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Abstract: The aim of this study is to assess the resilience of coastal urban areas and their exposure to
sea-level rise and coastal flooding, using the proposed Coastal Resilience Index (CResI). The CResl is
an innovative combination of diverse characteristics. It includes 19 parameters and is implemented
using GIS techniques. The parameters included in the CResI are classified into six category factors
(geomorphology, flooding, wave exposition, land use, socioeconomic, and infrastructure/functional).
The Analytic Hierarchy Process is used to assign weights and rank the parameters. The framework is
tested in the southwest waterfront of the Athens Metropolitan Area in Greece. The study identified
that around 25% of the coastal area could be at risk of coastal flooding in the upcoming years,
including areas in both the metropolitan and suburban environments. As a result, the need for
adaptation measures cannot be overlooked.

Keywords: Coastal Resilience Index; sea-level rise; coastal resilience assessment; coastal flooding;

coastal infrastructure resilience

1. Introduction

Low-elevation coastal zones are home to 10% of the population [1]. These people are
located up to 10 m above the present-day mean sea level (MSL), and they are subject to
natural hazards such as sea-level rise (SLR) [2]. Climate change (CC) is an urgent issue in
this era of constant challenges for humanity. Global warming has been primarily caused by
human activities. The average temperature has risen by 1.0 & 0.2 °C above pre-industrial
levels and is expected to further rise by 1.5 °C between 2030 and 2052 if the current pace
continues [3] and 2.8 °C by 2100 [4]. CC has a significant impact on the frequency and
magnitude of storm surge events, and as such, it is expected to affect the infrastructure
of coastal areas [5,6], while seaports, as the mainland-sea interface, will also be affected
by climate change and human activities [7]. As a result, vulnerability assessment is a
prerequisite for Integrated Coastal Zone Management (ICZM) [8].

The development of quantifiable and solidly identified variables is a way to assess
vulnerability and analyze risk [9]. The use of index-based methods allows for the easy clas-
sification of alternatives during decision-making processes [10]. It is possible to visualize
abstract concepts such as vulnerability and resilience in spatial scales using observable
variables [11]. This approach allows for vague factors such as “social factors” to be identi-
fied and quantified with various parameters, e.g., age, education, and unemployment. [12].
Researchers have often assumed that people without wealth or resources are more likely to
be affected by climate change [13]. The UN [14] has made it clear that climate change is a
major concern for humanity.
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Estimating the level of exposure, as well as vulnerability, is the first step to assess the
level of resilience. Robust indices for estimating the exposure of coastal areas and assessing
their vulnerability to CC were first proposed by [15] and then by [16]. The CVI [15] has been
used as the basis for many indices that use a geophysical approach, while SoVI [17] was the
guide for socioeconomic indices developed later. In the past, simple indices were used, and
parameters were only one-dimensional. A total of 44 articles with applications of different
types of coastal vulnerability and resilience indices were collected and reviewed by [18].
Some indices study only the physical and climatic characteristics of the areas, e.g., [19-23];
others, which are more complex, consider socioeconomic factors, e.g., [24-27]. The various
approaches often present differences, especially in terms of the socioeconomic characteristics
of each region, as the availability of data greatly influences research. Table 1 presents a
summary of representative studies that implement vulnerability and resilience indices.

Table 1. Vulnerability and resilience indices found in the literature ([18], elaborated by the authors).

No. Index Authors
1 CVI (Coastal Vulnerability Index) [15,16,20,28-40]
2 Sensitivity and Coastal Sensitivity Index [19,21-23,41]
3 Composite (social, economic, environmental) Vulnerability Index [7,26,42-48]
4 Social Vulnerability Index [17,24,49-51]
5 PVI (Place Vulnerability Index) [52]
6 Coastal Flood Vulnerability Index [53-56]
7 Coastal Risk Index [25,57-59]
8 Coastal Infrastructure Vulnerability Index [60,61]
9 CORI (Coastal Resilience Index) [27]

Even though there are similarities in parameter selection, it was not possible to find
consistency across different approaches, especially when dealing with complex indices.
Additionally, using indices appears to follow a static approach to address the human role in
vulnerability and resilience assessment. However, human—environment interactions could
be considered as a highly responsive and dynamic element, rather than a fixed, unchanging
condition [62]. In an index-based approach, this could be reached by adding relevant pa-
rameters or by considering different future scenarios (e.g., RCP/SSP scenarios). The authors
of [26,27,51] tried to fill the gap in the literature with indices matching different socioeco-
nomic problems. However, in this direction, there is still room for improvement. Especially
in climate change impact assessment, even state-of-the-art studies show inconsistencies
when dealing with uncertainty in future projections [62]. In most literature, the spatial
scale is either too broad (at a national level) or too narrow (in specific coastal segments),
not taking into consideration crucial characteristics of the coastal urban areas and other
relevant coastal infrastructure such as ports, marinas, fishing shelters, and waterfronts.
This study tries to fill this gap with the development of a new Coastal Resilience Index.

In the context of this paper, a new index of coastal resilience to climate change (Coastal
Resilience Index—Cresl) is proposed after analyzing and identifying the gaps in the liter-
ature [18]. CResl is a single, unitless aggregated value aiming to assess the resilience of
coastal urban and suburban areas to coastal flooding at the local level. The normalization
of parameters provides a linear transformation that preserves the ranking and correlation
structure of the original data while enabling the aggregation of parameters of different
kinds and scales [63,64]. The southwest waterfront of Attica, Greece, is used as a case study.
The proposed index is implemented using GIS techniques and assesses the ability of the
study area to cope with the risk of coastal floods. In this way, CResl is developed by com-
bining geomorphological and physical parameters from relevant indices to assess the level
of exposure in the study area, as well as socioeconomic, land use, and technical parameters
to assess its ability to mitigate and adapt to natural hazards. To achieve this, the research
was not restricted to the characteristics of the seashore area, as in a significant part of the
literature, but the case study was applied to a wider area. In order to assess resilience [27]
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of urban areas, it is vital to follow a holistic approach. This paper is structured in five
sections. In Section 1, a short review of the vulnerability and resilience indices found in the
literature is presented, emphasizing the main research gaps. In Section 2, the methodology
for the development of CResl in a GIS environment, as well as the data collection process of
the needed parameters, is described. In Section 3, the main results are illustrated, and they
are discussed in Section 4. In Section 5, conclusions and suggestions for future research
are presented.

2. Materials and Methods
2.1. Area of Concern

The coastal zone of the present study is located in Attica, Greece, and more specifically,
in the southwest waterfront, between the port of Piraeus and the area of Vouliagmeni,
with a total length of approximately 70 km. Figure 1 presents the study area. It includes
urban, suburban, and rural areas, and both natural and artificial coastline, within the
continuous Athens Urban Area, the financial capital of Greece. The port of Piraeus is one
of the most important ports in Europe (Category I) included in the Core Network of the
European Union (EU) and in the Motorways of the Sea. The study area also includes
marinas with high capacity (i.e., Alimos Marina, Athens Marina, Flisvos Marina, Ag.
Kosmas Marina, Zea Marina, Vouliagmeni Marina), transport infrastructure (highways,
underground and suburban rail, tram, and bus stations), and other areas of high interest
such as the Hellenikon Metropolitan Park that is under construction (Figure 1). The mean
coordinates of the study area are lat: 37°52'47.2332" N, lon: 23°46/9.2388" E.

Peiraiki
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Astir Marina
Vouliagmeni

(b)
Figure 1. (a) Study area; (b) areas of concern.

2.2. Data

The CReslI consists of 19 parameters classified into six categories (i.e., geomorphology,
flooding, wave exposition, socioeconomic, land use, infrastructure/functional), as shown
in Table 2. The data for the evaluation of the CResI were collected as described below.

The most recent (2021) digital elevation model (DEM) (grid interval of 5 m) was
provided by [65] and was used to estimate the elevation and calculate the slope of the coastal
area. The number of extreme events was determined through an analysis of historical data
provided by [66] and [67]. Areas of potential significant flood risk (APSFR) were obtained
from GIS data provided by the Hellenic Ministry of Environment and Energy, derived
from the Preliminary Flood Risk Assessment [68]. Soil and rock types were interpreted
from geological maps of the Greek Institute of Geology and Mineral Exploration (scale
1:50.000) [69]. Furthermore, for the tidal range, published historical data were used [70],
and future projections came from [70]. The mean significant wave height was used as an
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indicator of wave energy, available in [71]. However, to better evaluate the real conditions
of the study area, and more specifically, waves due to southern winds, the maximum
wave height was also used, derived from the same published data [72]. The rate of the
absolute SLR was also abstracted from published data [73] using satellite measurements
for the Mediterranean Sea. Land use data were obtained from the dataset of CORINE
Land Cover [74]. Age, education level, and urban development information were obtained
from the Hellenic Statistical Authority [75]. For the population density, the Global Human
Settlement population grid (GHS-POP) data package from the European Joint Research
Centre (JRC) [76] was used at a resolution of 250 m. Data on the transportation network
were derived from the OpenstreetMap service [77], as well as from [78]. Adaptation
planning and public awareness parameters were estimated by the authors after evaluating
the national [79,80] and regional [81] plans for adaptation to climate change.

Table 2. CResI parameters and sources.

Classification Parameter Source
Coastal Landforms (CL) Geotechnical Classification (GC) [69]
Flooding (FL) Flood Hazard Zones (FHZ) [68,80]
Slope (S) [65]
Sea-Level Rise (SLR) [72]
Wave Exposition Mean Significant Wave Height (MeanW) [72]
Max Significant Wave Height (MaxW) [72]
Tide Height (TD) [70,71]
Distance from the coast (D) [77,78]
Elevation (E) [65]
Number of extreme events (EE) [66,67]

Age (population aged less than 9 and more

Socioeconomic than 70 years old) (A) [75]
Population Density (PD) [76]
Education Level (% of the population that [75]
has attended post-secondary education) (EL)
Urban Development (% of population [75]
change within 10 years) (UD)
Land Use Land Use (LU) [74]
Infrastructure /Functional Road Network (TN) [77,78]
Distance from hospitals/fire [77,78]
departments/police departments (DHPF) !
Level of community [78,30]
Awareness/Preparedness (AP1) !
Level of Public Natural Hazard Adaptation [78,30]

Planning (AP2)

2.3. Methodology

The methodology framework was structured in the following steps.

Step 1: Examination of the relevant literature and parameter selection. The first step
to develop an effective framework for real-world cases is understanding and quantifying
risk. After considering 44 relevant indices [18], CResI was formed based on both simpler
(e.g., [15]) and more complex (e.g., [8,26,27,51]) indices. Nineteen (19) parameters were
selected and classified into six (6) categories, as described below.

Step 2: Weights and ranks were assigned to the parameters using Multicriteria Decision
Analysis (MCDA) by establishing a hierarchical structure and analyzing pairwise compar-
isons using the Analytic Hierarchy Process (AHP). The AHP is one of the most widely used
MCDA methods. Introduced by [82], it is used for addressing complex semi-structured
decision-making problems by setting weights to several options/scenarios regarding their
importance. This method employs a hierarchic (or network) structure to represent the
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problem, and then, pairwise comparisons are used to build the relationships within that
structure [83]. Saaty’s [82] fundamental scale of preferences, which is a nine-point intensity
scale of importance ranging from equal (1) importance to extreme (9) importance, can assist
decision makers in carrying out pairwise comparisons.

For this purpose, pairwise comparison matrices are formed, where the relation, domi-
nance, or equality between the element in row i and the element in column j is expressed
by the ratio aij, as designated by the decision maker. The next step is a synthesis process,
where the right principal eigenvector Amax values of the matrix are the weights (relative
priorities). This matrix can be used in situations where the transitive property is valid.
However, it is unlikely that it will occur in real-life situations. Therefore, AHP, as it is
applied widely in the literature, is a trustworthy procedure. It can be repeated, and the
decision maker is able to perform consistency checks and use both quantitative and quali-
tative data. Additionally, decision makers are facing difficulties in understanding slight
differences among the alternatives, so AHP tends to solve these dilemmas [84,85]. The
aforementioned reasons render AHP as a decent choice for the solution of multidimensional
problems [86,87].

Step 3: The establishment of the required database was the first step in the develop-
ment of the CResl through the compilation of geomorphological, flooding, wave exposition,
socioeconomic, land use, and infrastructure/functional data. The database was processed
through a GIS environment, using the ArcMap (v. 10.8) and ArcGIS Pro (v. 2.8). The ranking
scheme for the evaluation of the parameters used was created after combining different ap-
proaches of widely used indices (e.g., [15-17], with later modifications (e.g., [21,24,33,50,88]),
as well as more complex indices (e.g., [25-27,51]). The ranking refers to factors that affect
the exposure (e.g., Mean-Max significant wave height), sensitivity (e.g., coastal landforms),
and adaptive capacity (e.g., distance from hospitals, fire departments, police stations),
which are crucial components of resilience in the coastal area. Therefore, low values of
CResl refer to increased resilience, and high values refer to decreased resilience. A total of
19 parameters were used to create the CResl, as presented in Table 3. The final number of
the parameters was also determined by data limitations that occurred during the research,
and as a result, it can be modified for future research.

Table 3. Parameter classification table.

Classification

Parameter

Categories

Units Thresholds

1 2 3 4 5 Adapted from

Coastal
Landforms
(CL)

Geotechnical
Classification

[15,16]
adapted to
Greek case
studies by
[21,22,33,88]

. Medium cliffs

Rocky, high .

B cliffs, seawalls and indented
coast, bulkhead

Low cliffs, Cobble beach, Sandy beach,
alluvial plain estuary lagoon  mudflat, delta

Flooding (FL)

Flood Hazard
Zones (FHZ)

Elaborated by

- Qutside Inside
authors

Slope (S)

[15,16]
adapted to
% S>15 9<S<15 6<S5<9 3<S<6 S<3 Greek case
studies by
[21,22,33,88]

Sea-Level Rise
(SLR)

[15,16]
adapted to
SLR >34 Greek case
studies by
[21,22,33,88]

25 <SLR< 3.0 <SLR<

mm/y SLR<1.8 1.8 <SLR <25 30 34
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Table 3. Cont.
Categories
Classification =~ Parameter Units Thresholds
1 2 3 4 5 Adapted from
[15,16]
Mean Significant adapted to
Wave Height m MeanW < 0.30 03 <MeanW < 0.6 < MeanW 09 < MeanW MeanW >1.20  Greek case
0.6 <09 <12 .
(MeanW) studies by
[21,22,33,88]
[15,16]
Max Significant adapted to
Wave Height m MaxW < 3.0 3.0 < MaxW < 30<sMaxW<  60.<MaxW< MaxW > 6.9 Greek case
5.0 6.0 6.9 .
Wave (MaxW) studies by
Exposition [21,22,33,88]
Tide Height (TD) m TD<0.2 02<TD<04 04 <TD<0.6 0.6 <TD<0.8 TD>0.8 [40]
Distance from 500<D < _
the coast (D) m 1500 < D < 2000 1000 < D < 1500 1000 250 < D < 500 D <250 [25]
Elevation (E) m E>30 20<D<30 10<D<20 5<D<10 E<5 [20]
Number of g/(;r(:tfs in
extreme events 0<EE<3 3<EE<10 10 < EE <20 20 < EE< 36 EE > 36 [26]
(EE) the last 10
years
Age (population
aged less than 9 % A<8 8<A<14 14<A<20 20 < A<25 A>25 [27]
and more than
70 years old) (A)
Population 5 1000 < PD < 2000 < PD < 10,000 < PD < [57] elaborated
Density (PD) Persons/km® PD <1000 2000 10,000 20,000 A 220,000 by authors
Education Level
Socioeconomic (% of population
that have % EL > 60 40 < EL <60 27 < EL < 40 10 < EL <27 EL<10 [25]
attended
post-secondary
education) (EL)
Urban
Development (%
of population % UD<0.1 0.1<UD<05 05<UD<1.0 10<UD<20 UDZ>20 [25]
change within 10
years) (UD)
Environmental Crucial
) protection Residential Commercial Infrastructure
Land Use Land Use (LU) area/natural Rural area Area Area and Industrial 126])
habitat Area
No . [27],
Road Network - roads/Minor Major Urban Highways Elaborated by
(TN) Roads Roads authors
Distance from
hospitals/fire
depart- 250 < DHPF < 500 < DHPF < 750 < DHPF < Elaborated by
ments/police DHPF <250 500 750 1000 DHPF 2 1000 authors
departments
{:nfras'tructure / (DHPF)
unctional
Level of
community . [25]
Aware- - Aware/Prepared ,I;?Al;graell/}i’re ared I;Iv(;etlre /prepared Elaborated by
ness/Preparedness P Prep authors
(AP1)
Level of Public Adaptation
Natural Hazard Immediate Strategy not No Measures Elaborated by
Adaptation Response implemented yet authors
Planning (AP2) yet
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3. Results

AHP is implemented with pairwise comparison matrices A, where parameters are
compared pairwise. Mathematically, the method is based on the solution of an eigenvalue
problem [89]. The results of the pairwise comparisons are arranged in a matrix (A). Weights
for the parameters are obtained with the normalization of the right eigenvector (w) of A, as
in Equation (1), where Amax is the maximum eigenvalue of A:

[Aw] = Amax|[w] 1)

The first (dominant) normalized right eigenvector of the matrix gives the ratio scale
(weighting), and the eigenvalue determines the consistency ratio. The dominant eigenvalue
A of A is calculated using the power method [90].

Consistency is the most important measurement of the validity of the results of
pairwise comparisons using the AHP [82,83]. The consistency of the AHP is determined
using the value of the Consistency Index from the pairwise comparison table. For the
calculation of the Consistency Index, the linear approach from [91] was implemented:

A—n

27699 n —4.3513 — n @

The Consistency Index (CI) is a specialized index imported from AHP in order to
explore possible inconsistencies in judgments. The acceptable amount of inconsistency is
equal to or lower than 10% in the context of its imperceptible or not generally important
influence on the results [83]. Pairwise comparisons of the criteria were carried out by
the authors based on their experience on the methods and on the related literature. The
aggregated pairwise comparison matrix is displayed in Table 4. The weight elicitation
procedure was carried out using an Excel spreadsheet by [85], which is specialized for the
AHP method. It is worth mentioning that the calculated Consistency Index (CI) was 3.8%.

CI

Table 4. AHP aggregated pairwise comparison matrix.

Coastal Wave Normalized
Factor Flooding e Socioeconomic Land Use Functional Principal
Landforms Exposition . o
Eigenvector%
Coastal 1.0000 0.2887 0.2500 0.2887 0.2887 0.2582 481
Landforms
Flooding 3.4641 1.0000 1.0000 1.5811 1.4142 1.4142 20.80
Wave 4.0000 1.0000 1.0000 2.0000 2.0000 3.1623 28.47
Exposition
Socioeconomic 3.4641 0.6325 0.5000 1.0000 0.2887 0.4082 10.50
Land Use 3.4641 0.7071 0.5000 3.4641 1.0000 0.5774 17.21
Functional 3.8730 0.7071 0.3162 2.4495 1.7321 1.0000 18.21

“Land use” was weighted higher in order to emphasize its role as a determinant of
infrastructure location. AHP was also implemented for the weights among the parameters
of each class. For the Flooding and the Infrastructure/Functional classes, each parameter
was ranked equally; however, in the Wave Exposition and Socioeconomic classes, parame-
ters such as the Max Significant Wave Height, Elevation, Population Density, and Urban
Development were ranked with a higher relevant factor weight. The resulting weights of
each parameter are shown in Table 5.
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Table 5. Parameter weight elicitation.

Factor Total Factor Weight Parameters Rel'evant Factor Tot.al Parameter
(AHP) (%) Weight (%) Weight (%)
Coastal Landforms (CL) 48 Geotechnical Classification (GC) 100.00 4.80
Flood Hazard Zones (FHZ) 33.33 6.93
Flooding (FL) 20.8 Slope (S) 33.33 6.93
Sea-Level Rise (SLR) 33.33 6.93
?I/\I/Ie:;n‘s/\i/g)niﬁcant Wave Height 11.60 331
%\I/\[/Ia;X‘S/i]g)niﬁcant Wave Height 26.70 761
Wave Exposition (WE) 285 Tide Height (TD) 430 1.23
Number of extreme events (EE) 12.90 3.68
Distance from the coast (D) 18.60 5.30
Elevation (E) 25.90 7.38
Age (A) 10.60 1.11
Population Density (PD) 41.30 4.34
Socioeconomic (SE) 10.5
Education Level (EL) 12.00 1.26
Urban Development (UD) 36.00 3.78
Land Use (LU) 17.2 Land Use 17.20 17.20
Road Network (TN) 25.00 455
Distance from hospitals/fire
departments/police departments 25.00 4.55
Infrastructure/Functional (IF) 18.2 (DHPF)
ks;/aeie(;fe?s)r/r}’ilei)nal;%]dness (AP1) 25.00 4.55
Level of Public Natural Hazard 25.00 455

Adaptation Planning (AP2)

Based on the above, the formulation of the CResl is given by Equation (3):

CResl = 0.048 CL + 0.208 FL + 0.285 WE + 0.105 SE + 0.172 LU + 0.182 IF 3)

FL =0.3333 FHZ + 0.3333 S + 0.3333 SLR 4)

WE = 0.0331 MeanW + 0.0761 MaxW + 0.0123 TD + 0.0368 TD + 0.0530 D + 0.0738 E (5)
SE =0.1060 A + 0.4130 PD + 0.1200 EL + 0.3600 UD (6)

IF = 0.2500 TN + 0.2500 DHPF + 0.2500 AP1 + 0.2500 AP2 (7)

In the majority of the literature, indices are calculated using the arithmetic or geo-
metric mean. The use of AHP to elicit weights to the parameters leads to a more realistic
result, as each area has different characteristics. Using an arithmetic mean, all the weights
would be assigned the same value (16.67%). In this case study, geotechnical classification
is less significant, as it mostly includes urban areas with relevant infrastructure (e.g., sea-
walls). The physical factors (flooding and wave exposition), on the other hand, are ranked
higher, with land use and infrastructure/functional factors close to the arithmetic mean
weight level.

The database was processed in a GIS environment, creating a 100 x 100 m grid, since
this resolution allowed the authors to take into consideration the various aspects of the
urban system, such as land use, as well as characteristics of the coastal area (e.g., elevation
and slope), that might lead to different results if a broader resolution was chosen. Further-
more, the 100 x 100 m resolution was more easily manageable within the GIS environment,
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and in addition, the available spatial data were not of finer resolution. Afterward, areas
with an elevation higher than 30 m and more than 1000 m away from the coastline were
excluded from the evaluation, as coastal flooding will not affect them. Meanwhile, the
1000 m zone from the coastline is enough to take into consideration the characteristics of
the urban area. Thematic maps were created to visualize the rankings of each parameter,
using the natural breaks (jenks) method, through GIS.

For the wider part of the coastal area, the geomorphology factor is low, as it includes
areas with quay walls and coastal defense works (Figure 2). The rate of the absolute SLR
was ranked in cat. 5 (+5 mm/year), abstracted from [72], as mentioned in Section 2. The
flooding exposition factor is higher for many areas, as they are mostly flat or do not have
significant slope and are included in flood hazard maps (Figure 3).

Coastal Landforms &

23040

[ Nodata
R

B 2 20 2 2 eI A0 2RI 23T 24T 234 234 26 247 248 249 2SO 2SI 2wy

Figure 2. Exposure zonation based on the coastal landforms factor.
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B B B B W W

2y w5 D6 TR DS BN 0 WS
- - -

N

A
h B
|

[150.75 0
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wW B VW B OW U 2R BN W RS 36

(@) (b)

Figure 3. Cont.
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Sea-Level Rise }N\ Flooding A

s aes BT B B D0 e e

Max Wave Height & Mean Wave Height A

Figure 3. Zonation of the study area based on (a) flood hazard zones; (b) slope; (c) SLR; (d) flooding factor.

Wave exposition was based on historical data, with a high max significant wave height
(approx. 7.2 m) leading to higher values for the wave exposition factor. Meanwhile, as the
tidal range in Greek seas is considered low (avg. 0.12 m for the east Mediterranean), this
parameter is not significant for this case study. The wave exposition factor is relatively high
for most part of the study area (Figure 4).

Furthermore, areas with a higher percentage of elderly people (age > 70 years) and
young children (age < 9 years) are considered less resilient, while higher population
density and urban development (e.g., Piraeus, Kallithea, Moschato) lead to lower values of
resilience. However, the overall social factor of the CResl is considered medium (Figure 5).

The land use factor is higher for areas of economic importance, such as the port of
Piraeus and nearby industrial areas and a noteworthy part of the coastal area (Figure 6).

a3 e ey 26 BT DS DM 0 ST 2

(b)

Figure 4. Cont.
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Figure 4. Zonation of the study area based on (a) mean wave height; (b) max wave height; (c) tide height;
(d) number of extreme events; (e) distance from the coast; (f) elevation; (g) wave exposition factor.
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Figure 5. Zonation of the study area based on (a) age; (b) population density; (c) education level;
(d) urban development; (e) socioeconomic exposure map.
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Figure 6. Exposure map based on land use classification.

Finally, existing infrastructure and adaptation measures were considered. The study
area has a significant road network, and segments that include major roads have higher ex-
posure than other areas, as they will be used for the evacuation of the study area in a natural
disaster. The parameter indicating the distance from hospitals/fire departments/police
departments was high for an important part of the study area, which was not expected
for the Athens metropolitan area. The lower level of governmental adaptation planning
and the lower population awareness/preparedness in areas with lower education levels
were considered by the authors. Although research on climate change is highly advancing,
adaptation and mitigation planning still requires improvement. The abovementioned
parameters are shown in Figure 7.
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Figure 7. Zonation of the study area based on (a) road network; (b) distance from HFP; (c) community
awareness; (d) level of public natural hazard adaptation planning; (e) infrastructure/ functional factor.

Our findings indicate that a significant part (around 25%) of the coastal area is of
level 4 (low-resilience) CResl. The resilience assessment of the study area is presented in
the form of thematic maps. Low-resilience areas (CResl > 4) include both residential and
commercial/industrial areas, as well as major roads and streets (Figure 8a).

The suburban areas of Voula, Vari, and Vouliagmeni (Figure 8b), with high touristic in-
terest and natural beauty, also have low resilience, mainly due to their geomorphology and
wave exposition. Low-elevation areas near the Port of Piraeus, Faliro, Alimos (Figure 8d),
Hellenikon and Glyfada (Figure 8c) are subject to higher coastal flood exposure. On the
other hand, part of the coastal zone is elevated and as a result is not exposed to threats of
sea-level rise.
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Figure 8. Zonation of the study area based on coastal resilience index (CResI) and areas of interest.
(@) CResI map; (b) Vari, Voula, Vouliagmeni; (c) Hellenikon, Glyfada; (d) Port of Piraeus, Faliro, Alimos.

4. Discussion

The presented method has an advantage over existing studies in that it uses the ad-
vanced weighting and selection of indicators and provides a better prediction of future
coastal flooding impacts. The method is applicable to areas that have not yet experienced
the effects of SLR due to climate change, and it may be used not only by experts and
policymakers but also by individuals and other stakeholders. The innovative aspects of the
approach presented herein are the following: it addresses the concern raised by the UN [14]
and highlighted by [18] about “who is vulnerable” rather than “what”. Therefore, a more
dynamic understanding of human—environment interactions is taken into consideration.
Existing vulnerability and resilience approaches are modified to assess the resilience of
coastal areas. This gives deeper insight into the interaction between socioeconomic charac-
teristics and hazard dynamics. Previous researchers have focused on specific aspects of
coastal vulnerability and resilience, either physical (e.g., CVI by [15,16] with adaptations
(e.g., [8,21-23,28,36]) or social (e.g., [17,24,49,50]).

Also, other indices were applied on narrow areas of the coastline, not including
crucial aspects of vulnerability, like the characteristics of urban areas. The approaches of
Zan [26,50] used larger urban areas as case studies; however, their parameter selection
could have taken into consideration more aspects of socioeconomic development. The
transportation network has only recently been on the agenda of researchers [92,93]; however,
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such an important factor should be included in state-of-the-art studies. Parameters in the
present study include features that have not been considered in any previous research,
such as the distance from first hospitals, fire departments, police stations, community
awareness/preparedness level, and future adaptation planning policy.

The parameters are selected after a robust review of the literature; therefore, the
data size is significantly reduced. By categorizing them into clusters, all the features
can be visualized in thematic maps. This method can also be implemented not only for
climate change scenarios but also for different Socioeconomic Pathway (SSP) scenarios, as it
includes diverse socioeconomic parameters. Also, it is highly adaptable to local conditions;
thus, it can easily be transferred to other coastal areas.

5. Conclusions

Climate change is a crucial issue that this generation is already facing. The most
accepted method to assess vulnerability or resilience to climate change is the index-based
approach. Parameter selection may differ depending on the approach and data availability
of each case study. The proposed index, CResI, could be useful for policymakers and local
authorities. Through CResl, the areas in danger can be identified, as well as the level of
exposure for individuals and communities at the local level. For this purpose, the southwest
waterfront of Attica, Greece, was selected as a case study. Based on historical data, climate
projections, socioeconomic characteristics, and the evaluation of the existing adaptation
planning, thematic maps were created, and CResl values were identified on a spatial scale.
Around 15% of the coastal area could be at risk of coastal flooding due to climate change in
the next years, including areas in both the metropolitan and suburban environments. As
a result, the urge for adaptation measures cannot be overlooked. Future research might
include the addition of extra parameters into the CResl (e.g., capacity of touristic ports), the
implementation of CResl for different climate scenarios, and the combination of RCP and
SSP scenarios. CResl should also be implemented in other areas and compared to other
climate change vulnerability—resilience indices. Collaboration with local authorities and
policy makers would also be possible to gain access to additional data.
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