Sea. Nat. Hazards Earth Syst. Sci. 2012, 12,
2347-2368.

5. Galassi, G.; Spada, G. Sea-level rise in the Mediterranean Sea by 2050: Roles of terrestrial ice melt, steric
effects and glacial isostatic adjustment. Glob. Planet. Chang. 2014, 123, 55-66.

6.  Pickering, M.D.; Horsburgh, K.J.; Blundell, J.R.; Hirschi, ].M.; Nicholls, R.J.; Verlaan, M.; Wells, N.C. The
impact of future sea-level rise on the global tides. Cont. Shelf Res. 2017, 142, 50-68.

7. McLean, R; Tsyban, A.; Burkett, V.; Codignotto, ].O.; Forbes, D.L.; Mimura, N.; Beamish, R.J.; Ittekkot, V.
Coastal zone and marine ecosystems. In Climate Change 2001: Impacts, Adaptation and Vulnerability;
McCarthy, J.J., Canziani, O.F., Leary, N.A., Dokken, D.]., White, K.S., Eds.; Cambridge University Press:
Cambridge, UK, 2001; pp. 343-380.

8.  Martinez-Grafa, A.; Gomez, D.; Santos-Francés, F.; Bardaji, T.; Goy, J.L.; Zazo, C. Analysis of flood risk due
to sea level rise in the Menor Sea (Murcia, Spain). Sustainability 2018, 10, 780.

9.  Torresan, S.; Critto, A.; Dalla Valle, M.; Harvey, N.; Marcomini, A. Assessing coastal vulnerability to climate
change: Comparing segmentation at global and regional scales. Sustain. Sci. 2008, 3, 45-65.

10. Armenio, E.; De Serio, F.; Mossa, M. Analysis of data characterizing tide and current fluxes in coastal basins.
Hydrol. Earth Syst. Sci. 2017, 21, 3441-3454.

11. Maanan, M.; Rueff, H.; Adouk, N.; Zourarah, B.; Rhinane, H. Assess the human and environmental
vulnerability for coastal hazard by using a multi-criteria decision analysis. Hum. Ecol. Risk Assess. Int. ].
2018, 24, 1642-1658.

12.  ETC CCA. Methods for Assessing Coastal Vulnerability to Climate Change; Technical Paper 1/2011. Available
online: http://cca.eionet.europa.eu/docs/TP_1-2011 (accessed on on 20 September 2018).

13. Bosom, E.; Jimenez, J.A. Probabilistic coastal vulnerability assessment to storms at regional scale e
application to Catalan beaches (NW Mediterranean). Nat. Hazards Earth Syst. Sci. 2011, 11, 475-484.



Geosciences 2018, 8, 415 19 of 20

14.

15.
16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Shanganlall, A.; Ferentinou, M.; Karymbealis, E.; Smith, A. A Coastal Susceptibility Index Assessment of
KwaZulu-Natal, East Coast of South Africa. In IAEG/AEG Annual Meeting Proceedings, San Francisco,
California; Springer: Cham, Switzerland, 2018; Volume 5, pp. 93-100.

Gornitz, V.M. Global coastal hazards from future sea level rise. Glob. Planet. Chang. 1991, 3, 379-398.
Gornitz, V.M.; White, T.W.; Cushman, R.M. Vulnerability of the U.S. to future sea-level rise. In Proceedings
of the Seventh Symposium on Coastal and Ocean Management, Long Beach, CA, USA, 8-12 July 1991; pp.
2354-2368.

Thieler, E.R.; Hammar-Klose, E.S. National Assessment of Coastal Vulnerability to Future Sea-Level Rise:
Preliminary Results for the U.S. Gulf of Mexico Coast; U.S. Geological Survey, Open-File Report; 2000.
Available online: http://pubs.usgs.gov/of/of00-179 (accessed on 20 September 2018).

Thieler, E.R.; Hammar-Klose, E.S. National Assessment of Coastal Vulnerability to Sea-Level Rise: Preliminary
Results for the U.S. Atlantic Coast; U.S. Geological Survey, Open-File Report; 1999. Available online:
https://pubs.usgs.gov/of/1999/0f99-593 (accessed on 20 September 2018).

Vittal Hegde, A.; Radhakrishnan Reju, V. Development of Coastal Vulnerability Index for Mangalore Coast,
India. J. Coast. Res. 2007, 23, 1106-1111.

Nageswara Rao, K.; Subraelu, P.; Venkateswara Rao, T.; Hema Malini, B.; Ratheesh, R.; Bhattacharya, S.;
Rajawat Ajai, A.]. Sea-level rise and coastal vulnerability: An assessment of Andhra Pradesh coast, India
through remote sensing and GIS. J. Coast. Conserv. 2008, 12, 195-207.

Casini, M.; Mocenni, C.; Paoletti, S.; Vicino, A. A decision support system for the management of coastal
lagoons. In Proceedings of the 16th IFAC World Congress, Prague, Czech Republic, 4—8 July 2005.
Hinkel, J. DIVA: An iterative method for building modular integrated models. Adv. Geosci. 2005, 4, 45-50.
Alexandrakis, G.; Poulos, S.E. An holistic approach to beach erosion vulnerability assessment. Sci. Rep.
2014, 4, 6078.

McLaughlin, S.; McKenna, J.; Cooper, J.A.G. Socio-economic data in coastal vulnerability indices:
Constraints and opportunities. ]. Coast. Res. 2002, 36, 487-497.

Tragaki, A.; Gallousi, C.; Karymbalis, E. Coastal Hazard Vulnerability Assessment Based on Geomorphic,
Oceanographic and Demographic Parameters: The Case of the Peloponnese (Southern Greece). Land 2018,
7, 56.

Zahedi, F. The analytic hierarchy process. A survey of the method and its applications. Interfaces 1986, 16,
96-108.

Vaidya, O.S.; Kumar, S. Analytic hierarchy process: An overview of applications. Eur. J. Oper. Res. 2006,
169, 1-29.

Fierro, G.; Ivaldi, R. The Atlas of the Italian Beaches: A review of coastal processes. MEDCOAST 2001, 1,
1557-1566.

Anfuso, G.; Martinez, J.A.; Nachite, D. Coastal vulnerability in the Mediterranean sector between Fnideq
and M’diq (North of Morocco). C. R. Acad. Bulg. Sci. 2010, 63, 561-70.

Bhatt, R.; Macwan, J.E.M.; Bhatt, D.; Patel, V. Analytic hierarchy process approach for criteria ranking of
sustainable building assessment: A case study. World Appl. Sci. |. 2010, 8, 881-888.

Di Paola, G.; Aucelli, P.P.C.; Benassai, G. Rodriguez, G. Coastal vulnerability to wave storms of Sele littoral
plain (southern Italy). Nat. Hazards 2014, 71, 1795-1819.

Murali, R-M.; Ankita, M.; Amrita, S.; Vethamony, P. Coastal vulnerability assessment of Puducherry coast,
India, using the analytical hierarchical process. Nat. Hazards Earth Syst. Sci. 2013, 13, 3291-3311.

Le Cozannet, G.L.; Garcin, M.; Bulteau, T.; Mirgon, C.; Yates, M.L.; Méndez, Oliveros, C. An AHP-derived
method for mapping the physical vulnerability of coastal areas at regional scales. Nat. Hazards Earth Syst.
Sci. 2013, 13, 1209-1227.

Gutierrez, B.T.; Williams, S.J.; Thieler, E.R. Expert Panel Assessment of Potential Shoreline Changes Due to Sea-
Level Rise Along the U.S. Mid-Atlantic Region; USGS Open File Report; 2007. Available online:
https://woodshole.er.usgs.gov/pubs/of2007-1278 (accessed on 20 September 2018)

Saaty, T.L. A scaling method for priorities in hierarchical structures. J. Math. Psychol. 1977, 15, 234-281.
Saaty, T.L.; Vargas, L.G. Prediction, Projection, and Forecasting: Applications of the Analytic Hierarchy
Process in Economics, Finance, Politics, Games, and Sport; Springer Netherlands: Heidelberg, Germany, 1991.
Ju, CY,; Jia, Y.G,; Shan, H.X,; Tang, C.W.; Ma, W.]. GIS-based coastal area suitability assessment of geo-
environmental factors in Laoshan district, Qingdao. Nat. Hazards Earth Syst. Sci. 2012, 12, 143-150.



Geosciences 2018, 8, 415 20 of 20

38. Phukon, P.; Chetia, D.; Das, P. Landslide susceptibility assessment in the Guwahati city, Assam using
analytic hierarchy process (AHP) and geographic information system (GIS). Int. . Comput. Appl. Eng. Sci.
2012, 2, 1-6.

39. Rahman, M.R;; Shi, Z.H.; Chongfa, C. Soil erosion hazard evaluation — An integrated use of remote sensing,
GIS and statistical approaches with biophysical parameters towards management strategies. Ecol. Model.
2009, 220, 1724-1734.

40. Kaly, U.L,; Pratt, C.R.; Mitchell, . The Environmental Vulnerability Index (EVI), SOPAC Technical Report
384, 2004, Available on line: http://www.sopac.org/sopac/evi/Files/EVI2004 (accessed on 20 September
2018).

41. Adger, N; Vincent, K. Uncertainty in adaptive capacity. C. R. Geosci. 2005, 337, 399-410.

42. Payo, A; Hall, J.W.; French, J.; Sutherland, J.; van Maanen, B.; Nicholls, R.]J.; Reeve, D.E. Causal loop
analysis of coastal geomorphological systems. Geomorphology 2016, 256, 36—48.

43. Karymbalis, E.; Chalkias, C.; Chalkias, G.; Grigoropoulou, E.; Manthos, G.; Ferentinou, M. Assessment of
the Sensitivity of the Southern Coast of the Gulf of Corinth (Peloponnese, Greece) to Sea-level Rise. Cent.
Eur. ]. Geosci. 2012, 4, 561-577.

44. Lambeck, K.; Antonioli, F.; Anzidei, M.; Ferranti, L.; Leoni, G.; Scicchitano, G.; Silenzi, S. Sea level change
along the Italian coast during the Holocene and projections for the future. Quat. Int. 2011, 232, 250-257.

45. Pendleton, E.A.; Thieler, E.R.; Williams, S.J. Coastal Vulnerability Assessment of Cape Hettaras National Seashore
(CAHA) to  Sea Level Rise; USGS Open File Report; 2005——Available online:
https://pubs.usgs.gov/of/2004/1064/ (accessed on 20 September 2018).

46. Valdmann, A.; Kadrd, A.; Kelpsaité, L.; Kurennoy, D.; Soomere, T. Marine coastal hazards for the eastern
coasts of the Baltic Sea. Baltica 2008, 21, 3-12.

47. Armenio, E.; De Serio, F.; Mossa, M.; Nobile, B.; Petrillo, A.F. Investigation on coastline evolution using
long-term observations and numerical modelling. In Proceedings of the 27th International Ocean and Polar
Engineering Conference, San Francisco, CA, USA, 25-30 June 2017.

48. Zilinskas, G.; Jarmalaviéius, D. Estimation of vulnerability of Lithuanian Baltic sea coasts on the
background of Baltic Sea water level rise. Geografijos Metrastis 1996, 29, 174-183.

49. Pranzini, E.; Williams, A. Coastal Erosion and Protection in Europe; Routledge, Taylor and Francis, Abingdon-
New York, 2013.

50. Raicich, F. Recent evolution of sea-level extremes at Trieste (Northern Adriatic). Cont. Shelf Res. 2003, 23,
225-235.

51. Bruno, M.F.; Molfetta, M.G.; Petrillo, A.F. The influence of interannual variability of mean sea level in the
Adriatic Sea on extreme values. J. Coast. Res. 2014, 70, 241-246.

52.  Solomon, S. Climate Change 2007-the Physical Science Basis: Working Group I Contribution to the Fourth
Assessment Report of the IPCC; Cambridge University Press: Cambridge, UK and New York, NY, USA,
2007; Volume 4.

53. Petrillo, A.F. Coastal areas: Current and future critical issues. In Geologists and Territory; Magazine of the
Order of Geologists of Puglia: Bari, Italy, 2007; pp. 117-130.

54. Szlafsztein, C.; Sterr, H. A GIS-based vulnerability assessment of coastal natural hazards, state of Par4,
Brazil. |. Coast. Conserv. 2007, 11, 53-66.

55. Devoy, R.J. Questions of coastal protection and the human response to sea-level rise in Ireland and Britain.
Ir. Geogr. 1992, 25, 1-22.

56. Dilley, R.S.; Rasid, H. Human response to coastal erosion: Thunder bay, Lake Superior. . Coast. Res. 1990,
779-788.

57. Mahapatra, M.; Ratheesh, R.; Rajawat, A.S. Shoreline change analysis along the coast of South Gujarat,
India, using digital shoreline analysis system. J. Indian Soc. Remote Sens. 2014, 42, 869-876.

58. Mu, E.; Pereyra-Rojas, M. Practical Decision Making; Springer Briefs in Operations Research; Springer
Nature: Basel, Switzerland, 2017.

59. Cogswell, A.; Blair, ].W.; Greenan, P.G. Evaluation of two common vulnerability index calculation
methods. Ocean Coast. Manag. 2018, 160, 46-51.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
@ @ access article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



