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Abstract:  Floods have affected more people over the years than any other natural hazard. Hence, the need of flood hazard 
assessment is imperative. This paper aims to assess flood hazards using G.I.S and multicriteria analysis. A Flood 
Susceptibility Map was constructed based on the estimation of the Flood Hazard Index (F.H.I.). Flood Susceptibility 
Maps present the area’s most likely to flood, considering the factors that affect its occurrence. This paper determines 
the potentially vulnerable areas to the flood phenomena of Chalkidiki region as well as the factors related to the 
manifestation of these phenomena. This is achieved by extracting a Flood Susceptibility Map with a combination of 
multicriteria analysis, and G.I.S. Multicriteria analysis was carried out with the application of the Analytic Hierarchy 
Process (A.H.P.), taking into consideration eight different parameters associated with the morphometric, hydrological, 
and geological characteristics of the study area. A.H.P. was implemented for those eight parameters to extract their 
relative weights. Then the Flood Susceptibility Map was created with the simultaneous export of the Flood Hazard 
Index's (F.H.I.) values. The validation of this methodology was performed through a sensitivity analysis. A single-
parameter sensitivity analysis was conducted on the parameters' weights to check the reliability and the effect of each 
parameter in the Flood hazard assessment. The sensitivity analysis concluded with a Revised index R.F.H.I. and a 
revised Flood Susceptibility Map, which was then compared with the initial Flood Susceptibility Map, and the results 
of this comparison converged to a large extent. Finally, records of historical flood events were used to confirm the 
validity of the methodology's results and compare the Flood Susceptibility Maps with actual flood events that have 
occurred in the study area. 
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1. INTRODUCTION 

As climate change intensifies, extreme weather conditions are heightening, and this has resulted 
in an increase in floods worldwide. Floods are natural disasters that can have serious economic, 
cultural, and environmental effects and are more frequent and intense nowadays. According to 
U.N.I.S.D.R. (United Nations International Strategy for Disaster Reduction), climate-related 
disasters have dominated the picture over the past 20 years in terms of occurrences. According to 
the report' Economic Losses, Poverty & Disasters 1998-2017' from the United Nations Office of 
Disaster Risk Reduction (U.N.D.R.R.), 2018, climate-related disasters accounted for 91% of all 
7255 recorded events between 1998 and 2017. 

Flood water can cause damage by transporting waste and floatable matter over long distances. 
The absence of proper drainage can induce the accumulation of water and waste in low-elevation 
areas or areas with low soil permeability. In these areas, it is imperative to have valid and timely 
management so that flood damage can be minimized (Fotovatikhah et al., 2018). Thus, the need for 
long-term adaptive and flexible intervention strategies is evident to account for the uncertain future 
climate (Woodward et al., 2011). The root causes of river vulnerability are human destruction, the 
outbreak of various diseases in a river, and the destruction of crops and infrastructure (Chan et al., 
2022). As Winsemius et al. (2013) state, there is increasing attention in the scientific and policy 
communities for strategic global assessments of natural disaster risks.  

The areas vulnerable to floods have to be identified to assist the decision-makers in avoiding 
disastrous consequences (Tehrany et al., 2019). Flood susceptibility maps can easily identify flood-
prone areas, and at the same time, the appropriate mitigation strategies can be followed 
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(Antzoulatos et al., 2022). Flood hazard maps are extremely important for future city growth 
planners and are used mostly for distinguishing flood-prone areas (Echogdali et al., 2018).  

According to Sampson et al. (2015), flood hazard maps are designed to indicate the probability 
of flooding and serve as a critical decision-making tool for a range of end users, including 
building/infrastructure developers and disaster response planners. The prediction and preparedness 
of large-scale flood events are the main pillars in mitigating their effects and optimizing the 
strategic planning of water resources (Alfieri et al., 2013).  

Flood management is a challenging procedure with compound and complicated problems that 
involve numerous parameters that, once combined, can lead to a structured decision about flood 
vulnerability. Multicriteria decision-making has been considered a suitable set of methods for 
performing sustainability evaluations due to its flexibility and the possibility of facilitating the 
dialogue between stakeholders, analysts, and scientists (Cinelli et al., 2014). The use of multicriteria 
analysis provides the possibility of examining many parameters that influence flood phenomena. 
The combination of G.I.S. and multicriteria analysis has been very common in recent years. 
Researchers worldwide have recently emphasized the importance of decision-making approaches 
based on G.I.S. techniques in flood mapping cost- and time-wise (Edamo et al., 2022). The 
multicriteria approach based on G.I.S. is increasingly used for flood hazard assessment because it 
requires spatial data on the parameters contributing to flood hazard to assess an area's vulnerability 
(Rincón et al., 2018). The main advantage of combining multicriteria analysis and G.I.S. is that it 
requires spatial data on the parameters contributing to the flood risk to assess an area's vulnerability 
(Rincón et al., 2018).  

2. MATERIALS AND METHODS 

2.1 Study area 

The flood hazard was assessed in Chalkidiki regional unit, which is located in northern Greece, 
between Thermaikos and Strymonikos gulfs, and extends over three peninsulas, Kassandra in the 
west, Sithonia in the centre, and the Athos peninsula in the east. In the North-North-West part, it 
borders with Thessaloniki regional unit, while in the rest of its addresses, it is washed by the 
Aegean Sea.  

 

Figure 1. Chalkidiki regional unit (Source: earth.google.com) 

Chalkidiki regional unit covers an area of 3231.5 km², and its perimeter is 772 km. The mean 
elevation and mean slope are 279.1 m and 11.6%, respectively. Chalkidiki belongs to the Water 
Department of Central Macedonia (GR10) and includes the watershed of Athos (GR43) with an 
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area of 239 km² and a part of the watershed of Chalkidiki (GR05), which extends to 5546 km².  
According to the Köppen climate classification, the study's area climate belongs to the temperate 

Mediterranean, characterized by hot, dry summers and mild and rainy winters. The area's vegetation 
mainly consists of forest lands, bushes, and agricultural land, while its smaller part consists of 
pastures, settlements, and barren land. 

Based on G.I.S. elevation data of the study area and according to the classification of Dikau 
(1989), Chalkidiki's surface relief can be classified into four categories and characterized, 
depending on the altitudes encountered, in lowland, hilly, semi-mountainous, and mountainous, as 
shown in Table 1. 
 

Table 1. Spatial distribution of Chalkidiki's surface relief according to the classification of Dikau (1989) 

Elevation, m Relief designation Area, km2 Percentage, % 
<150 Lowland 1548.8 47.9 

150-600 Hilly 898.7 27.8 
600-1500 Semi-mountainous 552.9 17.1 

>1500 Mountainous 231.1 7.2 

2.2 G.I.S. and multicriteria decision analysis 

Flood hazard problems involve numerous parameters, and their solving requires making a 
decision. Decision-making engages with many criteria and sub-criteria that are used to prioritize the 
probable alternatives of a decision (Saaty, 2008). G.I.S. can support spatial decisions and their 
ability is analyzed in three phases of the decision-making process, intelligence, planning, and 
selection (Malczewski, 1999).  

According to the literature, the majority of the researchers prefer to use G.I.S. for flood hazard 
management due to their ease of use and ability to process spatial data and provide spatial 
information about an area (Abdelkarim et al., 2018; Kazakis et al., 2015; McKenzie & Gala, 2022; 
Das, 2019; Diakakis et al., 2012; Ogato et al., 2020; Band et al., 2020; Theochari et al., 2021; 
Edamo et al., 2022, Ganjirad & Delavar, 2022; Hagos et al., 2022; Ikirri et al., 2022). The ability of 
G.I.S. to integrate large amounts of spatial data makes it the most appropriate tool for multicriteria 
decision-making problems (Shepherd, 2004).  

Μulticriteria analysis provides the possibility of examining many parameters that influence 
floods. Lately, multicriteria decision analysis methods have been developed to support the decision 
maker in the unique and personal decision-making process (Ishizaka & Nemery, 2013). The choice 
to examine more criteria aims at deriving a more realistic result, as more parameters that affect the 
outcome of the original problem are analyzed at the same time.  

A.H.P. is the most preferred multicriteria analysis method, and as Parsian et al. (2021) state, 
A.H.P. is a viable option for flood susceptibility studies. Regarding its application to flood hazard 
assessment problems, A.H.P. is considered the most widely used methodology for this process due 
to its simple implementation and combination with G.I.S. software. Also, it is equally important 
because it can handle missing or poor-quality data and work effectively in studies conducted at a 
district level.  

2.3 Parameters for flood hazard 

To calculate flood hazard in the study area, the parameters taken into consideration were rainfall 
index (I), flow accumulation (F), elevation (E), geology (G), distance from drainage network (D), 
slope (S), land use (U) and drainage density (D.D.) based on literature (Elkhrachy, 2015; Kazakis et 
al., 2015; Pastrikaki et al., 2018; Taoukidou et al., 2022; Sawangnate et al., 2022; Weday et al., 
2023; Malik et al., 2021; Paul & Sarkar, 2022; Edamo et al., 2022; Ikirri et al., 2022). Those eight 
parameters were imported into the G.I.S. environment as calibrated thematic maps, illustrating the 
spatial distribution of the parameters' values in the study area. These maps were superimposed to 
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extract the Flood Susceptibility Map and the F.H.I. Flow accumulation, elevation, slope, drainage 
density, and distance to the drainage network were derived from the Digital Elevation Model 
(D.E.M.). Land use data was gathered from the Corine Land Cover 2000 of the European 
Environment Agency – EEA and geological data were extracted from the Institute of Geology & 
Mineral Exploration. 

The thematic maps of the criteria were all classified into five hazard degrees following the 
Natural Breaks classification method which is usually used in related studies (Kourgialas & 
Karantzas, 2011; Kazakis et al., 2015; Wibowo et al., 2019; Taoukidou et al., 2022; Kirlas et al., 
2022; Weday et al., 2023). 

2.3.1 Rainfall index 

The rainfall index was calculated using the Modified Fournier Index (M.F.I.). This index 
processes rainfall data from the rain gauge stations in the area and calculates the M.F.I. for each 
station. The precipitation map for the study area was created using the Kriging interpolation 
method.  

The equation used for the calculation of the M.F.I. is given by eq. (1): 

12
i

i 1 t

pM.F.I.
P=

=∑  (1) 

where M.F.I. is the modified Fournier index, i is the month, pi is the mean monthly precipitation 
(mm), and Pt is the mean annual precipitation (mm). 

The thematic map of the rainfall index (Figure 2) was classified into five hazard degrees (very 
low, low, moderate, high, and very high), as shown in Table 2. According to the rainfall data, M.F.I. 
values range from 15.62 mm to 82.78 mm. The highest values are located in the east and northeast 
to the west of the area of the regional unit, as well as in western Chalkidiki and, more specifically, 
in the Kassandra peninsula. High rainfall values are also found in the urban western areas as well as 
in the central areas of Arnaia and Polygyros. Most of the eastern part of the study area and the 
peninsulas of Sithonia and Athos are defined by low rainfall values, which means low flood hazard. 

 

Figure 2. Thematic maps of the parameters 
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Table 2. Rainfall Index of the study area (mm) 

Hazard 
degree 

Flood Hazard Rainfall 
Index 

2 Very low 15.62 – 34.85 
4 Low 34.85 – 46.43 
6 Moderate 46.43 – 56.18 
8 High 56.18 – 68.03 

10 Very high 68.03 – 82.78 

2.3.2 Flow accumulation 

Flow accumulation was derived from the D.E.M. of the study area and represented the amount of 
water that moved into each cell from its neighbors and eventually accumulated in it. It was 
calculated according to the flow direction. High values in flow accumulation indicate areas where 
concentrated flow occurs and, therefore, a higher hazard of flooding (Kazakis et al., 2015).  

Flow accumulation of the study area follows the hydrographic network of the area and indicates 
that high values in those areas are found in estuaries and streams. By the thematic map (Figure 2), it 
is easily comprehended that areas with high flow accumulation values are more prone to flooding, 
whereas the ones with the lowest values are the least hazardous. The morphology of the area and its 
hydrographic network characterize the study area to the greatest extent as low hazard. 

Flow accumulation's thematic map is illustrated in Figure 2, and its classification in flood hazard 
degrees with its categories is presented in Table 3. 

 
Table 3. Flow accumulation of the study area (m) 

Hazard 
degree 

Flood 
Hazard 

Flow 
Accumulation 

2 Very low 0 – 1,173 
4 Low 1,173 – 4,589 
6 Moderate 4,589 – 11,962 
8 High 11,962 – 30,535 
10 Very high 30,535 – 65,229 

2.3.3 Elevation 

Elevation was extracted from the D.E.M. of the study area. Low areas near rivers and streams 
have the highest risk of flooding (Pham et al., 2020). The lowest elevation in the study area is near 
the coastline, and the highest is in the mountainous areas. The minimum elevation of the area is 
5.75 m, while the maximum is 1918 m. The elevation data of Chalkidiki is presented in Table 4 and 
its flood hazard categorization; the thematic map of elevation is depicted in Figure 2. 

 
Table 4. Elevation of the study area (m) 

Hazard 
degree 

Flood 
Hazard Elevation 

2 Very low 943 – 1918 
4 Low 568 – 943 
6 Moderate 351 – 568 
8 High 163 – 351 
10 Very high 6 – 163 

2.3.4 Geology 

Geology can have a great influence on a flood event. Areas with impermeable formations have 
low infiltration, thus high surface runoff and, consequently, a higher probability of flooding. In 
contrast, areas with permeable formations have increased infiltration and subsurface flow, with less 
surface runoff and less flooding. 



50 N. Taoukidou et al. 

 

Geology data was drawn by the Institute of Geology & Mineral Exploration. For the creation of 
the thematic map of geology, the area's geology was divided into five hazard categories according 
to the formations found in it, following the categorization of Kazakis et al. (2015) and Taoukidou et 
al. (2022). 

A significant part of central and eastern Chalkidiki consists of impermeable formations. This 
results in a higher flood hazard degree due to their low permeability. The central-western part of 
Chalkidiki consists of permeable rocks in the geological background, which are characterized by 
high infiltration and create a lower flood hazard degree in the area. 

Geology's classification in flood hazard degrees and its categories are presented in Table 5, and 
the corresponding thematic map is illustrated in Figure 2. 

 
Table 5. Geology of the study area 

Hazard 
degree 

Flood 
Hazard Geology 

2 Very low Alluvial 
4 Low Quaternary deposits 
6 Moderate Neogene sediments 
8 High Carbonate rocks 
10 Very high Crystalline rocks 

2.3.5 Distance from drainage network 

Distance from the drainage network specifies the distance from the riverbed to the basin outlet 
where the water is drained, and it was identified through the D.E.M. The most vulnerable areas are 
those near the streambed, and the flooding hazard decreases as the distance from the bed increases. 
Along the drainage network, the safety zones were calculated at limits of 200, 500, 1000, 2000, and 
above 2000 m (Kazakis et al., 2015; Pastrikaki et al., 2018). 

Areas with a distance of less than 200 m were considered as areas located near the drainage 
network according to the categorization applied in similar methods (Kazakis et al., 2015; Pastrikaki 
et al., 2018). 

Distance from the drainage network was classified into five hazard classes related to the 
vegetation type. The classification in flood hazard degrees is presented in Table 6, and the thematic 
map of distance from the drainage network can be observed in Figure 2. 

 
Table 6. Distance from drainage network of the study area (m) 

Hazard 
degree 

Flood 
Hazard 

Distance from 
drainage network 

2 Very low >2000 
4 Low 1000 – 2000 
6 Moderate 500 – 1000 
8 High 200 – 500 
10 Very high <200 

2.3.6 Slope 

The slope is a factor that expresses the alteration in elevation at any point on the ground surface. 
It generally expresses the degree of inclination to the horizontal plane. The slope in the study area is 
quite steep, and it was calculated as a percentage. Flatter surfaces accumulate water making them 
more susceptible to flooding than steeper surfaces. Higher-slope areas are less vulnerable to 
flooding (Hagos et al., 2022). The slope's classification in flood hazard degrees is presented in 
Table 7; its thematic map can be found in Figure 2. 
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Table 7. Slope of the study area (%) 

Hazard 
degree 

Flood 
Hazard Slope 

2 Very low 47.2 – 126.8 
4 Low 26.9 – 47.2 
6 Moderate 15.4 – 26.9 
8 High 6.4 – 15.4 
10 Very high 0 – 6.4 

2.3.7 Land use 

Land use expresses the state of the land in terms of its vegetation cover, urbanization, the way 
the land is exploited, etc. It is an important criterion for the infiltration and runoff of surface water. 
Land use data were drawn by the European Environment Agency – EEA through the Corine Land 
Cover 2000 database. 

The majority of the area is covered by various types of forest land and vegetation, which present 
the least hazard of flooding. Forests ensure the good soil quality, protecting them from erosion and 
degradation. Land use was classified into five classes of hazards that were related to the type of 
vegetation and its values and classification in flood hazard degrees are presented in Table 8, and the 
corresponding thematic map is illustrated in Figure 2. 

 
Table 8. Land use of the study area 

Hazard 
degree Flood Hazard Land Use 

2 Very low Forests, Transitional wooded-shrubby 
areas, Sclerophyllous vegetation 

4 Low Non-irrigable land 
6 Moderate Vineyards, Olive groves, Natural pastures 
8 High Meadows, Sports, and leisure facilities 

10 Very high Coastal marshes, Water catchments, Industrial or 
commercial zones, Urban development, Mines 

2.3.8 Drainage density  

Drainage density was considered an influential parameter in flood hazard assessment by many 
researchers (Pallard et al., 2009; Elkhrachy, 2015; McKenzie & Gala, 2022; Paul & Sarkar, 2022; 
Ogato et al., 2022; Hagos et al., 2022; Edamo et al., 2022; Weday et al., 2023). Drainage density is 
a measurement of the sum of the channel lengths per unit area (Carlston, 1963) and was derived 
from the D.E.M. of the study area. High drainage density values indicate lower infiltration of water, 
meaning that surface runoff is higher and the area is more vulnerable to flooding. On the contrary, 
lower drainage density values indicate higher water infiltration into the subsurface, and as a result, 
the area is not prone to floods. The values of drainage density, as well as its flood hazard degrees, 
are presented in Table 9, and the thematic map is illustrated in Figure 2. 

 
Table 9. Drainage Density of the study area (km/ km²) 

Hazard 
degree 

Flood 
Hazard Drainage Density 

2 Very low 0 - 0.073 
4 Low 0.073 - 0.189 
6 Moderate 0.189 - 0.313 
8 High 0.313 - 0.472 
10 Very high 0.472 - 0.776 
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2.4 Analytic Hierarchy Process (A.H.P.) 

A.H.P. is a multicriteria decision-making technique that provides a systematic approach to 
integrating and evaluating the effects of various factors, involving various levels of dependent or 
independent both qualitative and quantitative information (Saaty, 1990). A.H.P. is considered the 
most widely used methodology for flood hazard assessment due to its simple implementation and 
easy combination with G.I.S. 

In the first step of the methodology, the criteria were ranked hierarchically according to their 
relative importance; in the second step, their relative weights were calculated. Once all criteria were 
sorted hierarchically, a pairwise comparison matrix for each criterion was created to consider the 
importance of each criterion in relation to each of the others. An evaluation of their relative 
importance was carried out to indicate the criteria from the least important to the most important, 
giving them a value from 1 to 9 according to their relevance through the numerical scale developed 
by Saaty (1986), as shown in Table 10. 

 
Table 10. Saaty's pairwise comparison scale 

Definition Numeric 
Value 

Extremely important 9 
8 

Very strongly more important 7 
6 

Strongly more important 5 
4 

Moderately more important 3 
2 

Equally important 1 

Once the parameters were ranked, an 8x8 comparison matrix was created, where diagonal 
elements were equal to 1. In this matrix, the parameters were placed hierarchically, according to 
their importance, and each row represents the correlation of the two parameters in terms of flood 
hazard. Subsequently, a final matrix was created following the "approximate method" (Mu & 
Pereyra-Rojas, 2017), which requires a normalization of the original comparison matrix.  

In the next step of the process, a Consistency Check is required, which was completed by 
deriving a numerical consistency ratio C.R., as given by eq. (2): 

C.I.C.R.
R.I.

=  (2) 

where C.R. is the Consistency Ratio, C.I. is the Consistency Index, and R.I. is the Random Index. 
 

Table 11. Random index (R.I.)  

n RI 
1 0.00 
2 0.00 
3 0.58 
4 0.90 
5 1.12 
6 1.24 
7 1.32 
8 1.41 
9 1.45 

 
The values of the R.I. are given in Table 11 and depend on the number of parameters. In the 

present study, for n=8, R.I.=1.41. Once C.R. is calculated, the consistency index can be extracted 
using eq. (3): 
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maxλ nC.I.
n 1

−
=

−
 (3) 

where C.I. is the consistency index, λmax is the maximum eigenvalue of the comparison matrix, and 
n is the number of parameters. 

Saaty states that the consistency ratio C.R. can accept values up to 0.10. An inconsistency is 
detected in cases where this ratio is greater than 0.10, and a review of the original comparison table 
is necessary. 

2.5 Flood Hazard Index (F.H.I.) 

Flood Hazard Index (F.H.I.) is a G.I.S.-based spatial index, and its values were calculated with 
the simultaneous extraction of the Flood Susceptibility Map. It is extracted from the 
superimposition of the thematic maps of the parameters using map algebra. F.H.I. aims to identify 
access points associated with flood hazards and enable comparative analysis between different 
basins. Initially, G.I.S. data information is collected and subsequently processed and combined with 
the weighting method to obtain results. In the present study, F.H.I. considers the aforementioned 
parameters that were taken into account as the most influencing parameters in flood events and 
were selected according to literature review (Kazakis et al., 2015; Wibowo et al., 2019; Tehrany et 
al., 2019; Taoukidou et al., 2022; Ikirri et al., 2022; Hagos et al., 2022;Weday et al., 2023).   

F.H.I. was calculated using eq. (4): 

n

i i
i 1

F.H.I. r w
=

= ⋅∑  (4) 

where F.H.I. is the Flood Hazard Index, ri is the rating of each parameter, wi is the weight of each 
parameter, and n is the number of the criteria. 

According to the factors examined in this paper, eq. (4) is formed as: 

E F I D U G DD sF.H.I. E w F w I w D w U w G w DD w S w= ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅  (5) 

where E elevation, F flow accumulation, I rainfall index, D distance from the drainage network, U 
land use, G geology, D.D. drainage density, and S slope. 

F.H.I. aims to identify hotspots associated with flood hazards and enable comparative analysis 
between different basins. Information from various data sources enters a G.I.S. environment. These 
are processed in a second phase and, together with the parameter weights, result in the F.H.I. index 
(Kazakis at. al., 2015). The values of flood hazard obtained were then classified into five classes of 
flood hazard based on the level of flood susceptibility in order to highlight the areas that are more or 
less susceptible to flooding. 

F.H.I. essentially constitutes a model which carries out a multicriteria analysis, as seen from the 
methodology's flowchart (Figure 3). 

3. RESULTS AND DISCUSSION 

In this work, A.H.P. was applied to estimate the relative weights of the methodology parameters 
as to extract a Flood Susceptibility Map and its corresponding index (F.H.I.). As the second step a 
sensitivity analysis was implemented to the same parameters to evaluate each parameter's impact on 
flood hazard which were visualized in the form of individual calibrated thematic maps. 
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3.1 A.H.P. implementation 

The parameters were hierarchically placed in the comparison matrix according to the degree of 
flood hazard importance in the study area. According to relevant studies (Kazakis et al., 2015; 
Adlyansah et al., 2019; Shadmehri Toosi et al., 2019; Vojtek and Vojteková, 2019; Taoukidou et 
al., 2022; Ikirri et al., 2022), elevation and flow accumulation were selected as equally important 
factors.  

 

Figure 3. Flowchart of the methodology 

The study area has many low-elevation areas, a particularly important characteristic that 
prioritizes this factor. As for flow accumulation, it represents water movement and how it 
accumulates, a feature equally critical in the occurrence of a flood event.  

Drainage density was considered as the second important factor, following the priority given to it 
in other studies (Edamo et al., 2022; Weday et al., 2023) since the volume of water that infiltrates or 
runs off the surface affects whether or not a flood occurs. 

The rainfall index was considered the third most important factor. As in other studies (Wibowo 
et al., 2020; Ogato et al., 2022), it was considered a catalytic factor since the volume of water 
coming to the ground surface through precipitation affects the occurrence of flooding. 

The distance from the drainage network was fourth in the ranking of importance. It affects 
flooding as the areas close to the drainage network are the most dangerous, while those further 
away from it are the least hazardous. 

Consideration of land use is of significant importance, especially in deforested areas, rocky 
areas, or areas with sparse vegetation. The biggest part of the study area consists of forest and/or 
arable land. However, due to the existence of some burnt and urbanized areas, it is assigned the fifth 
place of importance. 

The sixth place in the ranking was assigned to geology. Geology is inextricably linked to soil 
permeability and, consequently, surface water drainage and is, in general, an important factor in 
small basins. Due to the extent of the study area and the fact that it encompasses more than one 
watershed, it is placed sixth in the ranking of the hierarchy. 

Finally, the last place in the hierarchy was assigned to the slope. It was characterized as the least 
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important factor because it is somehow included through the criterion of elevation.  
In Table 12, the pairwise comparison as modeled by parameter ranking is presented, and in 

Table 13, its normalized form is given. 
 

Table 12. A.H.P. pairwise comparison matrix 

 
Elevation Flow 

Accumulation 
Drainage 
Density 

Rainfall 
Index 

Distance from 
drainage 
network 

Land 
Use 

Geology Slope 

Elevation 1 1 2 3 4 4 5 7 
Flow 
Accumulation 1 1 2 3 4 5 5 7 

Drainage Density 1/2 1/2 1 2 3 4 5 6 

Rainfall Index 1/3 1/3 1/2 1 2 3 4 6 

Distance from 
drainage network 1/4 1/4 1/3 1/2 1 2 3 

5 

Land Use 1/4 1/5 1/4 1/3 1/2 1 2 3 
Geology 1/5 1/5 1/5 1/4 1/3 1/2 1 2 
Slope 1/7 1/7 1/6 1/6 1/5 1/3 1/2 1 
 

Table 13. A.H.P. normalized matrix 

 
Elevation Flow 

Accumulation 
Drainage 
Density 

Rainfall 
Index 

Distance from 
drainage 
network 

Land 
Use 

Geology Slope 

Elevation 0.272 0.272 0.310 0.293 0.266 0.212 0.196 0.189 
Flow 
Accumulation 0.272 0.272 0.310 0.293 0.266 0.212 0.196 0.189 
Drainage 
Density 0.136 0.136 0.155 0.195 0.200 0.212 0.196 0.162 
Rainfall Index 0.091 0.091 0.078 0.098 0.133 0.159 0.157 0.162 
Distance from 
drainage 
network 0.068 0.068 0.052 0.049 0.067 0.106 0.118 0.135 
Land Use 0.068 0.068 0.039 0.033 0.033 0.053 0.078 0.081 
Geology 0.054 0.054 0.031 0.024 0.022 0.027 0.039 0.054 
Slope 0.039 0.039 0.026 0.016 0.013 0.018 0.020 0.027 

 
According to the normalized matrix, the relative weights of the criteria were calculated as shown 

in Table 14. 
To calculate the amount of inconsistency introduced into the A.H.P., the Consistency Check was 

performed by calculating the consistency ratio C.R. For λmax=8.29 and n=8, the consistency index 
(C.I.) was calculated equal to 0.042, and thus the C.R. index was calculated to equal to 0.03. This 
value fulfils the consistency prerequisites and affirms the consistency of the weights derived. 
 

Table 14. Weights of the criteria 

Parameters Weights 
Elevation 2.5 
Flow Accumulation 2.5 
Drainage Density 1.7 
Rainfall Index 1.2 
Distance from drainage network 0.8 
Land Use 0.6 
Geology 0.4 
Slope 0.2 

3.2 F.H.I. and flood susceptibility map 

According to the relative weights extracted from the application of A.H.P., eq. (5) is formulated 
as: 
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F.H.I. E 2.5 F 2.5 I 1.2 D 0.8 U 0.6 G 0.4 DD 1.7 S 0.2= ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅  (6) 

where E elevation, F flow accumulation, I rainfall index, D distance from the drainage network, U 
land use, G geology, DD drainage density, and S slope. 

The derivation of the F.H.I. spatial index to determine the flood hazard in the study area was 
completed by superimposing the thematic maps of the parameters in G.I.S. environment using a 
raster calculator. F.H.I.'s values are presented in Table 15, and the corresponding Flood 
Susceptibility Map is illustrated in Figure 4. 

From the results of the F.H.I. and the Flood Susceptibility Map, we notice that the estuaries of 
the tributaries and the riverbeds in the plain areas are characterized as more hazardous. 
Additionally, with high vulnerability are characterized areas located near the streambeds and the 
areas at the points where the streams emanate. Those specific areas are considered to be the most 
prone to flooding, as well as the areas of low elevation and slope. Furthermore, it is comprehended 
that the western part of the study area, which borders the Thessaloniki regional unit, belongs to the 
areas with greater risk than the rest of the study area. This is related to the fact that this particular 
area is the most densely populated area, which indicates how critical the non-existence of forest-
rural areas is. The least vulnerable areas are mountainous areas and areas with great forest cover. A 
lower degree of hazard is characterized by mountainous areas and, in general, areas of high 
elevation values, such as the Athos peninsula. Additionally, less hazardous are the areas located at 
the furthest parts from the beds and mouths of the streams. 

 
Table 15. F.H.I. values 

Hazard 
degree 

Flood 
Hazard F.H.I. 

2 Very low 23.2 – 38.5 
4 Low 38.5 – 47.2 
6 Moderate 47.2 – 55.1 
8 High 55.1 – 63.6 
10 Very high 63.6 – 95.2 

 

Figure 4. F.H.I. and Flood Susceptibility Map 

3.3 Sensitivity analysis 

Sensitivity analysis was conducted using the single-parameter analysis technique introduced by 
Napolitano & Fabbri (1996) to estimate aquifers' vulnerability to pollution and has been chosen in 
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numerous studies (Kirlas et al., 2022; Kazakis et al., 2015) due to its ease of use. Sensitivity 
analysis studies the contribution of individual variables and input parameters to an analytical 
model's resultant output (Napolitano & Fabbri, 1996). It is a measure of the uncertainty and 
robustness of the output results obtained from numerous methods (Kirlas et al., 2022). Sensitivity 
analysis is an important step in many applications of multicriteria decision-making methods 
(Triantaphyllou, 1997). Nowadays, the models used are becoming more and more complex, 
partially due to the improvement of computational tools. This may result in a fuzzy role in some 
model parameters (Delgado et al., 2004). 

The present paper focuses on applying sensitivity analysis to the weights of the decision 
parameters. Essentially, the sensitivity analysis estimates the degree of influence of each parameter 
and presents how sensitive the ranking of the alternatives is to changes in the current weights of the 
parameters examined in the decision. 

The effective weights of the parameters were calculated following eq. 7: 

r wP PW 100
V
⋅

=
 (7) 

where W is the effective weight of the parameters, Pr is the parameter's rating, Pw is the parameter's 
initial weight, and V is the aggregated value of the applied index. 

Τable 16 shows the relative and effective weights of the parameters and compares the rating of 
the parameters in compliance with their rank. 

According to the effective weights calculated from the sensitivity analysis, the revised index 
R.F.H.I. is formulated as: 

R.F.H.I. E 1.1 F 1.1 I 1.59 D 1.41 U 1.32 G 1.06 DD 1.5 S 0.93= ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅  (8) 

where E elevation, F flow accumulation, I rainfall index, D distance from the drainage network, U 
land use, G geology, D.D. drainage density, and S slope. 

The revised index considers the same parameters but with different weights and priorities. 
R.F.H.I.'s values are presented in Table 17, and the corresponding Revised Flood Susceptibility 
Map is illustrated in Figure 5. 

 
Table 16. Comparison of parameters' weights  

Parameters Initial 
rating 

Theoretical 
weight 

S.A. 
rating 

Effective 
weight (%) 

Effective 
weight 

Elevation 1 2.5 5 11 1.10 
Flow Accumulation 1 2.5 5 11 1.10 
Drainage Density 2 1.7 2 15 1.50 

Rainfall Index 3 1.2 1 15.9 1.59 
Distance from 

drainage network 
 

4 
 

0.8 
 

3 
 

14.1 
 

1.41 
Land Use 5 0.6 4 13.2 1.32 
Geology 6 0.4 6 10.6 1.06 

Slope 7 0.3 7 9.3 0.93 

 
Based on the map shown in Figure 5, we can observe that areas with high susceptibility to 

flooding are located on the borders between Chalkidiki and Thessaloniki regional units, where the 
largest proportion of urbanized and industrialized areas is placed. Moreover, high-hazard areas are 
located in the coastal zone to the east of the Kassandra peninsula, which receives the runoff from 
the upstream mountain mass. High-hazard areas are also spotted in the northern and northwestern 
part of the study area and the northern part of the Sithonia peninsula, where the settlement of Agios 
Nikolaos is positioned, which has been classified as vulnerable by the municipality of Sithonia. 
Additionally, high susceptibility areas are observed in the northern central part of the study area, 
which is influenced by the streams of Koronia and Volvi Lakes, and in the northeastern part, which 
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is influenced by the downstream of Volvi Lake.  
 

Table 17. R.F.H.I. values 

Hazard 
degree 

Flood 
Hazard R.F.H.I. 

2 Very low 24.34 – 38.5 
4 Low 38.5 – 47.2 
6 Moderate 47.2 – 55.1 
8 High 55.1 – 63.6 
10 Very high 63.6 – 93.74 

 

Figure 5. R.F.H.I. and Revised Flood Susceptibility Map 

3.4 Validation of the results 

The single-parameter sensitivity analysis was implemented to assess the impact of different 
parameters and their weights on the final outputs. The values of F.H.I. range between 23.2 and 95.2, 
and the values of R.F.H.I. between 24.34 and 93.74. The observed deviations in these values are 
negligible, confirming that no parameter had been underrated in the original estimation. R.F.H.I. 
and F.H.I. index maps are illustrated in Figure 6 side by side, and from a visual comparison, we can 
comprehend that, in general, the R.F.H.I. results are consistent with the outcome of the F.H.I. and a 
slight underestimation mostly of high and very high flood hazard areas is noted. More specifically, 
the revised index R.F.H.I., designates that the areas near the riverbeds, the estuaries, and the sea-
level, are even more vulnerable in comparison to the initial estimation outputs.  

The hazard distribution of the study area in both cases is better illustrated in Figure 7, and 
according to F.H.I., very high and high flood hazard occurs in 35% of the study area, very low and 
low hazard in 37% of the area, while 28% of the study area is characterized by moderate hazard. 
Alongside, by analyzing the hazard distribution of the R.F.H.I., it is evident that deviations are 
mainly detected in high and very high hazard areas in relation to the F.H.I. More specifically, very 
high and high flood hazard occurs in 45% of the study area, very low and low hazard in 32% of the 
area, whereas moderate hazard is observed in 23% of the total area. According to Figure 7, it is 
observed that the distribution of high and very high areas increased by 10%, and all other hazard 
degrees remained in similar percentages. 

As an additional step, a comparison with historical flood events was made to confirm the 
reliability of the results and the methodology’s robustness. The historical data covers 57 flood 
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events that took place between 1979 and 2011, with some locations having more than one recorded 
flood. As shown in Figure 8, most historical floods have been recorded in areas that, according to 
the Flood Susceptibility Maps, belong to high and very high flood hazard areas. This means that the 
areas characterized by the applied methodology as the most vulnerable have flooded at least once in 
the past, and therefore there is a high probability of a reoccurrence.  

The underestimation of the initial index F.H.I of the extent of the high and very high flood 
hazard areas, is also confirmed by the historical events analysis (Figure 8), where in the map of the 
revised index (R.F.H.I.), 43 out of a total of 57 historical flood events occurred in the area are 
characterized by high and very high hazard while, in the original index map (F.H.I.) only 24 
historical events were located in high and very high hazard areas. Therefore, it can be concluded 
that historical records were more accurately represented by the results produced by the sensitivity 
analysis (R.F.H.I.).  

 

Figure 6. Flood Susceptibility Maps: F.H.I. map (left), R.F.H.I. map (right) 

 

Figure 7. Hazard Distribution from F.H.I. (left), Hazard Distribution from R.F.H.I. (right) 

4. CONCLUSIONS 

Many studies report that in recent years floods have increased dramatically and tend to increase 
furthermore. Thus far, numerous damages to crops, homes, and public infrastructure have been 
recorded, and many human lives have been lost due to floods and severe weather conditions. The 
timely and valid prediction of the areas that are most vulnerable to the occurrence of such 
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phenomena is extremely important and decisive. The identification of the flood hazard zones in the 
study area was accomplished by using data from eight different parameters that were examined with 
the combination of G.I.S. and multicriteria analysis. A.H.P. multicriteria analysis was implemented 
to derive the parameters' weights used for the estimation of F.H.I. The produced Flood 
Susceptibility Map identified the most vulnerable to flood events areas. The reliability of the 
proposed approach was examined with a sensitivity analysis conducted on the initial weights of the 
parameters. The outputs indicated that the sensitivity analysis's revised index (R.F.H.I.) provided 
almost quite similar results to the initial index (F.H.I.). However, it should be noted that according 
to the historical flood events that occurred in the study area, the revised index R.F.H.I. describes 
more accurately high and very high-hazard areas.  

 

Figure 8. Comparison of F.H.I. with historical flood events (left), Comparison of R.F.H.I. with historical flood events 
(right) 
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