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@ Climate change is an issue of concern and is expected to cause various adverse im-
pacts on human societies in the near and long-term future. Sea-level rise, which is

caused by global warming and melting continental ice sheets, in combination with

the rising global population and evolution of human activities in coastal areas, tends
to make coastal societies more prone to coastal hazards. The Gulf of Corinth in
Greece with its diverse coastal landforms and tectonic complexity makes the region
unique when considering an assessment of coastal vulnerability. In this study we
apply an Integrated Coastal Vulnerability Index (ICVI) to a potential sea-level rise
for the southern coastline of the Gulf of Corinth (Greece) consisting of physical
and socio-economic parameters. Among multiple different methodologies that have
been developed over the recent years, we decided to apply two of the mathematical
approaches we believe are best suited for the protection of human activities in our
study area. The first one, ICVI_1, is based on the Coastal Vulnerability Index (CVI)
by Thieler and Hammar-Klose (1999) with variables of equal relative importance,
whereas the second one, ICVI_2, uses the Analytic Hierarchic Process (AHP) with
the assignment of relative weight values to each parameter. The parameters were
identified and ranked into a vulnerability index with a scale from 1 to 5. The results
reveal that both approaches depict more or less the same coastal sections of high
or very high vulnerability, but differ in the distribution of extreme values. ICVI_1
shows that 18.3% of the total coastline features very high vulnerability (score 5),
while ICVI_2 shows 9.1%. The coastal sections with the highest scores of vulnera-
bility are mostly represented in the eastern part of the studied coastline with low-ly-
ing regions of gentle slope and concentrated human activity.
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Problem klimatskih promjena izaziva zabrinutost te se o¢ekuje da ¢e negativno
ugjecati na drustvo u bliskoj i dugoro¢noj buduénosti. Porast razine mora, uzro-
kovan globalnim zagrijavanjem i otapanjem kontinentalnih ledenih plo¢a, u kom-
binaciji s rastu¢om globalnom populacijom i razvojem ljudskih aktivnosti u obal-
nim podrudjima, ¢ini obalna drustva sklonijima obalnim opasnostima. Korintski
zaljev u Grckoj sa svojim raznolikim obalnim oblicima i tektonskom slozeno$éu
¢ini ovu regiju jedinstvenom u kontekstu procjene ranjivosti obale. U ovom istra-
zivanju primijenjen je integrirani indeks ranjivosti obale (ICVI), koji se sastoji od
fizickih i socioekonomskih parametara, za potencijalni porast razine mora na juz-
noj obali Korintskog zaljeva (Grcka). Medu vise razli¢itih metodologija razvijanih
posljednjih godina, odabrana su dva matematicka pristupa za koje vjerujemo da
su najprikladniji za zastitu ljudskih aktivnosti u nasem podru¢ju istrazivanja. Prvi,
ICVI_1, temelji se na indeksu obalne ranjivosti (CVI) Thielera i Hammar-Klo-
sea (1999.) s varijablama jednake relativne vaznosti, dok drugi, ICVI_2, koristi
analiticki hijerarhijski proces (AHP) s dodjelom relativnih tezinskih vrijednosti za
svaki parametar. Parametri su definirani i rangirani u indeks ranjivosti na ljestvici
od 1 do 5. Rezultati upucuju na to da oba pristupa prikazuju sli¢ne obalne dijelove
visoke ili vrlo visoke ranjivosti, ali se razlikuju u distribuciji ekstremnih vrijedno-
sti. ICVI_1 pokazuje da 18,3 % ukupne obale ima vrlo visoku ranjivost (ocjena
5), dok ICVI_2 pokazuje 9,1 %. Obalni dijelovi s najvi$im ocjenama ranjivosti
uglavnom su zastupljeni u isto¢nom dijelu proucavane obale s niskim podru¢jima
blagog nagiba i koncentrirane ljudske aktivnosti.

KijucNE RyECE: klimatske promjene, porast razine mora, ranjivost obale, AHP,
Korintski zaljev
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INTRODUCTION

Long-term sea-level rise is one of the adverse
consequences of global warming with imme-
diate and long-term impacts of flooding and
erosion on coastal areas (N1cHOLLS CAZENAVE,
2010). Significant components that contribute
to long-term sea-level rise are related to eustat-
ic sea-level changes such as thermal expansion
of surface seawater, freshwater mass input from
melting continental ice sheets of Greenland
and Antarctica, and changes in the shape of the
seafloor caused by tectonic activity (CHEN ET
AL., 2006; Ramiert ET AL., 2011; CAZENAVE,
CozanNeT, 2013; IPCC, 2013). Moreover,
sea-level rise has a different impact on a local
scale because sea-level fluctuations are com-
bined with vertical land motion called isostatic
adjustment, and therefore sea-level change is
observed with respect to a land-based refer-
ence called relative sea-level change (KEmp ET
AL., 2011; MOURTZAS ET AL., 2016; ROVERE ET
AL., 2016). Research shows that trends of global
sea-level rise are related to the acceleration of
global sea-level temperatures. More specifically,
global sea-level rise was accelerating in the 20th
century and beyond with an average of 1.7 mm/
yr for the period 1901-2010 and 3.2 mm/yr for
1993-2010 (IPCC, 2013). If the acceleration
of mean global temperature continues at the
current rate, sea-level temperature is estimat-
ed to rise by 1.5 °C between 2030 and 2052,
and thus cause further long-term sea-level rise
well beyond the next century that may expose
small islands, low-lying coastal areas and deltas
(IPCC, 2018). In the lowest baseline emissions
scenario (RCP2.6) global sea-level is expect-
ed to rise by 0.29-0.59 m by the year of 2100
relative to the measures in 1986-2005, and in
the highest scenario (RCP8.5) it is expected to
rise by 0.51-1.92 m by the year of 2100 (Ircc,
2019). The process of global warming is ex-
pected to intensify coastal storms and extreme
sea-levels, implying shoreline retreat and un-
precedented flood risk levels by the end of this
century (PERCH-NIELSEN ET AL., 2008; Vous-
DOUKAS ET AL., 2018; SIMEONE ET AL., 2021)
with the contributing factors to coastal erosion

comprised by astronomical tides, sea surges and
wave breaking processes (MERRIEFIELD ET AL.,
2013; HoEkE ET AL., 2015). Vulnerability is a
function of both exposure and coping ability of
human societies and is therefore both physical-
ly and socially dependent (Wu ET AL., 2002).
There are significant trends of population in-
crease in low-lying coastal zones as a result of
rapid economic growth (MCGRANAHAN ET AL.,
2007; NEUMANN ET AL., 2015). If sea-level rise
continues with no adaptation measures it is ex-
pected to cause loss of land, displacement of
coastal population, damage of agricultural pro-
duction, and disturbance of biodiversity in wet-
lands, which in turn are expected to generate
additional regional economic expenses (SMALL,
Nicrotts, 2003; OLiver-SmrTH, 2009; Hat-
LEGATE, 2012; You, 2019) reaching 0.3-9.3%
of the global gross domestic product by the end
of the century (HINKEL ET AL., 2014). The im-
pact of sea-level rise was measured in monetary
terms, not least for the Greek coastlines (Kon-
TOGIANNI ET AL., 2014). The total financial loss
was estimated with long term inundation ef-
fects and short-term extreme weather, followed
by adaptation measures in response to future
sea-level rise.

The assessment of coastal vulnerability to
sea-level rise has been applied by using various
mathematical approaches (Simac ET aL., 2023).
The most common method is the Coastal Vul-
nerability Index (CVI), initially proposed by
Gornitz (1991), which was later modified by
Thieler and Hammer-Klose (1999), and anal-
yses coastal vulnerability by examining several
physical factors influencing coastal erosion.
This method was used, not least for the Greek
southern coastlines, particularly for the Gulf of
Corinth (KaryMBALIS ET AL., 2012), but also
for the islands of Salamina and Elafonissos (Ka-
RYMBALIS ET AL., 2014), and the Gulf of Argolis
(GAKI-PAPANASTASIOU ET AL., 2011). However,
an integration of socio-economic factors has
never been conducted for the Gulf of Corinth
and it is highly important to consider it due to
the concentration of human activities as well as
for the complexity in tectonic and geomorpho-

logical processes.
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STUDY AREA

The Gulf of Corinth is situated in central
Greece and linked to the Gulf of Patras to the
west through the narrow and shallow strait of
Rio, and to the Gulf of Saronikos to the east by
the artificial Corinth Canal. The study area covers
the southern path of the Gulf of Corinth, which
comprises approximately a 147 km long coastline
in the northernmost part of the peninsula of Pe-
loponnese, Greece. The Gulf of Corinth belongs
tectonically to the Aegean region, which is one
of the most seismically active zones in Europe
(T'seLENTIS, MAKROPOULOS, 1986; BERNARD ET
AL., 2006; KarymBaLls ET AL., 2012). The sub-
merging African tectonic plate south of Crete
collides with the Eurasian one (MakrOPOULOS
ET AL., 2012) resulting in an uplift of the Pelo-
ponnese peninsula, which features the 120 km
long Corinth Rift, an asymmetric graben struc-
ture consisting of active normal faults on each
side of the gulf with a W.NW-E.SE orientation,
causing the separation of the Peloponnese penin-
sula from the continental Greece in the NE-SW
direction and a speed rate reaching 16 mm/year
(TseLENTIS, MAKROPOULOS, 1986; ARMIJO ET

AL., 1996; BECKERS ET AL., 2015). The study area
consists of the main north dipping active faults
of Psathopyrgos, Aigion, Eliki, and Xylokastro
(Fig. 1), whose footwall on the southern side of
the faults experiences uplift, whereas their hang-
ing walls on the northern side are subsiding (Ka-
RYMBALIS ET AL., 2012), causing peculiar coastal
formations. The western section is characterized
by marine cliffs with a high slope, whereas the
eastern section by low-lying coastal landscape
of gentle slope. The central section is character-
ised by a transition zone with varied terrain from
hilly to flat. In this regard, the relative sea-level
of the Gulf of Corinth is dependent on the ver-
tical land movement and the feeding of fluvial
deposits to the gulf. Depositional processes are
dominated by gravity mass flows such as debris
flows and slides mainly caused by earthquakes,
but also flood events, causing river-discharging
sediment accumulation in the gulf by depositing
coarser-grained material along the steeper south-
ern continental shelf and slope (PouLos ET AL.,
1996; SERGIOU ET AL., 2016), developing beach-
es along the coastal plains and aprons of coastal
alluvial fans, featured mainly by coarse sandy to

gravels sediments (KarymBaLis, 2012).
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F1GURE 1 Structural map of the Guif of Corinth with depiction of the four most concerned faults in the study area
consisting of Psathopyrgos fault, Aigion fault, Eliki fault, and Xylokastro fault (coloured red)

Source: Moretti et al. (2003)
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TaBLEI S ignificant towns of the study area and their population

Municipal Unit / Local Community Corinth

Aegion Sikyon’ Xylokastro Rio

30.176

Population

20.664 9.812 5.715 5.252

‘Municipality unit of the town Kiato
Source: URL 1, Mapping Panorama of Greek Census Data 1991-2011
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F1GURE 2 Maps featuring the areas in local coastal communities a) with road and railway networks, and b) that with

land cover

In terms of climatology, according to the Hel-
lenic National Meteorological Service (URL 2),
the region is typical Mediterranean with a mild-
cold rainy season from mid-October to late
March and a hot dry season which lasts from
April to September. The region receives precipi-
tation of 1,300-1,700 mm/year which is consid-
ered above the Greek average. The precipitation
is characterized by uneven annual distribution
where the highest amount is accumulated in
the winter season with days of heavy rainfalls
during short periods of time. A report by the

Bank of Greece (2011) confirms that climate
change tends to increase extreme flood events
on Greece’s extensive coastline caused by inten-
sified short-term precipitation in combination
with long-term sea-level rise, and will affect neg-
atively economic activities such as tourism, land
use, and transport.

The studied coastline belongs administrative-
ly to 52 local communities within the regional
units of Corinth and Achaea, and covers an area
of 397 km?. According to the latest available
Greek census from 2011, the population reached

11
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119,203 inhabitants (URL 1) with an average of
300 people per square kilometre. The area forms
an important cluster of population exceeding
the average density of Greece (80 P/km?), es-
pecially during the tourist season. The largest
towns are Corinth, Aegion, Kiato, Xylokastro
and Rio, all situated on the coastline. The dom-
inant land cover type comprises cultivated vege-
tation such as vineyards, fruit trees, olive groves
and combined crops. One can also find land use
types in the urban peripheries comprising mi-
nor commercial facilities such as industries and
tourist accommodations that offer many forms
of alternative tourism. The overwhelming ma-
jority of accommodation and tourist facilities
are situated on the seafront, serving the tourist
high season between May and September. The
highway and the railway along the coastline pro-
vide a crucial service for passenger transport and
international trade between Italy and Greece by
linking the city of Athens in the east to the port
of Patras in the west.

MATERIALS AND METHODS

This study aims at developing an Integrated
Coastal Vulnerability Index (ICVI) for the south-
ern Gulf of Corinth by adding socio-economic
parameters to the initial sensitivity assessment
conducted by Karymbalis et al. (2012). The
physical parameters in this study were those from
the commonly used Coastal Vulnerability Index
(CVI) proposed by Thieler and Hammer-Klose
(1999), which focuses on six physical variables
strongly influencing coastal evolution.

(axbxcrdrexf)
6

CVI =

where, a: geomorphology, b: coastal slope, c:
relative sea-level rise rate, d: shoreline erosion/ac-
cretion rate, e: mean tidal range, and f: mean sig-
nificant wave height. Socio-economic parameters
were added, which include population density,
land use/land cover, road networks, and railway
networks.

12

All ten variables were ranked with a scale of
vulnerability from 1 to 5, where 1=very low vul-
nerability, 2=low vulnerability, 3=moderate vul-
nerability, 4=high vulnerability and 5=very high
vulnerability. The ranges for the physical variables
were taken from the studies of the Gulf of Argolis
(TrAGAKI ET AL., 2011) and the Gulf of Corinth
(KarymBaLs, 2012), which are mentioned as de-
signed for the Greek coastal environments. The
values of the socio-economic parameters were set
by the authors with relation to their exposure to
anticipated sea-level rise, as described further for
each parameter.

As for geomorphology, it can be defined as the
study of landforms, each one having a degree of
resistance to erosion (BIrD, 2000) which can be
ranked according to the relative strength to ma-
rine erosion (NAGESWARA ET AL., 2008). They are
important to consider in order to manage coast-
al resources in a sustainable way (WOODROEFE,
2002). The predominant landforms identified
for the studied shoreline are coarse sandy to grav-
el beaches and marine cliffs and were retrieved
from the Greek Institute of Geology and Min-
eral Exploration consisting of a geological map
at a scale of 1:50,000. The coastal landforms of
the studied coastline were classified according to
their resistance to coastal erosion. Sandy beaches
and deltas were assigned the lowest vulnerability
score due to their poor resistance to inundation
of sea water, whereas rocky and cliff coasts were
given the lowest vulnerability score for their high
resistance to sea waves.

Coastal slope is the ratio of altitude to the hori-
zontal distance between any two points on the
coast perpendicular to the coastline. Regional
coastal slopes indicate the relative vulnerability
of inundation and the rate of shoreline retreat
(GAKI-PAPANASTASIOU ET AL., 2011). With that
mean, coastal areas with low slope are considered
extremely vulnerable because they allow abun-
dant penetration of marine waves over a larger
area of the coast, while high slope coastal areas
are more resistant to storm surges, therefore ex-
hibiting less vulnerability (DwaRAKISH ET AL.,
2009; LeaMaN ET AL., 2021). The coastal slope
for the studied coastline was estimated in per-

centage. First, a topographic map of northern
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TABLE 2 Ran ges of vulnerability ranking for physical — and socio-economic parameters

Physical Vulnerability Categories
Vulnerability score Very low (1) Low (2) Moderate (3) High (4) Very high (5)
Variables
Rocky, cliffed Medu.lm Low cliffs, al- | Cobble beach- Sandy
Geomorphology cliffs, in- . . beaches,
coasts dented coasts luvial plains es, Lagoons deltas
Erosion (-)/accretion (+) > (+1.5) (+1.5)- (+0.5)- (-0.5 - <(1.5)
rate (m/year) ) (+0.5) (-0.5) (-1.5) ’
Coastal slope (%) >12 12-9 9-6 6-3 <3
Relative sea level rise <1.8 1.8-2.5 2.5-3.0 3.0-3.4 >3.4
(mm/year)
Mean wave height (m) <0.3 0.3-0.6 0.6-0.9 0.9-1.2 >1.2
Mean tidal range (m) <0.2 0.2-0.4 >0.4-0.6 >0.6-0.8 >0.8
Socio-Economic Vulnerability Categories
Population density (/km?) 12-116 117-229 230-625 626-1,101 1,102-1,704
Urban, in-
Land use/land cover Water elements Beaches and Forests Cultivated dustrial areas
grasslands land and road
network
Road network (distance
from coastline in km) >2.0 1.6-2.0 1.1-1.5 0.5-1.0 <0.5
Railway network (distance
from coastline in km) >2.0 1.6-2.0 1.1-1.5 0.5-1.0 <0.5
[ Physical parameters ] [ Socio-economics parameters ]
p— — - ]
1 ... 7 - N\ ————— X .
! [ Geomorphology ] [ Coastal slope Identification of |
| key parameters Population density ] [ Land cover ] !
! [ Relative sea-level rise ] [ Mean tidal range . + I
I Data collection Road networks ] [ Railway networks ] I
i Shoreline [ Mean wave height P, e )
[ erosion/accretion i
i rate I
| - = —— ===
—— 7 I
[ Definition of the ranking scale for each parameter ]
I
R — — L |
i Calculation of ICVI_1 without weight values. I I Calculation of ICVI_2 with weight values using Analytic |
I Generation of final map. I i Hierarchic Process (AHP) and generation of final map. I
| I |
! Do [
| (@xbxcxdxexfxgxhxixj) I | Physical Socio-economic I
! Icvi_1= 1| Vulnerability Vulnerability |
I 10 [ Index Index i
: || (PVI) (SVI) I
\ U |
S e e e e — i
| l |
! i
| |
| PVI + SVi i
i Icvi 2= i
! i
| |
N _

FicurE 3 Flow diagram of the methodology
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Peloponnese was converted to a Digital Elevation
Map (DEM) with a focus on elevation of 0-10 m
landwards from the coastline. Coastal slope zones
were implemented with the ArcGIS software and
intersected to the coastline as segments. Slopes of
more than 12 degrees represent the highest slope
values (Tab. 2) and were assigned very low vul-
nerability, whereas slopes under 3 degrees repre-
sent the lowest slopes and were given a score of
very high vulnerability.

Relative sea-level rise in the Gulf of Corinth
undergoes a complex physical process due to the
interrelation between eustatic sea-level rise, ver-
tical land movements, and the compaction of
alluvial sediment deposits. Although several lo-
cal physical processes have been analysed in the
region, there are poor accurate measurements
of long term sea-level rise. Consequently, we es-
timated a given value by Tragaki et al. (2018),
which was proposed for the relative sea-level rise
in the East Mediterranean of 1.8-2.5 mm/year.
Thus, the coastline was given one and only score
as of low vulnerability according to the vulnera-
bility ranking scale (Tab. 2).

Shoreline erosion/accretion rates indicate the
state of erosion or accretion as the past tendency
of a shoreline to retreat or advance due to sea-lev-
el rise (Douxkaxis, 2005; PANTUSA ET AL., 2018;
URL 3). In order to estimate the erosion-accre-
tion rate for each section of the studied shoreline,
orthophotos were obtained from the Greek Land
Registry/Hellenic Cadastre and historical trend
of the shoreline was captured by comparing the
available years 1945 and 2008 with the latter
used as reference layer.

Tide is defined as the change in sea level rela-
tive to land and is influenced by the attraction of
the moon and the sun to the earth’s hydrosphere
and has an effect locally with cyclical time vary-
ing from region to region (WoODROEFFE, 2002).
When it comes to Greek waters, the astronomical
mean tidal range is generally low with the Gulf of
Corinth considered as a micro-tidal region. The
current mean tidal range for the Gulf of Corinth
was estimated from the studies by Karymbalis
(2012) and Tsimplis (1994) with a tidal range
below 0.15 meters and was given the lowest score

of vulnerability.

14

Waves represent for the most coastlines the
dominant source of energy in the nearshore
zone and are therefore the driving force behind
geomorphologic change (MasseLiNk, 2003) by
mobilizing and transporting coastal sediments
as a function of wave height (PENDLETON ET
AL., 2006). Calculations of coastal vulnerability
where mean significant wave height is integrated
actually represent the potential for storm erosion
(PaNnTUSA, 2018). The Gulf of Corinth is a rela-
tively narrow gulf with its only entrance to open
sea through a narrow straight and thus minimizes
the energy for the creation of high waves. The
mean wave height of the Gulf of Corinth was re-
trieved from the Wind and Wave Atlas of the Hel-
lenic Seas composed by Soukissian et al. (2007),
which depicts the annual mean significant wave
height ranging from 0 m in the eastern section
to 0.3 m in the west. The entire coastline was for
that reason given very low vulnerability.

Population density is an important parameter
for the assessment of socio-economic vulnerabil-
ity because it constitutes a crucial factor when
estimating population exposure to long term
sea-level rise (TRAGAKI ET AL., 2018). First, the
population data was retrieved from the Hellenic
Statistical Authority for each of the 51 local com-
munities that border the studied shoreline. Fur-
thermore, the population density of each local
community was calculated by dividing the pop-
ulation with the area of the correspondent local
community. Finally, the boundaries of the classes
were set with the Jenks natural breaks classifica-
tion method, which indicates a good adaptability
and high accuracy on the geographical environ-
ment unit division (CHEN ET AL., 2013).

Land use/land cover is another important pa-
rameter for assessing coastal vulnerability because
land cover indicates the physical land type and
helps distinguish built environment from vege-
tated land. Land use data detects geographically
located human activities such as residential areas,
commercial use, tourist accommodation and cul-
tivated land. The economic activities and the rap-
id evolution of the built environment in coastal
areas are threatened by a potential sea-level rise
(SzLAFSTEIN, STERR, 2007) and for that reason
human safety and economic activities have to be



P. RamnavLis, D.-V. Barzakis, E. KaArymBALIS

28/1(2023) 7-24

prioritized in a coastal vulnerability assessment.
Land cover and land use data were retrieved as a
shapefile from the electronic data source of Co-
pernicus Land Monitoring Service based on the
Corine Land Cover 2018, and was limited to the
geographical coverage of the local communities.
The coastal segments were ranked accordingly
by prioritizing human safety and economic ac-
tivities, giving thus higher vulnerability scores to
socio-economic activities and lower vulnerability
scores to open wild landscapes.

Road and railway networks were retrieved as
a shapefile from the Ministry of interior of the
Hellenic Republic. As for the road network, the
highway was seen as the most in need of protec-
tion due to the connectivity between the cities of
Patras and Athens, and was for that reason the
only used entity of the road network. The high-
way together with the railway were digitized and
buffered separately in a classification of distance
from the shoreline, ranging from 0 to 2.0 km
where the highest score of vulnerability was de-
termined by the shortest distance from the coast-

line.

Calculation of the ICVI

There are various methodologies and formulas
to calculate the CVI with physical and socio-eco-
nomic factors. Simac et al. (2023) distinguish
three calculation methods: equal variables, which
is characterized by equal importance of all phys-
ical and social variables, separate variables, which
classifies physical and social vulnerability sepa-
rately before creating a single vulnerability index,
and causal variables, which first identifies geo-
graphical areas of highest physical vulnerability as
a stepping-stone for further vulnerability analysis.
Separate variables are utilized in a recent study of
the Goksu Delta in southern Turkey (Ozyurr,
ERrGIN, 2010) by separating physical parameters
and human influence parameters with weighted
values. Moreover, a similar method is used for the
region of Apulia, Italy, a coastal region which is
featured mainly by gentle slope beaches and sig-
nificant human activity (DE SERIO ET AL., 2018).
The method uses human parameters named so-
cio-economic and places focus on the exposure of

human activities to sea-level rise rather than the
influence. Our study area with a high diversity of
landforms and a complex tectonic activity poses a
challenge to an integrated coastal vulnerability as-
sessment. For that reason, we utilized two calcu-
lation methods, one with equal variables and one
with separate variables, both previously used for
Apulia. The first mathematical approach ICVI_1
was calculated as the square root of the product
of 10 variables divided by their total number (10)

ICVI 1=
10

where each parameter a-j is represented by the
given score of relative coastal vulnerability for
each segment of the coastline. For the physical
parameters a: geomorphology, b: coastal slope,
c: relative sea-level rise rate, d: shoreline ero-
sion/accretion rate, e: mean tidal range, and f:
mean significant wave height. For the socio-eco-
nomic parameters g: population density, h: land
cover/land use, i: road networks, and j: railway
networks.

The calculation of ICVI_2 is more complex
and constitutes the continuity of the method
ICVI_1. In order to calculate ICVI_2 we had
to implement the Analytic Hierarchic Process
(AHP) (Saary, 1977; 1990) to obtain the so-
called weight value (Wi) for each vulnerability
score. The AHP is a multi-criteria decision-mak-
ing tool, which comprises a step by step meth-
odology evaluating all the selected variables to
their relative importance by constructing a pair-
wise comparison matrix with scores from 1 to 9
in the rating scale, where 1 contributes equally
to one another and 9 favouring one parameter
over another of the highest possible order, always
considering the vertical elements in the matrix
as a reference. The intensity of importance is as
follows: 1=equal, 3=moderate, 5=strong, 7=very
strong, 9=extreme. Intermediate values such as 2,
4, 6 and 8 are used when compromise is needed.
In the present study the score for each variable
was taken from De Serio et al. (2018) who used
the pairwise comparison matrix separately for
physical parameters and socio-economic param-

eters (Tab. 3). The weight value for each parame-
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TABLE 3 Pairwise comparison matrix calculated for all parameters. The relative importance of the physical parameters is

set by De Serio et al. (2018)

ter was calculated after normalizing the scores of
the pairwise comparison matrix as defined by the
AHP (Tab. 4).

After having assessed the weight values we ver-
ified the consistency of the matrix by checking
the consistency ratio (CR) as calculated by the
following formula:

CR = CI/RI

where Cl is the consistency ratio index and RI
a random index. The consistency index CI is ex-

pressed as:
o= Y™
~ (-1

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

If CR <0.10 the matrix is consistent.

After ensuring that CR<0.10, the Physical Vul-
nerability Index (PVI) and the Socio-economic
Vulnerability Index (SVI) were calculated sepa-
rately as shown below.

16

. Erosion/ Coastal Relative Bl Mean
Variables Geomorphology . . wave .
accretion rate slope sea level rise hei tidal range
eight
Geomorphology 1 5 1/3 6 8 9
| Brosion/ 1/5 1 1/6 3 4 5
< | accretion rate
8 Coastal slope 3 6 1 4 9 9
2 | Relative sea level
; ke ative sea leve 16 13 /4 ] 3 3
rise
= M
can wave 1/8 1/4 1/9 1/3 1 2
height
Mean tidal 1/9 1/5 1/9 1/3 1/2 1
range
Column Total 12.783 12.999
Variables Population density Land use Road Railway
O network network
g Population density 1 4 8 8
Z
8 Land use/ Land /4 ] 4 4
5 | cover
8 Road networks 1/8 1/4 1 1
8 Railway networks 1/8 1/4 1 1
Column Total 1.500 5.500 14.000 14.000

The calculation of PVI and SVI were based on
the Weighted Linear Combination method and
comprises the sum (X) of weighted rating scores:

V=i Wi = Xi

where V stands for the vulnerability degree, 7
is the number of total factors, Wi is the weight
of the corresponding factor 7, and Xi is the
rating of the factor 7. The development of the
mathematical formula for the PVI and SVI is
shown below.

PVI= (W, X)) + (W, X) + (W/a*xa) + (W, X)) +
(W X) + (W *X)

SVI= (W, X)) + (W Xp) + (W, X)) + (W), X)

The final calculation of ICVI_2 was completed

by deriving the average value of the PVI and SVI.

1yt 2= PV SVI

The coastal vulnerability mapping was com-
puted in the ArcGIS environment by initial-
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TABLE 4 Normalized scores of the pairwise comparison matrix and the calculated weight value (W) for each variable

. Erosu.)n/ Coastal Relative sea Blzzn Mean tidal
Variables Geomorphology | accretion . wave
slope level rise . Range
rate height
Geomor 0.217 0.391 0.169 0.500 0.314 0.310
phology
)_] Erosion/
< | accretion 0.043 0.078 0.085 0.028 0.157 0.172
8 rate
£ | Coastal
> 0.652 0.469 0.507 0.333 0.353 0.310
T | slope
A~ Relati
vesea 0.036 0.026 0.127 0.083 0.118 0.103
level rise
Mean wave 0.027 0.020 0.056 0.028 0.039 0.069
height
Bile Eickl 0.024 0.016 0.056 0.028 0.020 0.034
range
Variables Population density Land use/ Road networks Railway
O Land cover networks
S | Population 0.667 0.727 0.571 0.571
% density
g | Levdlue) 0.167 0.182 0.286 0.286
= land cover
o)
5 | Roxdage 0.083 0.045 0.071 0.071
O | works
“ [ Rail
attway 0.083 0.045 0.071 0.071
networks

ly segmenting the coastline separately for each
variable according to the vulnerability score (1-
5) to coastal inundation. Each coastal segment
was then calculated by utilizing the two defined
mathematical approaches separately. In order to
achieve the relative ICVI for the study area, the
outcome score of each coastal segment was classi-
fied with the Jenks classification method.

RESULTS AND DISCUSSION

The studied coastline of the southern Gulf of
Corinth was found to feature geographical sec-
tions of various levels of relative vulnerability,
from very low to very high. As regards to phys-
ical parameters, the coastline with the largest
share of high and very high vulnerability relates
to the coastal slope and geomorphology. The
high value of the coastal slope stretches from
Aigion to Corinth (Fig. 4), whereas the high

value of geomorphology covers the whole coast-
line. Erosion/accretion rate on the other hand
features mostly high vulnerability rate with a
notable small section of very high vulnerabili-
ty rate west of Xylokastro as a result of coastal
erosion since 1945. Relative sea-level rise, mean
wave height and mean tidal range cover very low
vulnerability. As for socio-economic parameters,
the highest coverage of a very high vulnerability
score is featured by road and railway networks,
whereas the population density and land cover/
land use show a smaller share. The coastal area
between Corinth and Kiato is a gently sloping
area with a significant proportion of the built
environment consisting of housing, factories
and compact road networks. The road networks
are characterized as having very low vulnerabil-
ity in the easternmost section due to the sig-
nificant distance of the highway to the coast-
line. Physical parameters applied with the AHP
method as shown in Fig. 5, constitute 13.7% as
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of high vulnerability and 61.6% as of very high
vulnerability, which together comprise a rate of
75.3% high or very high vulnerability, mainly
distributed in the eastern coastline with plain
morphological features. The socio-econom-
ic entity on the other hand comprises its high
values of vulnerability in a lower degree with
16.7% of high vulnerability and 11.4% of very
high vulnerability.

The results of the two mathematical approach-
es (ICVI_1 and ICVI_2), consist of six physical
parameters and four socio-economic param-
eters. In Fig. 6, the first approach (ICVI_1)
shows that 18.3% of the studied coastline is
characterized as having a very high vulnerability,
while 10.8% as having a very low vulnerability.
In the second approach (ICVI_2) very high and
very low vulnerability stand for 9.1% and 7.1%
respectively. In general, both methods show very
high to high vulnerability mainly in the eastern
section of the coastline, whilst in the central and
western section the aforementioned values are
presented in a shorter overall length. The values
of high and very high vulnerability are depict-
ed in the most densely populated settlements,
which are Corinth, Kiato and Xylokastro in the
eastern section, and Rio in the western one. The
lowest vulnerability (very low score) is depicted
in Psathopyrgos due to the occurrence of marine
cliffs. To sum up, the results depict a relatively
extensive coastal segment of high or very high
vulnerability to a potential sea-level rise.

CONCLUSIONS

The present study utilized two mathematical
approaches to quantify the coastal vulnerabili-
ty to a potential sea-level rise of the southern
Gulf of Corinth by accounting socio-economic
and physical parameters. Same coastal sections
are highlighted as more vulnerable than oth-
ers (high and very high) in both approaches,

mostly the eastern coast of the southern Gulf

20

of Corinth (between the settlements of Corinth
and Kiato) featured by flat coastal areas, which
host important transport network and urban
hubs, such as Rio, Xylokastro and Aigion. As
such, the two methods seem to respond to the
imprint of reality in a coastal region with a high
variety of landforms. The implementation of
the two mathematical approaches revealed the
complexity of achieving a true and fair assess-
ment of coastal vulnerability when integrating
human activities to natural processes. The re-
sults of the two approaches show differences in
the extreme vulnerability values, where the first
approach (ICVI_1) expresses a higher propor-
tion of extreme values compared to the second
(ICVI_2). It can be attributed to the lower giv-
en importance of the socio-economic attributes
in the ICVI_1 as well as the added weights to
each variable in the ICVI_2. To this meaning, it
is fundamental that each parameter is assigned
the correct relative importance in order for the
results to reflect an accurate vulnerability of the
studied region. Equally important is to extract
accurate data from reliable sources that repre-
sent the studied region, as outdated information
or small discrepancies in quantitative data may
alter the results after the assignments of weights.
A high number of included parameters are also
generators for altering the results because the
particular influence of each parameter decreas-
es. By saying this, each parameter contributes
to vulnerability with unequal importance in na-
ture and therefore a weighted procedure is high-
ly recommended, especially when incorporating
socio-economic parameters, which are consid-
ered human induced attributes. The utilized
approaches in this study are recommended to
be applied in similar environments by assigning
weights of relative importance according to the
priorities. Both constitute a first large-scale as-
sessment in order to catch the most vulnerable
coastal regions that need to be protected from
future flooding and erosion caused by future

sea-level rise or severe storm surge events.
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