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Abstract

:

Flood susceptibility mapping and assessment is an important element of flood prevention and mitigation strategies because it identifies the most vulnerable areas based on physical characteristics that determine the propensity for flooding. This study aims to define the flood susceptibility zones for the territory of Slovakia using a multi-criteria approach, particularly the analytical hierarchy process (AHP) technique, and geographic information systems (GIS). Seven flood conditioning factors were chosen: hydrography—distance from rivers, river network density; hydrology—flow accumulation; morphometry—elevation, slope; and permeability—curve numbers, lithology. All factors were defined as raster datasets with the resolution of 50 x 50 m. The AHP technique was used to calculate the factor weights. The relative importance of the selected factors prioritized slope degree as the most important factor followed by river network density, distance from rivers, flow accumulation, elevation, curve number, and lithology. It was found that 33.1% of the territory of Slovakia is characterized by very high to high flood susceptibility. The flood susceptibility map was validated against 1513 flood historical points showing very good agreement between the computed susceptibility zones and historical flood events of which 70.9% were coincident with high and very high susceptibility levels, thus confirming the effectiveness of the methodology adopted.
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1. Introduction


Floods have always been a natural part of the hydrological cycle, however, an increasing trend in frequency and magnitude of floods has been recorded in recent decades [1]. Therefore, developing effective flood prevention measures has been a difficult task in many countries, including Slovakia. The increasing trend in the occurrence of flood events is mainly the result of the ongoing climate changes as well as land use changes driven by human activities [2,3]. In addition, anthropogenic impacts often limit the natural retention and transformation capabilities of basins which may result in accelerated surface runoff or erosion processes [4,5].



Mapping and analysis of flood susceptibility is one of the most important elements of early warning systems or strategies for prevention and mitigation of future flood situations since it identifies the most vulnerable areas based on physical conditions that determine the propensity for flooding. Therefore, the term susceptibility can be also perceived as one of the dimensions of vulnerability assessment [6,7].



Generally, flood susceptibility mapping techniques rely on various conditioning factors representing the physical characteristics of the investigated area. These factors usually include geology or lithology, morphometric properties (e.g., elevation, slope), river network density, soil types or hydrological soil groups, land use/land cover, and the like. The selection of conditioning factors greatly depends on the spatial scale of the intended flood susceptibility analysis. Basically, if the investigated area is large (e.g., national scale), then using less factors seems to be rational since it is more difficult to gain the same data (same scale or resolution) for the whole territory [7,8,9]. On the other hand, some studies argue that a limited number of factors may increase the possibility of getting some over-rated factors [10]. In case of local scale studies (e.g., catchment scale), a wider range of location-specific data and factors can be used, allowing for more accurate characterization of the flooding predispositions [11,12].



Since floods are multi-dimensional phenomena with spatial and temporal aspects, geographic information systems (GIS) represent useful tools for the synthesis of different input data and variables using specific logical and mathematical relations to produce flood susceptibility maps [13,14]. In order to identify and assess flood susceptible areas, various methods have been developed and applied in different geographic areas.



One of the methods used for assessing flood susceptibility is multi-criteria decision analysis (MCDA) [15,16]. Different approaches for assigning weights (e.g., expert judgement) or weighting methods (e.g., pairwise) can be used in MCDA to prioritize the relative importance of the selected conditioning factors [10,17]. Based on a literature review, the most common method of MCDA, in terms of defining flood susceptible zones, is the weighted linear combination approach [18]. Regarding the weight linear combination approach, each conditioning factor is multiplied by its weight and the sum of all investigated conditioning factors represents the final flood susceptibility [19]. The most preferred technique for defining weights is the analytical hierarchy process (AHP) which uses pairwise comparisons in order to find the degree to which one alternative outranks the other on the specified criteria [20].



Several other approaches have been used for mapping flood susceptibility [21]. Methods relying on geomorphologic characteristics of a basin have been used in several studies [22,23,24,25]. However, it should be noted that these methods cannot substitute traditional hydraulic modeling [26,27], but they could be used, especially, in large-scale analysis or in developing countries [28]. Statistical methods, such as frequency ratio [29,30] and logistic regression [31], depend on predicted input variables, based on relations with various explanatory parameters, as well as on the size of datasets [30]. Furthermore, other advanced methods have been recently applied in flood susceptibility analysis, such as machine learning algorithms which may include random forest, artificial neural networks, or support vector machines [9,32,33,34,35,36].



However, each of the abovementioned approaches has certain weaknesses in terms of flood susceptibility mapping which may produce various uncertainties. Therefore, the selected methodology should sufficiently represent the spatially continuous and cumulative nature of the parameters’ influence on flood-generating mechanisms. In addition, selection of an appropriate methodology for flood susceptibility mapping should also depend on the spatial scale (local, regional, national, or global).



The aim of this article is to present a methodology for identifying and assessing flood susceptible areas on a national scale of Slovakia using the analytical hierarchy process and GIS. In this study, flood susceptibility is seen as the predispositions of an area which are given by its physical configuration (excluding rainfall) that determines its propensity to flooding. The selection of conditioning factors tried to reflect different flood dynamics that occur in Slovakia. The weight linear combination approach was used to develop the final flood susceptibility classes. In addition, a GIS database of flood events, containing flood historical points in which at least one flood event occurred during the period 1997–2017, was used for validation purposes.




2. Materials and Methods


2.1. Study Area


The study area was represented by the territory of Slovakia which is located in Central Europe. The whole territory covers 49,035 km2, as shown in Figure 1.



Slovakia belongs to two basic geomorphological units: Carpathian Mountains and Pannonian Basin. The climate has a continental nature belonging to the temperate zone. The long-term average temperature varies from 0 to 10 °C according to the region. Annual precipitation varies from 400 mm in the southern lowland areas up to 1000 mm in the mountainous regions. Slovakia lies on the watershed divide between the Black Sea and the Baltic Sea. The Danube River and its tributaries drain approximately 96% of the Slovak territory to the Black Sea. The remaining waters (approximately 4%) are drained by the Vistula River tributaries to the Baltic Sea. Generally, watercourses in Slovakia have relatively unstable discharges—high discharges occur mainly in the spring months from March to April, while low discharges occur in summer and autumn. There are ten large sub-basins in the territory of Slovakia: Danube, Morava, Váh, Hron, Ipeľ, Slaná, Bodva, Hornád, Bodrog, Dunajec, and Poprad.



Larger Slovak rivers are usually exposed to fluvial flooding due to snow melting in the spring months from March to April or heavy long-term rains in the summer months from June to August (e.g., major fluvial floods occurred in 1997, 1998, 1999, and 2010). In most cases, floods on smaller rivers are caused by heavy short-term rainfall (flash floods) and develop rapidly. Flash floods affect mainly small watersheds or urban areas while pluvial flooding may occur at any place in Slovakia.




2.2. Flood Conditioning Factors and Methods of Their Processing


Flood susceptibility mapping requires various input data which were collected from different sources and processed in GIS. The original data, which were used to process flood conditioning factors, and their sources are reported in Table 1. Based on a literature review (see Section 1) and relevance to flood susceptibility, seven flood conditioning factors were selected in order to capture appropriate information and avoid an unnecessary level of complexity in spatial modelling at the national scale: river network density, distance from rivers, as shown in Figure 2, elevation, slope, flow accumulation, as shown in Figure 3, curve number, and lithology, as shown in Figure 4 and Table 2.



In this study, raster-based analysis was used which means that vector conditioning factors (e.g., lithology) were converted to a raster format with the cell size of 50 × 50 m. All of the conditioning factors were processed in ArcGIS software using the S-JTSK Krovak East North coordinate system. In order for the conditioning factors to be comparable, they were reclassified to five susceptibility classes (5—very high, 4—high, 3—moderate, 2—low, and 1—very low) based on their potential contributions to flooding and other criteria mentioned in this sub-section, as shown in Table 2.



Due to rock permeability, thickness of the layers, and their outcrop size, lithology is an important conditioning factor which influences the hydrological processes in watersheds. The map of lithology was created based the vector Engineering-geological Zoning Map 1:500,000 [37] while the reclassification of the zones of pre-Quaternary and Quaternary rocks was performed using the level of rock permeability which was defined by Hrnčiarová [38]. Table 3 shows the zones of different rock types and their corresponding permeability level.



Elevation mostly affects flooding in an inverse way, i.e., flood frequency increases with decreasing elevation meaning that lower elevations are more susceptible to flooding [32]. The digital elevation model (DEM) was interpolated from contour lines and elevation points in the topographic map of 1:50,000 using a specific interpolation method for the creation of hydrologically correct DEMs [39]. The original hypsometric intervals were reclassified to four classes of susceptibility according to elevation levels defined by Lukniš [40].



Another significant physical predisposition for flooding is slope. The slope degree map was generated from the DEM. Moreover, slope classes used for reclassification were defined according to Demek [41].



Flow accumulation was derived from the flow direction raster. In the flow accumulation raster, each cell contains information on the number of cells that flow into it which means that each cell is also a discharge profile. In this sense, an increase in flow accumulation should reflect an increase in flood susceptibility. The classes of flow accumulation raster were defined in order that they best correspond to the vector layer of a river network at a scale of 1:50,000 which was also used for creating the hydrologically correct DEM.



Distance from rivers is another important conditioning factor since rivers and their adjacent lands are the main pathways for flooding. In this study, distance from rivers was calculated using the Euclidean distance tool in ArcGIS software based on the vector layer of a river network at a scale of 1:50,000. The classes for the raster of distance from rivers were adjusted according to the natural breaks (Jenks) grading method.



As for the river network density, higher density generally means increased surface runoff and thus increased probability of flooding. The map of river network density was developed in ArcGIS software based on the vector layer of a river network at a scale of 1:50,000. The classes of river network density were defined according to the natural breaks (Jenks) grading method.



Curve numbers (CN) were calculated using the SCS-CN method [42] and HEC-GeoHMS extension for ArcGIS software. Hydrological soil groups and land cover data represented the inputs for the calculation of CN. The map of hydrological soil groups [43] was created based on the Soil Texture Map 1:500,000 [44] while land cover data were derived from the CORINE land cover (CLC level 3) database for the year 2018 [45]. With the use of the SCS-CN table [43,46] and based on the map of hydrological soil groups as shown in Figure 5a, and the map of land cover as shown in Figure 5b, the resulting CN grid was obtained and reclassified into five classes according to the runoff potential of CN [47].



Since the purpose of this study was to reflect only the physical characteristics that influence flood susceptibility, rainfall data was not included in the set of flood conditioning factors. Moreover, rainfall is understood as a causal triggering factor which is more appropriate for local or regional scale analysis for which accurate rainfall observations can be applied, as compared to possible generalizations of rainfall data in case of national scale assessments.




2.3. Weight Linear Combination Approach


Using the weighted linear combination approach, the main steps were to define the relative significance of each criterion (factor) and their corresponding weights. The relative importance of the selected conditioning factors was assigned based on the empirical knowledge and recent studies [21,32,34,35]. It ranges from 7 (highest importance) to 1 (lowest importance), as shown in Table 2. To estimate the weights for each criterion (factor), the technique of pairwise comparisons known as the AHP was used [20]. The weights were derived by taking the principal eigenvector of a square reciprocal 7 × 7 matrix of pairwise comparison between the criteria. Ratings of criteria were estimated by expert judgement and the literature review using the nine-point continuous scale [20]. The normalized pairwise comparison matrix and the final weights were calculated by the approximation method [19,48], as shown in Table 4.



Furthermore, the consistency ratio (CR) was calculated in order to examine the consistency of the developed ratings using Equation (1):


CR=CIRI



(1)




where CR is the consistency ratio, CI is the consistency index, and RI is the random index which is dependent on the number of conditioning factors used in the pairwise matrix [20]. The consistency index (CI) was calculated based on Equation (2):


CI=λ−nn−1



(2)




where n is the number of factors and λ is the average value of the consistency vector. According to the AHP, the CR should not be greater than 0.1 [20]. In this case, the calculated value of CR is 0.02 which confirmed the consistency of ratings used.



The aggregation method (weighting sum) was used in order to multiply each reclassified factor map by its factor weight, as shown in Table 4, and sum the results (Equation (3)):


FS=∑wixi



(3)




where FS is flood susceptibility, wi is the weight of factor i, and xi represents classes of flood susceptibility for each factor i.



The calibration of factor weights was based on the comparison of different weighting results with the maps of geographic areas with potentially significant flood risk which were compiled by the Ministry of Environment of the Slovak Republic as a part of the preliminary flood risk assessment based on the Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 on the Assessment and Management of Flood Risks. Different combinations of factor weights were tested in order to find the best coincidence with these areas.




2.4. Flood Inventory Database


A GIS database of flood events, containing flood historical points in which at least one flood event occurred during the period 1997–2017, was created in order to validate the results of flood susceptibility mapping. The information on flood occurrences during this period was collected from databases and flood reports of the Slovak Water Management Enterprise and the Slovak Hydrometeorological Institute as well as from the authors´ personal records which were also based on field surveys. Altogether, 1513 flood historical points were mapped and digitized into the vector layer using ArcGIS software. However, it should be noted that this database does not contain all detected flood events, but only those for which the third level of flood activity was announced by one of the responsible authorities.





3. Results


After applying the weighting sum of all conditioning factors, the final map of flood susceptibility was obtained. The natural breaks (Jenks) grading method was used to classify the final flood susceptibility map, as shown in Figure 6. With regard to the AHP method, this grading method is considered to be the most appropriate for classifying flood susceptibility zones [49]. The calculated area of flood susceptibility zones and the share of flood events corresponding to individual flood susceptibility zones are presented in Table 5.



As for the share of flood susceptibility classes (area percentage), the lowest share was recorded in the very high (11.2%) and very low (11.2%) classes. The high flood susceptibility class covers an area of 21.9% while the low susceptibility class recorded the share of 25.8%. The highest share (29.9%) can be seen in the moderate flood susceptibility class. In fact, 33.1% of the territory of Slovakia is characterized by very high to high flood susceptibility based on the incorporated conditioning factors and their final weights.



Furthermore, the flood susceptibility map was intersected with the CORINE land cover map from 2018 in order to find out the share of land cover classes (level 1) corresponding to the defined flood susceptibility classes. Table 6 shows the size and share of land cover classes out of their total areas corresponding to individual flood susceptibility classes. The share of the artificial surface class (1), out of the total area of this land cover class, corresponding to the high and very high susceptibility class was 33% and 24.66%, respectively. As for the agricultural areas class (2), its share in the high susceptibility class slightly decreased to 30% while in case of the very high susceptibility, it decreased by 7.14%. The least susceptible land cover class was the forest and semi natural areas (3) of which its share in the high susceptibility class was 11.76% while in case of the very high susceptibility class, it was only 2.39%. Naturally, the most susceptible to floods are land cover classes of wetlands (4) and water bodies (5) of which their share in the high susceptibility class recorded 54.94% and 38.99%, respectively, while in case of the very high susceptibility, the share was 34.01% and 43.91%.



To verify the results achieved, the flood susceptibility map was compared against actual historical flood records, i.e., a flood occurrence point map. The results revealed very good agreement between the susceptibility maps and historical flood events, as shown in Figure 6. Out of 1513 historical flood events, which were collected from different sources, one third (33.8%) of flood events occurred within the very high susceptibility level and 37.1% of historical floods were coincident with the high susceptibility level, as shown in Table 5. In addition, 22.5% of flood occurrences were recorded in the moderate flood susceptibility level while 6.2% of flood historical points lie in the low susceptibility level. Lastly, only 0.3% of recorded floods were found in the very low susceptibility level.



Altogether, 70.9% of all flood historical points were coincident with the high and very high susceptibility level. Based on this fact, it can be stated that the effectiveness of the methodology adopted, using the selected flood conditioning factors and their weights, proved to be well suited for defining flood susceptibility zones at the national scale of Slovakia.




4. Discussion


Although the effectiveness of the methodology applied was confirmed by very good agreement between flood susceptibility zones and flood historical points, possible limitations and sources of uncertainties should be discussed.



The first arguable issue is the number of flood conditioning factors as well as the question of which factors should be chosen in order to best characterize the physical characteristics that determine the propensity of the study area to flooding. In this study, seven conditioning factors were selected similarly as in other flood susceptibility studies such as [50,51]. On the other hand, Samanta et al. [52] or Rahmati et al. [27] used only four parameters, while six parameters were used, for example, by Kourgialas and Karatzas [18]. Moreover, ten parameters were used, for example, by Haghizadeh et al. [53] and Khosravi et al. [21,49], eleven parameters by Choubin et al. [32], or twelve parameters by Zhao et al. [9]. As a result, it should be stated that no exact agreement exists on which factors should be applied for flood susceptibility analysis. However, Mahmoud and Gan [10] recommend using more than six factors in order to not produce unrepresentative weights dominated by a single weight which may increase the possibility of over-rating some of the flood contributing factors. The number of flood conditioning factors should be also adjusted with respect to the local geomorphologic and geologic conditions since flat areas may require other parameters than hilly (mountainous) areas.



In addition, some of the conditioning factors recur in each of the aforementioned studies and thus can be considered basic factors indicating their important role and relevance for flood susceptibility mapping. These basic factors are represented by slope, elevation, land use/land cover, distance from rivers/river network density, and lithology. In this study, the following proportional principle for selecting conditioning factors was used, incorporating also the basic conditioning factors: hydrography factors—river network density, distance from rivers (2); hydrological factors—flow accumulation (1); morphometric factors—elevation, slope (2); and permeability factors—curve numbers, lithology (2). In order to not underestimate or overestimate some category of factors, two factors in each category were used (except for flow accumulation). In this respect, the exclusion of causal rainfall factors from the set of flood conditioning factors might be also considered one of the possible limitations. However, as mentioned before, the purpose of this study was to reflect the physical (terrain) predispositions that influence flood-generation mechanisms. This approach was also presented in other studies, such as [7,27,32,50,52,54].



In order to clarify if the proposed approach for flood susceptibility mapping is valid for mountainous or lowland (flat) areas, the analysis was performed aiming at finding the share of flood validation points (corresponding to different flood susceptibility levels) in mountainous and lowland (flat) areas. Based on Table 7, 944 (62.4%) flood validation points lie in lowland areas (<300 m a.s.l.) while 569 (37.6%) flood points were found in mountainous areas with altitudes higher than 300 m a.s.l. Regarding the slope, 766 (50.6%) flood validation points relate to flat slopes from 0 to 2° while 747 (49.4%) flood points relate to slopes higher than 2°. Moreover, a similar share of flood validation points corresponding to very high or high flood susceptibility levels was found in mountainous (17.4%—high/10.5%—very high) and lowland areas (23.3%—high/7.2%—very high). As for the number of flood validation points corresponding to very high or high flood susceptibility levels and their localization based on the slope map, 20.8% (high)/8.5% (very high) flood validation points lie in mountainous areas with slopes between 2 and 69° while 20.0% (high)/9.2% (very high) flood validation points lie in flat areas with slopes between 0 and 2°. Based on this analysis, the presented methodology was found to be valid both for mountainous and lowland (flat) areas.



Furthermore, the selection of flood conditioning factors also depends on the spatial scale of the intended flood susceptibility analysis which may range from local [11] to global [55]. Here, the main problem was the input data sources which usually have a different original scale, resolution, or generalization. This is particularly true in the case of national scale assessments when obtaining input data with the same spatial accuracy or generalization is difficult, as confirmed also by these studies [7,8,9].



Another important issue in defining the flood susceptibility zones using the MCDA is the process of assigning relative importance for the selected conditioning factors. In this study, slope degree was assigned the highest relative importance indicating that slope is the most important conditioning factor for finding areas susceptible to flooding. The relative significance of the rest of the conditioning factors used in this study decreases as follows: river network density, distance from rivers, flow accumulation, elevation, curve number, lithology. A similar approach in prioritizing the flood conditioning factors was used and verified also in other studies such as [32,36].



As a result, flood susceptibility mapping, particularly on a national or larger scale, requires the resolution of the problem of finding the optimal balance between the complexity of the flood susceptibility model and the accuracy and quantity of the input data. Therefore, future work will address the challenges associated with data consolidation, in terms of the original scale, resolution, or generalization, as well as their integration. Moreover, an emphasis will be placed on comparing the AHP technique with other methods (mentioned in Section 1) for assessing flood susceptibility in order to find the most suitable alternative also with respect to more robust compilation of validation data, i.e., inventory of flood events.




5. Conclusions


The presented study aimed to define the flood susceptibility zones for the territory of Slovakia using MCDA, particularly the AHP technique, and GIS. Seven flood conditioning factors were chosen in order to capture the complexity of physical configuration of the territory of Slovakia. The equal proportional principle for the selection of flood conditioning factors was used and the following factors were selected: two hydrography factors—river network density, distance from rivers; one hydrological factor—flow accumulation; two morphometric factors—elevation, slope; and two permeability factors—curve numbers, lithology. All flood conditioning factors were defined in GIS as raster datasets with the spatial resolution of 50 × 50 m.



The AHP technique was used to calculate the factor weights based on Saaty’s [20] nine-point scale of influence. The relative importance of the selected conditioning factors prioritized the slope degree as the most important factor for finding areas susceptible to flooding, followed by river network density, distance from rivers, flow accumulation, elevation, curve number, and lithology. Finally, the aggregation method was used to combine the reclassified factors and produce the resulting flood susceptibility map which contains five classes: very low, low, moderate, high, and very high susceptibility.



Furthermore, the flood susceptibility map was compared against the flood historical points showing very good agreement between the susceptibility zones and historical flood events of which 70.9% were coincident with high or very high susceptibility levels, thus confirming the effectiveness of the methodology adopted. Finally, the presented approach for flood susceptibility analysis on a national scale can provide a suitable alternative for the review of preliminary flood risk assessment and identification of potential significant flood risk in Slovakia, which should be updated every six years [56].
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Figure 1. Study area. 
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Figure 2. Flood conditioning factors: (a) river network density, (b) distance from rivers. 
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Figure 3. Flood conditioning factors: (a) elevation, (b) slope, (c) flow accumulation. 
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Figure 4. Flood conditioning factors: (a) curve number, (b) lithology. 
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Figure 5. Soil texture and hydrological soil groups (a), CORINE land cover classes (2018) (b). 
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Figure 6. Flood susceptibility and flood historical points. 
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Table 1. Data sources used for processing of flood conditioning factors.
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	Data
	Format
	Source





	River network

(Topographic map 1:50,000)
	Vector (shapefile)
	Geodetic and Cartographic Institute Bratislava



	Contour lines and elevation points

(Topographic map 1:50,000)
	Vector (shapefile)
	Geodetic and Cartographic Institute Bratislava



	Engineering-geological Zoning Map

(1:500,000)
	Vector (shapefile)
	Landscape Atlas of the Slovak Republic



	Land cover
	Vector (shapefile)
	CORINE land cover (2018)



	Soil Texture Map

(1:500,000)
	Vector (shapefile)
	Landscape Atlas of the Slovak Republic
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Table 2. Classes of conditioning factors, estimated ratings, and relative importance.
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Factor

	
Class

	
Rating

	
Relative Importance






	
Slope (°)

	
0.0–2.0

	
5

	
7




	
2.1–5.0

	
4




	
5.1–15.0

	
3




	
15.1–35.0

	
2




	
35<

	
1




	
River network density (km/km2)

	
0–0.69

	
1

	
6




	
0.70–0.99

	
2




	
1.00–1.25

	
3




	
1.26–1.52

	
4




	
1.53–2.37

	
5




	
Distance from rivers (m)

	
<200

	
5

	
5




	
201–500

	
4




	
501–1000

	
3




	
1001–2000

	
2




	
2001<

	
1




	
Flow accumulation (pixels)

	
0–250

	
1

	
4




	
251–500

	
2




	
501–2500

	
3




	
2501–50,000

	
4




	
50,001–647,072

	
5




	
Elevation (m a.s.l.)

	
<300

	
5

	
3




	
301–800

	
4




	
801–1500

	
3




	
1501–2655

	
2




	
Curve number

	
30–55

	
1

	
2




	
56–65

	
2




	
66–75

	
3




	
76–85

	
4




	
86–100

	
5




	
Lithology (permeability level)

	
Very High

	
1

	
1




	
High

	
2




	
Moderate

	
3




	
Low

	
4




	
Very low

	
5
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Table 3. Zones of rock types and their corresponding permeability level.
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	Zones of the Pre-Quaternary Rocks
	Permeability Level



	highly metamorphosed rocks
	Low



	epimetamorphosed rocks
	Low



	undivided metamorphosed rocks
	Low



	intrusive rocks
	Low



	effusive rocks
	Moderate



	volcanoclastic rocks
	Moderate



	undivided volcanic rocks
	Moderate



	conglomerate-sandstone rocks
	Moderate



	claystone-siltstone rocks
	Moderate



	flyschoid rocks
	Very Low



	limestone-dolomite rocks
	Very High



	claystone-limestone rocks
	Moderate



	undivided sedimentary rocks
	High



	gravel-sandy sediments
	Very High



	sandy sediments
	Very High



	clay-silty sediments
	High



	alternating clay-silty with sandy to gravel sediments
	High



	Zones of the Quaternary Sediments
	Permeability Level



	moraine deposits
	High



	glacio-fluvial deposits
	High



	colluvial deposits
	High



	deluvial deposits
	High



	proluvial deposits
	High



	floodplain deposits
	Very High



	river terrace deposits
	High



	aeolian sands
	High



	loess deposits
	Very High



	Quaternary carbonates
	Very High



	organic sediments
	High










[image: Table]





Table 4. Pair-wise comparison matrix, normalized factor weights, and final weights (wi).
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Factors

	
Slope

	
River Density

	
Distance from Rivers

	
Flow Accumulation

	
Elevation

	
Curve Number

	
Lithology

	




	
Slope

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	




	
River density

	
0.5

	
1

	
2

	
3

	
4

	
5

	
6

	




	
Distance from rivers

	
0.33

	
0.5

	
1

	
2

	
3

	
4

	
5

	




	
Flow accumulation

	
0.25

	
0.33

	
0.5

	
1

	
2

	
3

	
4

	




	
Elevation

	
0.2

	
0.25

	
0.33

	
0.5

	
1

	
2

	
3

	




	
Curve number

	
0.16

	
0.2

	
0.25

	
0.33

	
0.5

	
1

	
2

	




	
Lithology

	
0.14

	
0.16

	
0.2

	
0.25

	
0.33

	
0.5

	
1

	




	
Normalized factor weights




	
Factors

	
Slope

	
River Density

	
Distance from Rivers

	
Flow Accumulation

	
Elevation

	
Curve Number

	
Lithology

	
Weight (wi)




	
Slope

	
0.39

	
0.45

	
0.41

	
0.36

	
0.32

	
0.28

	
0.25

	
0.35




	
River density

	
0.19

	
0.22

	
0.27

	
0.27

	
0.25

	
0.23

	
0.21

	
0.24




	
Distance from rivers

	
0.13

	
0.11

	
0.14

	
0.18

	
0.19

	
0.19

	
0.18

	
0.16




	
Flow accumulation

	
0.10

	
0.07

	
0.07

	
0.09

	
0.13

	
0.14

	
0.14

	
0.11




	
Elevation

	
0.08

	
0.06

	
0.05

	
0.05

	
0.06

	
0.09

	
0.11

	
0.07




	
Curve number

	
0.06

	
0.04

	
0.03

	
0.03

	
0.03

	
0.05

	
0.07

	
0.05




	
Lithology

	
0.06

	
0.04

	
0.03

	
0.02

	
0.02

	
0.02

	
0.04

	
0.03
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Table 5. Area coverage of flood susceptibility classes and share of flood events corresponding to the defined flood susceptibility classes.
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	Flood Susceptibility
	Area (km2)
	Area (%)
	Share of Flood Events (%)





	Very low
	5469
	11.2
	0.3



	Low
	12,650
	25.8
	6.2



	Moderate
	14,681
	29.9
	22.5



	High
	10,755
	21.9
	37.1



	Very High
	5480
	11.2
	33.8
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Table 6. Area coverage of land cover classes corresponding to the defined flood susceptibility classes. CLC: CORINE land cover.
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Flood Susceptibility Class

	

	




	
CLC

(Level 1)

	
km2

1

	
%

	
km2

2

	
%

	
km2

3

	
%

	
km2

4

	
%

	
km2

5

	
%

	
Area (km2)

	
% of Total Area






	
1

	
59.3

	
2.00

	
365.5

	
12.29

	
833.9

	
28.05

	
981.3

	
33.00

	
733.2

	
24.66

	
2973.2

	
6.06




	
2

	
880.5

	
3.80

	
4091.1

	
17.68

	
7142.3

	
30.86

	
6973.6

	
30.13

	
4055.0

	
17.52

	
23,142.5

	
47.20




	
3

	
4528.7

	
20.07

	
8183.9

	
36.27

	
6656.1

	
29.50

	
2653.9

	
11.76

	
538.3

	
2.39

	
22,560.9

	
46.01




	
4

	
0.1

	
0.21

	
0.9

	
2.30

	
3.5

	
8.54

	
22.4

	
54.94

	
13.9

	
34.01

	
40.8

	
0.08




	
5

	
0.5

	
0.14

	
8.6

	
2.70

	
45.3

	
14.26

	
123.8

	
38.99

	
139.5

	
43.91

	
317.6

	
0.65
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Table 7. Flood validation points and their share in mountainous/lowland (flat) areas.
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Mountainous/Lowland Area

	
Flood Susceptibility Level

	
Number of Flood Validation Points

	
% of Total Number of Flood Validation Points






	
Mountainous

(elevation >300 m a.s.l.)

	
Very low

	
2

	
0.1




	
Low

	
28

	
1.9




	
Moderate

	
116

	
7.7




	
High

	
264

	
17.4




	
Very high

	
159

	
10.5




	
Lowland

(elevation <300 m a.s.l.)

	
Very low

	
18

	
1.2




	
Low

	
195

	
12.9




	
Moderate

	
270

	
17.8




	
High

	
352

	
23.3




	
Very high

	
109

	
7.2




	
Mountainous

(slope 2–69°)

	
Very low

	
5

	
0.3




	
Low

	
92

	
6.1




	
Moderate

	
207

	
13.7




	
High

	
314

	
20.8




	
Very high

	
129

	
8.5




	
Lowland/flat

(slope 0–2°)

	
Very low

	
15

	
1.0




	
Low

	
131

	
8.6




	
Moderate

	
179

	
11.8




	
High

	
302

	
20.0




	
Very high

	
139

	
9.2
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