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Abstract

:

Areas subject to flooding must be carefully analyzed to make correct measures for preventing disasters that impact the population’s lives and economy. In this article, we propose a flood potential index (FPI) to estimate flood susceptibility, using an optimal selection of weights for the criteria contributing to flooding risk evaluation. Comparisons with the situation when equal weights are assigned to each factor are exemplified in a case study from the Vărbilău catchment (Romania). The study reveals the necessity of an objective factor weighting choice for determining the flooded zones. The results are validated with the available data from the Romanian Waters Institute.
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1. Introduction


From ancient times, extreme phenomena have affected human lives. However, in the last period, their intensity and frequency have significantly increased [1], augmenting the number of victims and economic losses [2,3]. Hydrological phenomena—floods, torrents, storms, and rapid snow melting—are encountered throughout the year. The factors producing extreme events are diverse, from the differential heating of the continent and the ocean that generates monsoons to the orographic and altimetric influence of relief forms (vertical climatic arrangement, orographic barrier). A sudden rise of temperatures in spring in temperate zones causes rapid snowmelt and floods. Even in the desert and arid areas characterized by deficient rainfall, rare, catastrophic hydrological events can occur as torrential rains that lead to the formation of wadis (dry areas) [4,5,6,7].



Europe is a continent exposed to oceanic influences in the west, Mediterranean in the south, polar in the north, and continental in the east. Mountains (Alps, Carpathians, Urals, Caucasus, Pyrenees, Apennines, etc.); closed seas (Black Sea, Baltic Sea); and local factors such as vegetation, lithology, soils, land use, and slope must also be considered when analyzing the apparition and development of extreme events [8].



Various articles have been published over time regarding flood susceptibility. Askar et al. [9] found that floods are the most common form of natural disaster, which can cause extensive destruction of infrastructure and damage to the natural environment. The authors developed a set of models for flood susceptibility integrating genetic algorithms, particle swarm optimization, and harmony search algorithms with decision table classifiers. Several parameters, such as aspect, the curvature of the plane, distance from rivers, and vegetation, were used for training the model and validation. The certainty factor was used to determine the spatial association between the parameters’ effects and the occurrence of floods. Such risk maps can be helpful for early warning systems and improving defense systems. Pandey et al. [10] built susceptibility prediction models with different input parameters to achieve the best performing choice for a type of climate (in their case, subtropical humid). They proposed two machine-learning ensemble models based on some flood inventories and 12 predictors. The results are essential for managing natural hazards and can be used to build risk analyses. Samanta et al. [11] proved the usefulness of remote sensing, geographical information systems (GIS), and frequency ratio for mapping susceptibility to floods. The frequency ratio was used to analyze some variables based on bivariate weighted-based probabilities. Factors such as land use, altitude, slope, wetness index, lithology, and soil intervene in the frequency ratio model for flood vulnerability analysis. The obtained data were classified into five intervals, from very low to very high, in terms of vulnerability. Dottori et al. [12] proposed a methodology based on a mathematical index that considers local topography and basic information about the flood scenario to reproduce the flooding process. The algorithm helps to spatialize the susceptibility index. Rincón et al. [13] realized flood susceptibility maps for GTA, using GIS (Geographic Information System), MCDM (Multi-Criteria Decision Analysis), and AHP (Analytic Hierarchy Process) techniques to determine the optimum weights of the involved parameters.



In all cases, the flood magnitude must be estimated. The following groups of techniques are mostly used: rainfall–runoff analysis [14], the use of statistical methods for evaluating flood frequency and intensity [15], and deriving models that link the flood discharge to the river basin’s characteristics [16].



An interesting spatial approach for estimating flood susceptibility is presented in [16]. It used the maximum recorded discharge across regions with similar flood potential to derive a flood potential index to compare floods from different zones.



Empirical and physical-based modeling approaches for producing flood hazard maps [17] are essential for designing and implementing the strategies for flood management, and accurately depicting the intensity and extent of the flood hazard [18,19]. Remote sensing and GIS are valuable tools for collecting the data necessary for flood modeling and preparing hazard maps [20,21,22].



ASTER is a remote sensing instrument that provides high-resolution images of Earth in 14 different bands of the electromagnetic spectrum, ranging from visible to thermal infrared light. The ASTER Global Digital Elevation Model v3 (realized by NASA and the Ministry of Economy, Trade, and Industry of Japan) offers a global digital elevation model (DEM) of the terrestrial Earth’s zones at a spatial resolution of 1 arc second. It covers the Earth’s surface from 83° north to 83° south with tiles in GeoTIFF format and projected on a WGS84/EGM96 geoid. By comparison to its previous versions, the outliers and residual bad values have been removed and residual anomalies from zones with limited data were corrected using different existing DEMs [23].



In the last period, a flood risk assessment was performed using multi-criteria approaches integrated with GIS, which is less expensive from a financial viewpoint and more straightforward than the hydrological and hydraulic modeling alternatives [24]. Scientists may use different methods to analyze floods, concentrating on climatic components or geomorphological factors. There are integrated approaches considering multiple factors that offer an essential perspective on areas susceptible to flooding. All are important because they contribute to the identification of the susceptibility to floods necessary for decision-makers to take action and reduce the impact of hazards in exposed areas. Smith [25] introduced the flash flood potential index involving only geographical factors (soil type, vegetation, slope, and land use), integrated with GIS, and developed by other authors since then [26,27,28,29].



This research aims to identify the susceptibility of the Vărbilău River catchment (Romania) to floods by building a flood susceptibility index (FPI) considering twelve factors. It is the first time such a detailed study has been developed for a small catchment (216 km2). The novelty consists of selecting the factors adapted to the catchment’s particularities and the weights associated with each factor. Validation was performed using the available flood susceptibility maps from RoWater.



The study was performed using two scenarios: (1) different weights were assigned to the factors, depending on the relative importance of the factors in each possible combination of pairs, and (2) equal weights were assigned to all the factors. A comparative analysis is provided based on the flood hazard maps to emphasize the flood-prone areas, especially in the populated zones. The results show that the optimal selection of the weights leads to a better estimation of the susceptibility to flooding.



The proposed approach can be applied to other catchments, by adapting the factors to the field situation.




2. Materials and Methods


2.1. Study Area


Romania is situated in a region with different climatic influences: oceanic in the west and center, Scandinavian–Baltic in the north, continental in the east, and Mediterranean in the southwest. Thus, various hydrological phenomena can occur, such as floods, rapid snow melting, torrents, and landslides. The Carpathians act as an orographic barrier between eastern continental and oceanic influences from the west. Furthermore, they contribute to vertical climatic stratification. Some showers can cause floods during May–July, whereas in spring, the snow can melt quickly if the temperature rises suddenly. In winter, there are significant precipitation events [30].



The Vărbilau catchment is situated in Prahova County (Romania) and is a sub-basin of the Teleajen basin, with an altitude between 229 and 1481 m and a surface of 215 km2. The Curvature Carpathians are in its north, while its south and center belong to the SubCarpathians. This position favors an increased amount of precipitation from south to north. The vegetation is diverse due to the existence of mountainous areas, hills, and plains [9]. The basin form is circular in the north and center (Figure 1) and elongated in the south.



Vărbilau River, with a length of 34 km, flows into Teleajen near Dumbrăveşti village. The climate is temperate–continental, which is influenced by local factors, such as the Carpathians, and the opening in the south that communicates with the Romanian plain. The alternation of valleys and hills affects the temperature. It is colder in the north and warmer in the south. Precipitation increases from 600 mm/m2/year in the south to 900 mm/m2/year in the north [7]. The vegetation consists mainly of deciduous forests in hilly zones, pastures, transitional woodland, shrubs, and mixed forests in the north.



In the flat areas, the vegetation was replaced with arable land and settlements [31]. The lithology comprises sedimentary formations, such as flysch in the north, sandstone, clay, sandy–loamy formations, gravel, and marl. The soil patterns influence the infiltration and further percolation in aquifers.



The largest settlement is Vărbilău village, and the closest town is Slănic. In the past, some floods in the area have affected Slănic, Vărbilău, Aluniş, Ştefeşti, and Lutu Roşu [32].




2.2. Methodology


In this article, the flood susceptibility of the study area was evaluated through a Flood Potential Index defined as follows:


  F P I =   ∑  j = 1   n      ∑  i = 1   m        w   j   ×   x   i j          



(1)




where n is the number of themes, m is the number of classes for a theme,     w   j     is the jth thematic layer’s weight,     x   i j     is the jth class weight from the ith layer [33].



The study’s flow chart is presented in Figure 2, and the proposed methodology steps are described in the following passage.



	1.

	
Select the factors (themes) taken into account for building FPI slope (SL), aspect (A), hypsometry (HY), convergence index (CF), drainage density (DD), topographic wetness index (TWI), profile curvature (PC), catchment shape index (CS), precipitation (P), soil (S), lithology (LH), land use (LU), and classes for each (usually five).




	2.

	
Generate the layers for each theme based on the collected data. The software used for this purpose included the GIS applications ArcMap 10.2.2 (https://support.esri.com/en/products/desktop/arcgis-desktop/arcmap/10-2-2, accessed on 13 May 2023) and SagaGIS 8.5.1 (https://saga-gis.sourceforge.io/en/index. html, accessed on 15 May 2023). After processing, the databases utilized in shapefile and raster formats were exported in .jpg format. The precipitation database (raster format) was from Worldclim.com (https://worldclim.com/, accessed on 20 April 2023) for 12 months from 2010 to 2018. The land use data were from the Corine Land Cover database-ESRI FGDB (https://land.copernicus.eu/pan-european/corine-land-cover, accessed on 13 May 2023). The shapefile layers of the soils, lithology, limits of the hydrographic basin, and the main rivers and Digital Elevation Model (DEM) of the Vărbilău basin have also been used [34,35]. The convergence index was obtained from SAGA GIS 8.5.1. The slope and profile curvature were built from ASTER DEM. The DEM is part of the national numerical model of Romania at 30 cm which was individualized at the hydrographic basin level, in the case of the Vărbilău face. The resolution of the DEM per pixel is 30 m, which is sufficient for what we need in the development of the index in a hydrographic basin, this being already specified;




	3.

	
Compute the drainage density layers in ArcGIS;




	4.

	
Assign the thematic layers’ weights using the multi-criteria decision-making (MCDM) introduced by Saaty [36], as follows:




	
Build the comparison matrix of the pairs of themes and assign a score as a function of the relative importance of a theme with respect to another one;



	
Normalize the scores by dividing each score through the corresponding column’s sum in the comparison matrix;



	
Build the weights vector containing the averages of the rows’ normalized scores.












	5.

	
Validate the weighting choice by computing the following values:




	
The maximum eigenvector of the comparison matrix,     λ   m a x    ;



	
The consistency index as follows:










  C I =     λ   m a x   − n   / ( n − 1 )  



(2)








	c.

	
The consistency ratio (CR) as follows:















CR = CI/RI



(3)




where RI is the random index. According to Saaty [36], RI = 1.48 for n = 12.



The pair-wise comparison must be reevaluated if CR > 0.1.



	6.

	
Divide the values of each thematic layer into five classes (depending on the importance of its feature in the flood occurrence) and assign a score from 1 to 5 to each class;




	7.

	
Build the FPI map in GIS by integrating the elements from the second step with the weight from step 3;




	8.

	
Compare the results with those obtained when assigning equal weights (8.33%) to each layer;




	9.

	
Validate the model using the flooding simulation maps from RoWater [37], which were realized by experts in hydrology from technical universities in Romania and the Romanian Water Institute in the following stages: developing the digital terrain model (DEM); image processing for the DEMs included in the analysis; hydraulic modeling (including the model calibration) using an exceedance probability of 1%, emphasizing the flood band resulted after hydraulic modeling (to observe the flood impact on settlements and land); intersecting areas of interest with flood band based on road, rail, settlement, industrial, land use, forest, etc. database.







We did not consider it necessary to repeat all the hydraulic simulations here for the entire Vărbilău basin.





3. Results and Discussion


Table 1 contains the factors considered in modeling, their classes, and the scores assigned to each class.



The slope represents the inclination of a surface with respect to the horizontal. A large slope favors water leakage and erosion, while a small one results in water accumulation. Therefore, score five was given to slopes between 0 and 5.36 degrees, and score 1 was given to slopes from 22.65 to 44.1 degrees (Table 1).



The slope was derived from the DEM using the “Slope” extension from the Raster Surface tool in ArcMap. The resulting index is in raster format. In Figure 3 (left), one may see the spatial representation of the slope.



The aspect is the slope’s orientation. Its influence is indirect because it impacts the soil humidity, evapotranspiration, and the frontal rainfall direction [38]. It was determined based on the DEM using “Aspect” from the Raster Surface extension in ArcMap. Figure 3 (right) presents the slope orientations. Those located towards the NW, N, and NE received a value of three because the northern slopes are more shaded than the southern ones. For example, the snow melts slower in these areas. The western and eastern aspects were given a value of four, while the flat areas and the slopes oriented towards the SW, S, and SE were given a five because they either favor water accumulation (in the case of flat land) or snow melting (in the case of those oriented towards the south).



Hypsometry shows the altitudes in the Vărbilău basin. Low-lying areas favor flooding, and thus received high values. In Figure 4 (left), the spatial representation of hypsometry can be observed.



The convergence index indicates the relief structure as a collection of convergent and divergent zones [39], that is, the mean difference “between real aspect and theoretical maximum divergent direction matrix representing ideal peak minus 90 degrees” [40]. Generally, high values of the index indicate the possible apparition of torrential water flows [39,41].



The convergence index was created in SagaGIS and exported as a DEM to be imported into ArcGIS. Values below (−9.6) were given a value of 5, while those above (−3.2) were given a 3, the latter favoring the accumulation of water the least. Figure 4 (right) shows the spatial representation of the convergence index.



The drainage density was obtained using several tools from Spatial Analyst in ArcGIS. It was determined based on the line density, equivalent to the river valleys. After a tributary meets the main collector, the drainage density is higher. Thus, the density is higher downstream of the Vărbilău catchment (Figure 5 (left)). The higher the density, the higher the value awarded is.



The topographic wetness index is defined as follows:





TWI = log(SCA/tan(b)),



(4)




where SCA is the specific catchment area and tan(b) is the slope (in radians) [42].



The TWI was built in ArcMap based on the DEM, using the tools from Spatial Analyst in the following order: hydrology extension (“Fill”, “Flow direction”, “Flow accumulation”, “Slope in degrees”), then surface (“Slope”), and finally “Radians of slope”. Figure 5 (right) shows the wetness index. The higher this index is, the higher the grade awarded [43]. The highest drainage density and TWI were found along the river, from Aluniș to Vărbilau and Dumbrăvești villages.



The profile curvature (Figure 6 (left)) was obtained based on the DEM in ArcGIS (raster surface). A negative value means that a surface is upward convex at a cell. A positive profile indicates that a surface is upward concave at a cell. A value of zero indicates that the surface is flat.



Thus, the flat areas have been given the highest score of 5; values from 0.1 to 3.41 were awarded 3, whereas the ones from (−0.1) to (−4.38) have been given 1. Figure 6 (left) shows an alternation of the highest and moderate curvature, especially in the northern part of the river basin.



The catchment shape index was calculated in ArcMap, after the sub-basins were delimited (Figure 6 (right)) using the following formula:


CS = F/L2,



(5)




where F is the basin’s surface and L is its length.



The basins with elongated shapes favor water accumulation, so they had a higher index value [31]. This was the case for the sub-basin represented with green in Figure 6 (right), to which Slănic, Vărbilău, and Dumbrăveni belong.



The precipitation map was obtained in ArcGIS as a raster (Figure 7 (left)). First, the yearly precipitation was calculated using the “Raster Calculator” (all 12 months were cumulated for each year).



Then, the annual average was computed. For the Vărbilău catchment, the precipitation increased from south to north, from 600 to 900 mm/m3/year. The areas with low rainfall received a score of 3, while the ones in the north with higher values received a 5.



The soil theme is represented in Figure 7 (right). The predominant soils are clayey-sandy soils (in the northern part of the study basin and in the vicinity of Aluniș and Vărbilău villages), clays, and limy sandstones. Based on the soil texture, different marks were awarded. For example, loamy soils received a 5, while sandy–loamy soils received a 1 because water infiltrates through them faster [44].



The lithology map is shown in Figure 8 (left). Convolute sandstones, marls, and massive sandstones, conglomerates of sandy flysch, dominate the north of the basin (covering more than a third of the region).



Marls–clay and limy stones are found in the middle of the region, while in the zones along the river and in the southern part, gravels, sands, and loess-like deposits are preponderant.



Water can pass quickly through sandy soils (which are permeable), so the runoff is reduced. By comparison, clay has a more negligible permeability; the runoff is higher than for sandy soils, and, as a consequence, water accumulates for an increased period. Therefore, flood risk is inversely proportional to the infiltration capacity.



According to the lithology influence on water accumulation, grades were awarded from one for gravels, sands, and loess-like deposits, to five for conglomerates and sandy flysch [45,46].



The land use map (Figure 8 (right)) was obtained in ArcMap based on the data from Corine Land Cover. Vegetation impacts the soil’s capacity to diminish runoff. Therefore, forest areas received a score of 1 because they have a role in retaining water in the upper parts. In contrast, settlements, water bodies, and industrial or commercial units received five because they favor water accumulation [46].



Furthermore, to obtain the Flood Potential Index, the factors that were represented in shapefiles (land use, lithology, soil, catchment shape) in ArcMap were converted into raster format.



Afterwards, with the help of the “Raster Calculator,” the twelve factors were cumulated to obtain the FPI [47] in two scenarios: (I) with the weights computed as explained in the Methodology or (II) with equal weights (8.33%).



Table 2 contains the comparison matrix. Based on the computed weights (in the last column) and the thematic maps, the FPI index was determined.



The obtained values were split into five intervals based on the ‘natural breaks’ [48] idea because differences between the classes are maximized whereas those inside them are minimized. The following classes were obtained based on the FPI values: very low vulnerability, when FPI is in the interval 2.04–2.65; low vulnerability, with an FPI between 2.65 and 3.02; medium vulnerability, with an FPI from 3.02 to 3.34; high vulnerability, with an FPI from 3.34 to 3.68; and very high vulnerability, with an FPI between 3.68 and 4.50.



Figure 9 shows the susceptibility map in the first scenario (unequal weights), with and without intervals, which is discussed in the following section. The Vărbilău basin registers a greater susceptibility along its lower and middle course (3.68–4.50), at the confluences of the Slănic and Vărbilău rivers and the Aluniş and Bertea rivers, and in the area of the Slănic town, on the river with the same name. Moreover, the most extended regions with very high susceptibility (3.68–4.50) were located in Varbilău, Ostrovu, Slănic, and Dumbrăveşti. The factors that make these areas susceptible are, among others, the elongated shape of the basins, the almost flat slope, the humidity index, and the land use (inhabited areas favor floods) [49,50].



In general, areas with a high susceptibility to flooding were identified in the valleys. In hilly zones, the vulnerability was average (3.02–3.34). There, the values of the slope index were medium, along with the hypsometric and soil values. Furthermore, the population density is low. Low flood susceptibility values were found in mountainous areas with steep slopes. The sub-basin shape in mountainous area was circular, so water accumulation is low. One may observe that the areas with high population densities (Slănic, Ostrovu, Aluniș, Dumbrăvești, Târșoreni, Scurtești, Poiana Vărbilău) showed a high (3.34–3.68) and very high (3.68–4.50) susceptibility to floods.



Figure 10 presents a comparison of the obtained FPIs with different (left) and equal weights (right). In the case of equal weights, a smaller surface of the basin belongs to the high susceptibility class, most of it being in the low and medium susceptibility classes.



The difference appears because the importance of some factors (precipitation, slope, hypsometry) is diminished in the second case. Therefore, a good selection of weights is necessary. Figure 11 and Figure 12 contain a zoomed-in view of two areas with a high and very high susceptibility to flooding. The Aluniş–Ostrovu area (Figure 11 (left) and Figure 12 (left)) is located at a confluence. The Strâmba River flows into Aluniş, which, after a few hundred meters, flows into Bertea.



The Bertea River, which borders the village of Ostrovu to the west, flows into Vărbilău in the southern part of the same village. Here, there are three confluences in less than 1.5 km. With a high population density, this area is among the most susceptible to floods. Aluniş village was heavily affected by flooding in 2019. The Vărbilău commune (Figure 11 and Figure 12 (right)) has been affected by flooding many times.



Comparisons of Figure 11 and Figure 12 show the importance of the weight selection, revealed by the areas of high and very high susceptibility to flooding with a lower extent in the second scenario.



The buildings that overlap the area with high susceptibility can be observed in Figure 13 (left).



Notice that a significant number of settlements are prone to flooding based on the susceptibility index.



Data from the Romanian Waters Institute, including flood zone maps, at an exceedance probability of 1%, were utilized to validate the results obtained using the FPI approach. These were superimposed on the highest susceptibility index (3.68–4.50). Figure 13 (right) shows that the Vărbilău River’s inundation band (in blue) largely overlaps the area where the estimated flood susceptibility is very high.



The present study completes the simulation provided by RoWater [34], developing an FPI index that shows the areas that are also susceptible to flooding and could be affected in the future by the hazard.



The FPI index is an indicator developed using several factors that have been calculated or determined based on field observation, a digital terrain model, or other supporting values. The obtained FPI is unique for the area of study that does not have a detailed susceptibility index map.




4. Conclusions


The Flood Potential Index obtained using ArcGIS can be used to assess the hydrological impact in a given area, separately or together with other analyses, especially in the context of the recurrence of hydrologic phenomena such as floods. Depending on the area’s specifics, it can also be spatially represented and analyzed in detail at the constituent factor level. Other factors can be introduced for building the index, which can be adapted to the user’s needs.



The proposed methodology can be used for any region by adapting the factors to the catchment particularities. In the second scenario, the importance of the factors was established based on the scientific literature and a deep knowledge of the field situation. Still, the user’s experience also influences the weight selection when FPI is computed. It was proved that when using weights, the FPI better described the vulnerable areas.



It was shown that in the Vărbilău basin, the densely populated areas have a high and very high susceptibility to flooding. In contrast, uninhabited mountain areas present a very low susceptibility. Settlements such as Vărbilău, Aluniş, Ostrovu, Bertea, Slănic, and Dumbrăveşti have a high susceptibility to floods as a result of the flat land, the elongated shape of the basin, the presence of settlements, and the absence of forests.



This study represents part of a bigger project aiming to quantify the hazard risk and accessibility in the region in the case of extreme events and to evaluate damage. It will help the authorities make informed decisions to prevent or reduce the effects of possible flooding in the study zone.
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Figure 1. (Left) The location of Prahova County in Romania, and (right) the Vărbilău catchment in Prahova County. 






Figure 1. (Left) The location of Prahova County in Romania, and (right) the Vărbilău catchment in Prahova County.



[image: Water 15 03533 g001]







[image: Water 15 03533 g002] 





Figure 2. The study flowchart. 
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Figure 3. The maps of slope (left) and aspect (right). 
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Figure 4. Hypsometry (left) and convergence index (right). 
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Figure 5. Drainage density (left) and TWI (right). 
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Figure 6. Profile curvature (left) and catchment shape (right) maps. 
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Figure 7. The maps for precipitation (left) and soil (right). 
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Figure 8. Lithology (left) and land use (right) maps. 
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Figure 9. FPI with unequal weights with (left) and without (right) intervals. 
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Figure 10. FPI with unequal weights (left) and equal weights (right). 
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Figure 11. Zoomed-in areas with high susceptibility: Aluniş–Ostrovu (left) and Vărbilău (right), under the scenario with different weights. 
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Figure 12. Zoomed-in areas with high susceptibility: Aluniş–Ostrovu (left) and Vărbilău (right), under the scenario with equal weights. 
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Figure 13. Areas with very high susceptibility (left) and flooding surfaces and susceptibility index comparison (right). 
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Table 1. The scores of the factors influencing the flood potential.
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Factors

	
Type/Values






	
Slope (degrees)

	
22.65–44.1

	
15.39–22.65

	
10.37–15.39

	
5.36–10.37

	
0–5.36




	
Aspect

	

	

	
N, NW, NE

	
W, E

	
Flat, S, SW, SE




	
Hypsometry (m)

	
1079–1481

	
818–1079

	
606–818

	
430–606

	
229–430




	
Convergence index

	

	

	
>(−3.2)

	
(−9.6)–(−3.2)

	
<−9.6




	
Drainage density (km/km2)

	
0–0.79

	
0.79–1.58

	
1.58–2.37

	
2.37–3.16

	
3.16–3.95




	
TWI

	
2.84–5.49

	
5.49–7.04

	
7.04–9.37

	
9.37–13.73

	
13.73–22.67




	
Profile curvature (radians/m)

	

	

	
0.1–3.41

	
(−4.38)–(−0.1)

	
(−0.1)–0.1




	
Catchment shape index

	
0.65–0.70

	
0.61–0.65

	
0.49–0.61

	
0.39–0.49

	
0.27–0.39




	
Precipitation (mm/year)

	

	

	
600–700

	
700–800

	
800–900




	
Soil

	
sandy−loamy, loamy−sandy

	
sandy and loamy

	
varied textures, clayey, clayey−loamy

	
loamy−clayey, loamy

	
loamy




	
Lithology

	
Gravels, sands and loess−like deposits

	
Marly limestones, marls, and limy sandstones

Marls−clays, limy sandstones

Sands, marls, clays

	
Marls, clays, sandstones,

Marls, gray clays, gypsum and salts

Beds of Krosno−Pucioasa type; clays, gray marls with insertions of sandstones

Red marls with Globotruncana

	
Clayey schists, breccia, buried salt diaper. Schists, gypsum, glauconitic sandstones (beds of Cornu)

Quartzitic conglomerates, orthoquartzites, shales

Convolute sandstones, marls, massive sandstones (series of Convolute Flysch)

	
Conglomerates and sandy flysch (conglomerates of Hacigosu, Stanisoara, and Ceahlau)

Convolute micaceous sandstones (series of Macla−Zagon)




	
Land use

	
Broad-leaved forest

Coniferous forest

Mixed forest

	
Fruit trees and berry plantations

Transitional woodland/shrub

Beaches, dunes, sands

	
Complex cultivation patterns

Land with agriculture and natural vegetation

Non-irrigated arable land

	
Pastures

Natural grassland

Mineral extraction sites

	
Settlements

Water bodies

Industrial or commercial units




	
Given score

	
1

	
2

	
3

	
4

	
5




	
FPI

	
2.06−2.65

(very low)

	
2.65−3.02

(low)

	
3.02−3.34

(medium)

	
3.34−3.68

(high)

	
3.68−4.50

(very high)











 





Table 2. Comparison matrix of the thematic layers and the weights (in the last column).
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	Factor
	SL
	A
	HY
	CF
	DD
	TWI
	PC
	CS
	P
	S
	LH
	LU
	Weights





	SL
	1.00
	2.00
	0.50
	0.50
	3.00
	1.00
	1.00
	0.25
	1.00
	0.33
	0.33
	0.50
	0.055



	A
	0.50
	1.00
	0.33
	0.25
	1.00
	0.50
	0.50
	0.25
	0.50
	0.33
	0.33
	0.25
	0.031



	HY
	2.00
	3.00
	1.00
	1.00
	2.00
	2.00
	3.00
	0.50
	2.00
	0.50
	1.00
	1.00
	0.098



	CF
	2.00
	4.00
	1.00
	1.00
	3.00
	3.00
	2.00
	0.50
	2.00
	1.00
	0.50
	0.50
	0.1



	DD
	0.33
	1.00
	0.50
	0.33
	1.00
	1.00
	2.00
	0.50
	1.00
	0.33
	0.33
	0.50
	0.048



	TWI
	1.00
	2.00
	0.50
	0.33
	1.00
	1.00
	1.00
	0.25
	0.50
	0.33
	0.50
	0.33
	0.043



	Pc
	1.00
	2.00
	0.33
	0.50
	0.50
	1.00
	1.00
	0.33
	1.00
	0.33
	0.50
	0.33
	0.045



	CS
	4.00
	4.00
	2.00
	2.00
	2.00
	4.00
	3.00
	1.00
	2.00
	2.00
	2.00
	1.00
	0.16



	P
	1.00
	2.00
	0.50
	0.50
	1.00
	2.00
	1.00
	0.50
	1.00
	0.50
	1.00
	1.00
	0.067



	S
	3.00
	3.00
	2.00
	1.00
	3.00
	3.00
	3.00
	0.50
	2.00
	1.00
	1.00
	1.00
	0.122



	LH
	3.00
	3.00
	1.00
	2.00
	3.00
	2.00
	2.00
	0.50
	1.00
	1.00
	1.00
	0.50
	0.103



	LU
	2.00
	4.00
	1.00
	2.00
	2.00
	3.00
	3.00
	1.00
	1.00
	1.00
	2.00
	1.00
	0.126



	Sum
	20.83
	31.00
	10.66
	11.41
	22.50
	23.50
	22.50
	6.08
	15.00
	8.65
	10.49
	7.91
	1.00
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