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Abstract: Floods can be extremely harmful for the welfare of societies regardless if they
are natural or caused by humans. The Mediterranean region has experienced an increase
in flash floods frequency and severity. The suddenness and episodic nature of these type
of floods makes it more difficult to predict them compared to river floods. In this study, a
map was developed in regard to the flood susceptibility of Zakynthos Island with the use a
multi-criteria decision analysis. This analysis utilized six factors: a) flow accumulation, b)
land use, c) slope, d) rainfall intensity, €) geology and f) elevation. Each factor had a
different weight based on their importance in regard to flash floods. The analysis was run
in GIS. To validate the developed susceptibility map, the locations of the recorded past
floods on the island were utilized. The end product was a validated flood susceptibility
map. This map can help the Civil Protection Authority of Zakynthos Island to mitigate
communities’ susceptibility to flash floods.
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Introduction

When large amounts of water exceed the natural boundaries of water bodies and occupy areas
that are typically dry, floods occur. Floods are natural hydro-meteorological disasters (Cavallo
and Noy 2011). They typically result from extreme meteorological events, such as heavy
rainfalls or sudden snowmelts, but they can also be caused by earthquakes, landslides,
tsunami or dam failures. Anthropogenic activities have accelerated flash floods frequency and
magnitude. Such activities include: a) changes in land-uses (primarily urbanization and
agriculture), b) exponential increase in population, c) river regulation of most rivers (dams,
channelization) and d) climate changes (Jonkman 2005, Trenberth 2008, Zaimes and
Emmanouloudis 2012). When floods are compared to other disasters, they are the costliest,
deadliest and most frequent (Gaume et al. 2016). Human life, economic, ecosystem, historical
and cultural losses, and associated diseases are some of the direct consequences. The loss of
economic and agricultural production and a decrease in the socio-economic welfare are some
of the indirect consequences (Jonkman 2005). Flooding consequences are also categorized
based on the temporal scale (Cavallo and Noy 2011). Those occurring during the flood event
are immediate consequences and include damages to infrastructure, buildings, equipment,
roads, bridges, reservoirs and agricultural land. When transportation and services stop being
produced or provided, for up to five years after the flood event, they are considered as
intermediate consequences. Finally, the changes in the macroeconomic variables, the
migration of the population and the devaluation of properties are the long-term consequences.
These numerous and wide-ranging consequences have led to global efforts to mitigate flood
impacts before, during and after they occur.
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The types of a flood event depend on the location they occur in, the flood water speed and
amount, and/or their causes (Heathcote 2009, Zevenbergen et al. 2010, Simonovi¢ 2012,
Chilikova-Lubomirova and Zaimes 2018, Sen 2018). The main flood categories are: a) river (or
fluvial), b) coastal, c) urban, d) flash, e) pluvial, and f) dam and dyke failure. Flash floods are
the focal point of this study that are typically caused by very high intensity rainfalls or sudden
massive snowmelts (Gaume et al. 2009, Marchi et al. 2010). Their main characteristic is that
the water flowing in its channel and/or outside has a very high velocity. This is caused by the
steep slopes of their watersheds that lead to high concentration times of the rainfall water that
rapidly reaches their channels. Small areas are typically covered with water from flash floods.
Still they are very dangerous because the depth and the travelling velocity of the water can be
very high and the waters have a large transport capacity that can carry rocks, trees and cars.
Finally, most flash floods stop as fast as they start, making them very difficult to predict.
Overall, they have not been studied or recorded as extensively as needed in order to
completely comprehend them, especially when compared to other types of floods (Lumbroso
and Gaume 2012). This is surprising because flash floods in Europe are a major natural
disaster (Marchi et al. 2010). The reasons for the limited comprehension of flash floods are: a)
they occur in watersheds that do have formal and regular measurements of the discharge or
the magnitude of the event; b) flash floods data are recorded in the technical reports of the
local authorities, companies and research units, and they typically remain unpublished, so it is
difficult to access them, and they are written in the national languages (Gaume et al. 2009).

The complex climate, topography and geomorphology of the Mediterranean Basin leads to
many diverse environments, typically prone to flash flooding (Camarasa Belmonte and Segura
Beltran 2001). The Euro-Mediterranean region has more extreme floods than the European
continental regions, especially flash floods (Ferraris et al. 2002). The frequent appearance of
flash floods is due to the rough mountainous landscape that in many cases is near the
coastline (Llasat et al. 2010, Ducrocq et al. 2014). The slopes of the Mediterranean mountains
are steep and the altitudinal difference from the mountain top to the coastline is quite large
despite the small horizontal distance. Secondly, intense precipitation events are very common
in the region (Tarolli et al. 2012, Gaume et al. 2016). Therefore, the watershed hydrologic
timescale in the Mediterranean can be only of a few hours (rainfall concentration time). The
climate, the topography and geology have also led to its fluvial systems being primarily
composed of ephemeral and intermittent streams (Camarasa Belmonte and Segura Beltran
2001, Emmanouloudis et al. 2011). These types of streams are called ‘wadis’ in the Eastern
and Southern Mediterranean and ‘torrents’ in the Northern Mediterranean (Emmanouloudis et
al. 2011). Flash floods in ‘torrents’ and ‘wadis’ are the most extreme in autumn (Ducrocq et al.
2014). In addition, urban settlements have and continue to rapidly expand along the
Mediterranean coastlines leading to a greater number of people exposed to flash flooding
(Llasat et al. 2016). Finally, flash floods in the region are also the consequence of the frequent
wildfires that are a natural disturbance of many Mediterranean ecosystems (Ranis et al. 2015).
Burned watersheds are bare of vegetation, thus the surface runoff is high and the hydrologic
regime timescale is very quick (Garcia-Comendador et al. 2017).

The climate change potential impact on the hydrology should also be considered.
Temperatures and evapotranspiration increases, more intense rainfalls, and rainfall amount
declines by 50% in the summer have been forecasted for the Mediterranean (Terrado et al.
2014). These changes will enhance drought frequency and length and they lead to a quicker
hydrological cycle that should reduce even more the water availability in this water-scarce
region (Rault et al. 2019). The natural flow regimes of the water bodies are expected to change
(Pedro-Monzonis et al. 2016), with perennial streams becoming intermittent and intermittent
streams becoming ephemeral. Overall, the flash flood frequency and magnitude are expected
to increase. Drought increases will increase the frequency of wildfires and they lead to larger
burnt areas thus indirectly increasing the flash floods’ potential (Mitsopoulos et al. 2017, Duane
etal. 2019).
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In Greece, numerous flash floods are recorded every year (Diakakis and Deligiannakis 2017).
This is associated with the intense rainfall events that occur and the rugged, steep
mountainous topography of Greece that ends in lowlands along the seacoast, where most
people live (Emmanouloudis et al. 2011). The unorganized urban development in Greece,
which for many times has led to settlements developed in former torrent channels or
floodplains, has also increased the susceptibility to flash flooding impacts. Finally, the areas
surrounding the urban centers have frequent wildfires that further exponentially enhance the
potential of floods in the cities. In many cases, this fact leads to losses of human lives. A total
of 151 deaths were recorded in Greece from 1970 till 2010, caused by 53 flood events
(Diakakis and Deligiannakis 2017). Most fatalities, specifically 39, occurred in 1977 due to a
major flood in Athens (Diakakis 2014). A similar flood event occurred in Mandra, a town that
lies outside of Athens, on November 15" 2017, that caused the loss of 24 lives. The event was
caused by an extreme rainfall storm, that had 300 mm of water fall within a 13 h period
(Diakakis et al. 2019). This flash flood had the most deaths in Greece, in the last 40 years.
Overall, the rapid population congregation in urban centers, the uncontrolled and unorganized
urban development, will lead to more flash flood events, indicating clearly that standardized
measures that are science-based need to be taken to mitigate this danger.

This study utilized new technologies and methodologies to develop flood susceptibility maps
that identify the areas with the highest susceptibility for the island of Zakynthos in Greece. Few
studies have focused on floods on the Greek islands despite a plethora of flood events
recorded on Greek islands. These events are typically the result of their rugged topography and
the frequent intense rainfalls. In addition, most infrastructure and settlements are along the
coastlines, increasing the potential negative impacts of flash floods. Finally, the Flood Directive
2007/60/EC, that was established to assess and manage flood risks, requires all member
states to: a) assess the water courses and coastlines that are at risk from flooding; b) map the
flood extent and the assets and humans that are at risk in these areas; and c) implement
coordinated measures to reduce these flood risks (European Council 2007). This study
addresses the Flood Directive by focusing on a specific flood prone island.

Methodology
Study area

The topographic and climatic conditions of the Greek peninsula along with the population
congregation in urban centers will enhance the susceptibility and impacts from the frequent
flash flood events. Greece has approximately 6000 islands although most are not populated.
Islands differ to the inland areas because of their unique hydrometeorological characteristics.
This makes them special case studies in regard to flooding events, especially in the
Mediterranean. The Greek populated islands have a high hypsometric variability within a
relatively small area, with torrents primarily flowing on them (Emmanouloudis et al. 2011). The
end points of the torrents are along the seacoast where most development is concentrated,
thus enhancing flood vulnerability (Kourgialas and Karatzas 2016, Koutalakis et al. 2017a,
Vozinaki et al. 2018, Fortesa et al. 2019).

Zakynthos Island was the focus of this study (Fig. 1). Zakynthos is located in western Greece,
in the lonian island cluster. It is one of the larger islands of the lonian cluster. Its total area is
406 km?, while the length of coastline is 123 km, and it is occupied by 41,000 people. It is
approximately triangular in shape, with Skinari Cape in the north, and Marathia Cape (on the
southwest) and Gerakas Cape (on the southeast) to the south. Between the two southern
capes is Laganas Bay, a National Marine Park since 1999. The reason for this designation is
because the endangered Caretta-Caretta sea turtle utilizes the island as a nesting ground. This
is another reason for focusing on the specific island. The Brachion Peak is the highest point of
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Fig. 1 - Zakynthos Island that is located in the lonian Sea in western Greece was the
study area

the island with an elevation of 756 meters. Overall, 55.15% of the island is semi-mountainous,
primarily the western part of the island and the two southern capes (Marathia and Gerakas).

The eastern part has most of the lowlands. In regard to the geology, the western parts are
mainly of limestone. The middle of the island has primarily clastic deposits and marly
limestones. Finally, the western parts have evaporites that in many instances are overlaid by
clastic deposits and marly limestones. Along the seacoast and the lowland areas, you can also
find, in small areas, scree, coastal and recent marsh deposits and alluvial and eluvial
formations. Zakynthos has a mild Mediterranean climate, and it rarely experiences extreme
temperatures. Temperatures below 1-2°C have scarcely been recorded, while humidity can
reach high levels, as high as 80%, and the average annual precipitation is 940 mm. This results
in the island having a rich and dense vegetation. From a hydrological approach, no major rivers
flow through the island. Still, the many rainfall events and the high annual amount of rainfall
lead to flows through the island torrents that frequently have flash floods. This is the second
reason for selecting Zakynthos Island. The island has four main torrents that are Lagana,
Zakynthos, Tsilivi and Alykes. All these have an ephemeral flow and they start in mountainous
areas, continue in the lowlands and end in the sea. The torrents also run through the
settlements of Zakynthos Island (typically in the lowlands) were the greatest susceptibility to
floods exists. Housing can be found on both sites of the torrents and some rudimentary flood
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prevention infrastructure has been developed (e.g. levees or cement walls or gabions on the
banks).

Finally, climate change implication should also be considered. Specific studies for the island
have not been conducted. The projections for the Mediterranean region forecast an
intensification of the hydrological cycle. Specifically, the temperature is expected to increase,
the rainfall will concentrate in shorter periods of time, the precipitation will decrease up to 50%
in the summer, and the drought frequency and strength will increase (Rault et al. 2019). These
conditions should lead to a more surface runoff and it is the reason why the frequency of large
floods in the region has been forecasted (Calbo 2010).

A Multi-Criteria Decision Analysis within a Geographical Information System
to assess flash floods

Flash floods have an episodic nature. They developed very fast but also they end very sudden.
Innovative and modern technologies can help develop state of the art tools for the sustainable
management of water resources. This is a major need in the Mediterranean region that is water
-scarce and it experiences flash floods quite often (Kourgialas et al. 2015, Maugeri et al. 2015,
Diaconu et al. 2019, Koutalakis et al. 2019). Using modern technologies can mitigate torrent
damages during flash floods while enabling their utilization to benefit the neighboring
communities (Koutalakis et al. 2017a, Koutalakis et al. 2017b, Tufekcioglu et al. 2017).

Combining a Geographic Information System (GIS) with an ‘expert system’ can be such an
innovative tool, particularly for ecosystem and environmental assessments (Gounaridis and
Zaimes 2012, Zaimes et al. 2012). GIS provides spatial data analysis and capabilities for
analytical modeling (Malczewski 2006). An expert system tries to emulate a human expert in
order to transfer knowledge and expertise and to produce recommendations by utilizing
reasoning methodologies in a computer-based system (Malczewski 2006, Zaimes et al. 2016).
Such a system, that is frequently used because of its flexibility and innovation, is the Multi-
Criteria Decision Analysis (MCDA). A MCDA can structure decision problems by utilizing
science-based approaches and schemes to form, assess and prioritize alternative decisions
(Malczewski 2006). The combination of GIS and MCDA can support effectively and efficiently
the spatial decision-making process. It can be an optimal tool for land managers to assess
flash flood risk because it can provide support but it also helps to quantify the relationships
between floods and their influencing factors.

In the recent decades, a major increase in the use of MCDA coupled with GIS has been
observed. This is because: firstly, the scientific progress and the use of GIS have increased
exponentially; secondly, their acceptance as decision analysis and support methods has been
worldwide spread; and, thirdly, the MCDA software with its support modules, that are low-cost
and easy to use, is easily coupled with the GIS software and readily available (Malczewski
2006, Goodchild 2010, Zaimes et al. 2016).

MCDA mines knowledge that is translated into a computer language, typically by assigning
weights for the most important factors of the studied phenomenon (e.g. flash floods)
(Malczewski 1999, Rahman and Saha 2008). The weight (value) for each factor depends on its
importance based on the experts’ opinions. The most difficult and critical step of this widely
used method is the problem structuring. The reason is that different weights and rankings can
be produced that depend on the experts’ opinions (Malczewski 2006). In this study, the MCDA
method was employed within a GIS environment. In addition, the Analytic Hierarchy Process
(AHP) and the Weighted Linear Combination (WLC) were used.

The criteria selected for the MCDA were based on the reviewed literature, the availability of
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data and the authors’ expertise in regard to flash floods (Li et al. 2019, Toosi et al. 2019). Six
criteria were selected that considered topographic, environmental, climatic and anthropogenic
parameters (Fig. 2). Each criterion brief description follows: 1) Flow Accumulation — it shows
how much water will be accumulated in different locations. Firstly, the Digital Elevation Model
(DEM) was develop in order to delineate the Zakynthos watersheds. The fill-sinks and flow-
direction algorithms with the ArcHydro’s flow-accumulation tool were used to identify the water
concentration in each location; 2) Slope. The surface runoff is highly dependent on the
watershed topography. Slope’s length, steepness and shape are the main parameters that
were considered. The DEM was utilized to determine the slope parameters; 3) Land Use — it
can increase or decrease the soil infiltration that impacts the surface runoff rate and the
watershed precipitation concentration time. Smaller watershed concentration times have a
higher flash flood susceptibility. The vector data from the CORINE Land Cover of 2018 were
utilized. The land uses were: a) industrial and urban areas, b) shrublands and rangelands, c)
cultivated areas, d) other agricultural areas, and e) small forested areas; 4) Rainfall intensity.
The nearest meteorological stations provided the necessary data. The MFI index was used to
estimate the intensity. It was estimated with the following equation (Morgan 2005):

MFI = £ p? / P (equation 1),

where MFI is the rainfall intensity index, p is the daily monthly rainfall and P is the mean annual
rainfall; 5) Geology. Soil infiltration heavily depends on the geologic substrate. High infiltration
rates reduce the surface runoff and consequently the flash flooding. The geologic formations of
Zakynthos island were separated based on their infiltration capacities: a) impermeable, b) low
infiltration, c) medium infiltration, d) high infiltration, and e) very high infiltration; 6) Elevation — it
had six categories. Lower elevation areas were considered of a higher susceptibility because
they have urban settlements which indicate that flash floods can have more significant impacts.
In contrast, higher elevation areas are substantially less populated on the island, which
indicates a lower susceptibility.

Four of the six selected factors were quantitative. Specifically, a) flow accumulation, b) slope,
c) rainfall and d) elevation. The other two factors, geology and land use, were qualitative and

o Elevation
=
> Slope
= M
.:g C Geology
3
(8] D Land use
w)
A A
o Flow Accumulation
3
[ Raifall Intesity

Fig. 2 — Six criteria were used for the Multi-Criteria Decision Analysis (MCDA)
to develop the Zakynthos Island Flood Susceptibility Map
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they were modified in order to be able to receive numerical values. All the data used in the
MCDA were raster-based. The pixel size was 25x25 meters. The calibrated values ranged from
1 (very low susceptibility) to 5 (very high susceptibility) depending on the class/category of their
original values. This was necessary so that all selected criteria had the same scale. Finally,
each criterion received a percentage that was based on their importance according to the
experts’ opinion on the increasing surface runoff.

For the Final Flash Flood Susceptibility Map, all six selected factors were combined by utilizing
the Weighted Linear Combination (WLC) method. This method was implemented in GIS. In this
method, each calibrated factor (Xi) is multiplied by its respective weight percentage (Wi). The
sum of these gives us the final flood susceptibility map of the study area. This model was
developed by using the map algebra in GIS. The equation of the model was:

Ri= X, WiXi

where R is defined as the value of risk for pixel i, n the number of criteria used, W is the weight
of a criterion i and X is the rank of criterion i according to the range of the criterion values. Each
pixel risk value is estimated by considering all criteria, and the criteria values are the input data
needed to develop the study area final map.

Finally, validating the results is essential when using a GIS-based MCDA in order to assess its
usefulness. Historical recorded data on flash floods locations that were provided by the civil
protection authorities were used to validate the identified GIS MCDA high flash flood
susceptibility areas of the island.

Results and Discussion

The classification and calibrating values for each selected factor can be seen in Table 1. Based
on these values, six flood susceptibility maps were developed, one for each factor (Fig. 3).
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Fig. 3 - A flood susceptibility map was developed for each selected factor
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Table 1

The six criteria weights and rates that were included in the Multi-Criteria Decision

Analysis for the flash floods of Zakynthos Island

Criteria Classes Flash Weight | Rate | Corrected Total Final
Flood Risk of Weight Weight Rate
Factor %
1 | Flow 81778- Very High (5) | 10 1.5 15 39 9.67
accumu- | 110923
lation 51737- High (4) 8 12
(pixels) | 81778
26100- Medium (3) 5 7.5
51737
6525-26100 | Low (2) 2 3.0
0-6525 Very Low (1) 1 1.5
2 | Slope 0-5 Very High (5) | 10 2.0 20 52 12.90
(de- 5-13 High (4) 8 16
grees) -
13-22 Medium (3) 5 11
22-35 Low (2) 2 4
35-72 Very Low (1) 1 2
3 | Land- Urban and Very High (5) | 10 3.0 30 78 19.36
use industrial
areas
Rangelands | High (4) 8 24
and
shrublands
Cultivated Medium (3) 5 15
areas
Other Low (2) 2 6
agricultural
areas
Small for- Very Low (1) 1 3
ested areas
4 | Rainfall 849-970 Very High (5) | 10 1.5 15 39 9.67
Intensity | 727-849 High (4) 8 12
(Units 689-727 Medium (3) 5 7.5
MF1) 656689 Low (2) 2 3
638-656 Very Low (1) 1 1.5
5 | Geology | Impermea- Very High (5) | 10 3.0 30 78 19.36
ble
Low High (4) 8 24
infiltration
Medium Medium (3) 5 15
infiltration
High Low (2) 2 6
infiltration
Calcareous | Very Low (1) 1 3
6 | Eleva- 0-104 Very High (5) | 10 45 45 117 29.04
tion 104-246 High (4) 8 36
(meters) 7526-379 Medium (3) | 5 23
379-515 Low (2) 2 9
515-756 Very Low (1) 1 5
Total 403 100
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These maps show how different factors identified other areas with very high susceptibility. The
elevation factor identified the coastal areas around the island and the southwestern region of
the island as the most susceptible to severe flooding. The southwestern region of the island
was again the most susceptible to flooding based on the slope factor, but the coastal areas
were identified with very low susceptibility. The overall geology of the island has a high
infiltration and only the southwestern cape has areas with a very high flood susceptibility. The
land-uses identified very few areas of very high susceptibility that were primarily the urban
areas. In these areas, flood mitigation measures should be implemented, since flash floods in
these areas can have major negative impacts (e.g. loss of human lives). The areas most likely
to have floods, based on the flow accumulation factor, are the channels of the island’s torrents,
since most surface waters are collected in them. Finally, the greatest amount of rainfall falls in
the eastern region of Zakynthos, indicating the greatest runoff potential. By reviewing the six
maps, the complexity of flash floods and the influence of each factor on the flood magnitudes
and susceptibility are evident. Incorporating all six factors is necessary to accurately forecast
the potential locations of high-susceptibility to flash floods.

The flood susceptibility model of this study utilized map algebra in GIS to incorporate all six
factors selected that allowed the development of the final flood susceptibility map for Zakynthos
Island (Fig. 4). The areas with the highest susceptibility of flooding are marked in red on the
map, and they are primarily located in the eastern lowlands and the urban areas of Zakynthos.
In these populated areas, flash floods have the potential to cause serious social and economic
damages.
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Fig. 4 — The final flood susceptibility map for Zakynthos Island
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To validate the map, the areas in red (e.g. high susceptibility) were compared to the historically
recorded floods, data that were provided by the local authorities. Major flood events had
previously occurred in Zakynthos: in Katastari in 1992; in Laganas, Ag. Sostis and Alykanas in
2005, and in Zakynthos Town and Ampelokipoi in 2016. The comparison of the recorded
flooded areas with the final map produced revealed that all of them produced within the high
and very high flood susceptibility areas. This showcases the validity of the applied method and
the usefulness of the final map to the local authorities for future flood mitigation and protection.

Floods in the Mediterranean region are a major natural disaster (Diakakis et al. 2018). Every
year, the region has many economic losses and, in many cases, losses of lives, because of this
disaster. The frequency and magnitude of floods are expected to increase due to climate
change and they are forecasted to become more extreme in magnitude in Greece
(Giannakopoulos et al. 2011, Roudier et al. 2016). This clearly indicates that there is a need to
develop tools to mitigate the future impacts of floods at regional and local scale. This is also a
requirement for all EU member states based on the Flood Directive of 2007. Specifically, the
member states of the EU need to: a) map the river basin districts of each river; b) register the
flood history of the districts and also include information on the flooded areas and the
consequences on the society; and c¢) evaluate the future potentially negative flood
consequences on the human society taking into consideration health, the environment, the
cultural heritage and the economy (European Council 2007). Once these activities are
completed, the most susceptible areas need to be recorded and presented in the form of maps
of flood risk potential. The method that was presented here could help the responsible
authorities to meet the Flood Directive mandatory requirements.

Emphasis should be given to the populated islands of Greece and in general of the
Mediterranean since these can be very crowded due to tourism and in many cases urban
planning is very poor and unorganized which could lead to severe problems if flash flood
events occur. To better combat this problem, tools that are based on new and modern
technologies should be utilized (Kourgialas and Karatzas 2011, Artinyan et al. 2016, Kourgialas
and Karatzas 2017). Such an approach is presented in this study that focuses on a Greek
island (specifically Zakynthos) and the end result is represented by the easy to read and utilize
maps. Such maps should be developed for all the Greek islands that are inhabited. This will
allow the Civil Protection, municipalities and urban planners to be more efficient and effective in
minimizing the human and economic losses from flooding.

Based on the final map, several urban areas have very high and high susceptibility to flooding.
These areas are typically at or close to the mouth of the four torrents of the island. These
include the town of Zakynthos and the settlements of Tsivili, Alikananas and Laganas that are
all located on the southern and eastern seacoast of the island. Immediate measures need to be
taken in these urban areas. Specifically, some of the potential measures could include levees
and gabions on the banks while, in the channel, check dams could be constructed or, if
possible, the deepening and widening of the channels could be realized. Another solution could
be the development of detention and retention ponds that should collect the runoff and
increase the concentration time that the runoff requires to reach the channel, thus reducing the
flood peaks. Of course, for the selection of the final measures, detailed studies need to be
conducted at the local level, taking into consideration the type of infrastructure (e.g. houses,
parks etc.), the torrents and the areas most likely to be flooded because of the topography.
Finally, the future urban planning should try to avoid building new housing and hotel
developments in potential flood zones.

While these measures might prove effective in the short-term, as the towns and villages

continue to expand, more sustainable solutions need to be implemented. Specifically, for each
of the four torrents of the island, integrated water resources management (IWRM) plans need
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to be developed (Le Page et al. 2020). These have been very successful in providing a
sustainable water management throughout the world (Hulsmann et al. 2019, Chang et al.
2020). One of the key components is working at the watershed scale and incorporating all
hydrologic processes at this scale. In the case of flood management, the goal is to reduce the
amount of the runoff water that reaches the stream channel or altering the concentration time of
the surface runoff reaching the stream to reduce the flood peaks. The principle is to take
mitigation measure before the water reaches the channel. The idea is to implement ecosystem-
based (Dhyani et al. 2018, Hulsmann et al. 2019) and ecohydrological (Janauer 2016)
approaches, and nature-based solutions (Bridgewater 2018, Zaimes et al. 2019a, Brillinger et
al. 2020), which are more sustainable and environmentally friendly ways to reduce flooding in
the long-term. For example, these could be the establishment and maintenance of the natural
riparian vegetation along the torrents (Zaimes et al. 2019b) and the wetlands in the targeted
locations of the watershed (Wu et al. 2020).

Overall, the major types of surface water bodies on these islands are the torrents. Torrents, by
nature, have a very extreme hydrologic regime that can range from no flow to a flash flood in a
matter of hours (Emmanouloudis et al. 2011). This makes them extremely unpredictable and
very difficult to manage. It is a necessity to improve our understanding of the processes that
govern these systems (Koutalakis et al. 2017a). It will be essential to develop and utilize tools
that predict flows for semi-arid intermittent and ephemeral streams (Tzoraki et al. 2013) and
especially peak flows from poorly or ungauged torrents (Koutroulis and Tsanis 2010) that run
through the urban settings (Papaioannou et al. 2018). Finally, enhancing the awareness of the
general public on the impacts of flash floods events, along with mitigation measures, before,
during and after these events, should also be a major priority for the Civil Protection Authorities
of Greece (Diakakis et al. 2018).

Conclusions

The areas of Zakynthos Island that have the greatest flood susceptibility were identified by
implementing MCDA in a GIS environment. Six factors that influence flash floods were selected
and different weights were assigned to them based on the experts’ opinions on their
importance to this phenomenon. The algebraic sum of the above six factors in GIS categorized
the study area into five susceptibility zones, from very low to very high. The results were very
satisfactory since the very high susceptibility areas corresponded to the areas that experience
flood events in the past.

Improvements can be made to this method. The lack of detailed data on some of the factors
was the main source of uncertainty for the results of this study. This uncertainty was related to
the geological and land-uses data (too coarse resolution), the lack of high-resolution terrain
data (topography), and the few meteorological stations located on the island. Improving the
resolution and the spatial accuracy of data would substantially improve the results of this
method. Improvements could also be accomplished by including additional factors such as
watershed area, watershed stream density, soil type, vegetation cover, population density, road
network and the existence of flood mitigation measures.

Overall, the results were very promising. Similar maps, based on this method, should be
developed for other islands or regions of Greece that face flash floods. One of the main
advantages is the relatively easy implementation of the method. The production of such maps
will be very useful to the Civil Protection Authorities of Greece for many reasons. The use of
these maps would showcase the areas were flash floods events could occur. This would allow
the early evacuation of these areas during flash floods. In addition, the flood mitigation
infrastructure and other measures, would be constructed by relying on science-based
information in the most needed areas (targeted approach).
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Climate change and the continued expansion of urbanization are expected to increase the
flood events’ frequency and magnitude. This is particularly true for Greece and the
Mediterranean, where fatalities due to flash floods have been recorded in the recent past years.
These facts necessitate the utilization of modern and innovative methodologies to mitigate flash
floods, particularly into urban settings. Methods such or similar to this study can be an
important tool for Greece and the Mediterranean. Civil protection authorities should adapt such
methods since they provide a cost-effectively alternative to protect the citizens from this natural
disaster. Municipalities should also avoid urban development in areas that have high
susceptibility to floods. Finally, more prevention measures need to be implemented in the high
susceptibility flash flood areas, at both the local urban scale and the watershed scale, along
with enhancing the awareness through various activities with the citizens of these areas.
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