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Abstract: The aim of this study was to identify the areas with different levels of riverine flood
potential (RFP) in the Nitra river basin, Slovakia, using multi-criteria evaluation (MCE)-analytical
hierarchical process (AHP), geographic information systems (GIS), and seven flood conditioning
factors. The RFP in the Nitra river basin had not yet been assessed through MCE-AHP. Therefore, the
methodology used can be useful, especially in terms of the preliminary flood risk assessment required
by the EU Floods Directive. The results showed that classification techniques of natural breaks (Jenks),
equal interval, quantile, and geometric interval classified 32.03%, 29.90%, 41.84%, and 53.52% of
the basin, respectively, into high and very high RFP while 87.38%, 87.38%, 96.21%, and 98.73% of
flood validation events, respectively, corresponded to high and very high RFP. A single-parameter
sensitivity analysis of factor weights was performed in order to derive the effective weights, which
were used to calculate the revised riverine flood potential (RRFP). In general, the differences between
the RFP and RRFP can be interpreted as an underestimation of the share of high and very high RFP
as well as the share of flood events in these classes within the RFP assessment. Therefore, the RRFP is
recommended for the assessment of riverine flood potential in the Nitra river basin.

Keywords: riverine flood potential; multi-criteria evaluation; analytical hierarchy process; GIS;
Slovakia

1. Introduction

In recent decades, the frequency and magnitude of floods as well as flood damage have
been increasing, which is mainly caused by the impacts of various human activities [1,2].
On the other hand, the vulnerability of society to floods is being influenced mainly by
population growth and related economic activities. Thus, flood protection, integrated flood
risk management, mitigation, and coping with floods or adaption to floods are highly
topical issues which have also been addressed by governments all over the world. In
the EU, the importance of flood potential mapping is indirectly incorporated into the
preliminary flood risk assessment (EU Floods Directive 2007/60/EC [3]), which is legally
binding for all member countries and should be updated and revised in six-year cycles
starting from 2011. The objective of the preliminary flood risk assessment is to identify
areas with potentially significant flood risk or where floods are likely to occur. In Slovakia,
this task was implemented by the Ministry of Environment of the Slovak Republic in 2011
and 2018 [4,5]. While in the first cycle (2011) no flood potential mapping procedure was
taken into account, in the next cycle (2018), the work by Minar et al. [6] was incorporated
into assessments.

The term flood potential, also referred to as flood susceptibility [7], is understood
as an expression of the potential of flooding resulting from the physical-geographical
configuration of the landscape and associated land use/cover characteristics without
considering flow or precipitation quantitative information [6-8]. The notion of the term
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flood potential thus differs from the term flood hazard. Flood hazard also incorporates the
probability of flood occurrence expressed by the design discharges with different return
periods as well as defining flood prone areas in terms of flood extent, flow depth, or flow
velocity [9].

Flood potential assessment is based on the selection of flood conditioning (influencing)
factors, which define the propensity of a given area to be flooded, as well as preparation
of a flood inventory database [10]. In particular, the flood conditioning factors may in-
clude various physical-geographical factors, such as morphometric (terrain) characteristics
defined by elevation, slope, aspect, or other terrain-derived attributes (e.g., topographic
wetness index or topographic roughness index). The mentioned morphometric factors
influence the surface runoff processes in the basin. In general, with increasing slope degree,
surface runoff from the basin accelerates, which subsequently leads to an increase in peak
flows [11]. Moreover, as the elevation increases, the amount of precipitation and thus the
potential for flood water accumulation generally increases. The hydrography factors are
defined, for example, by river network density or distance to rivers. It is generally valid
that the higher the river network density or the closer the distance to a river, the higher
the flood potential. As for the permeability factors, such as soil texture, lithology, or land
use/land cover, they influence the absorption and retention capabilities of the basin, which
subsequently influence the runoff [12,13]. For example, clay soils decrease the absorption of
water into deeper horizons while sandy soils are highly permeable. Similarly, for example,
flysch rocks have low permeability in comparison to various quaternary sediments (gravel
or sandstones) or limestones and dolomites [14]. In case of land use/land cover classes,
built-up areas, asphalt roads, and other impervious areas usually cause high surface runoff
while forests or grasslands are capable of absorbing much more rainwater than impervious
areas, thus decreasing the surface runoff [15,16].

The role of geographic information systems (GIS) is inevitable, especially, in processing
and synthesizing the selected flood conditioning factors, preparing flood inventory data,
and computing and visualizing the flood potential map [17-20]. Different methods have
been applied to identify the areas with different level of flood potential. Moreover, they
have been applied in diverse regions as well as at various spatial scales from local [21] to
global [22].

Multi-criteria evaluation (MCE) or multi-criteria decision analysis (MCDA) represents
a widely used knowledge-based method for susceptibility mapping of different natural
hazards [23]. When evaluating the multiple criteria, different approaches can be used to
create weights of the criteria (factors). One of the preferred techniques is the acquisition of
expert views who may, subsequently, use different weighing methods, such as the ranking
method, the point distribution method, or the paired comparison method, to express the
relative importance of selected criteria (i.e., floods conditioning factors) [18,24]. Based on a
literature analysis, the most widely used methods of multi-criteria flood potential assess-
ment are the analytical hierarchical process (AHP) [25-27], weighted linear combination
(WLC) [28,29], analytical network process (ANP) [30,31], VIseKriterijumska Optimizacija
I Kompromisno Resenje (VIKOR), or Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS) [32]. A comprehensive review of MCDA applications in water-
related natural hazards and assessments, including the flood susceptibility, is provided in
a very recent study by Abdullah et al. [33], who also analyzed strengths and weaknesses of
various MCDA techniques.

Several studies have dealt with the comparison or combination of MCDA with other
methods for identifying flood potential in order to find the most appropriate one. In
particular, Tabarestani and Afzalimehr [34] compared and combined AHP, TOPSIS, and
Attributive Border Approximation Area Comparison (MABAC) with weights of evidence
(WOE) in Babolroud Watershed, Iran. Khosravi et al. [32] compared VIKOR, TOPSIS,
and simple additive weighting (SAW) along with Naive Bayes (NB) and Naive Bayes
Tree (NBT) models in Ningdu catchment, China, and in another study, Khosravi et al.
(2016) compared FR, WOE, AHP, and a combination of FR-AHP in Haraz watershed,
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Iran. Arabameri et al. [35] compared evidential belief function (EBF), frequency ratio (FR),
TOPSIS, and VIKOR in Kiasar watershed, Iran. Furthermore, Ali et al. [36] compared
decision-making trial and evaluation laboratory (DEMATEL)-ANP with FR, statistical
index (SI), NBT, and logistic regression (LR) in the Topl'a river basin, Slovakia.

In addition, it should be noted that the above MCDA techniques for mapping flood
potential (flood susceptibility) have been used in different areas and spatial scales. The
flood potential assessment at the local spatial scale is represented, for example, by the work
of Santagnelo et al. [37] or Rahmati et al. [38]. Most of the works deal with flood potential
at a regional spatial scale, such as Termeh et al. [39], Chapi et al. [40], Haghizadeh et al. [41],
Bui et al. [42], and Das and Gupta [43]. In case of the national spatial scale, the flood
potential was studied, for example, by Minar et al. [6], Jacinto et al. [8], Kourgialis and
Karatzas [44], Zhao et al. [45], and Santos et al. [19]. Flood potential at the global spatial
scale was studied, for example, by Li et al. [22].

This study aims to identify areas with different riverine flood potential using GIS-
based spatial and multi-criteria evaluation, namely the AHP technique, at regional spatial
scale represented by the Nitra river basin, Slovakia. The riverine flood potential in the Nitra
river basin has not yet been assessed through MCE-AHP. Therefore, the methodology used
can be considered innovative, especially in terms of the preliminary flood risk assessment
(EU Floods Directive 2007/60/EC [3]) in this basin. The approach used in this study is
different in respect to the work of Minar et al. [6], which was partly used in the last update
of the preliminary flood risk assessment in Slovakia in 2018. In particular, the authors
analyzed flood potential at a national scale using more generalized input data than in this
study and without any validation of the results. The presented approach is thus proposed
to be incorporated in the next preliminary flood risk assessment in principal basins of
Slovakia in 2024.

The structure of the article is as follows. A brief explanation of the term flood po-
tential /susceptibility, short description of flood conditioning factors, and a review of
applications of MCE/MCDA in flood susceptibility studies is presented in the Introduction
section. The next section, Material and Methods, deals first with the description of the
selected study area—Nitra river basin. Then, it presents the methodological workflow
applied in this study as well as input data and methods of their processing. It follows with a
description of the multi-criteria evaluation—AHP, determination of riverine flood potential
(RFP), sensitivity analysis of factor weights, and determination of the revised riverine flood
potential (RRFP). In the Results and Discussion section, the article focuses on the RFP
obtained by four classification techniques, the validation of RFP maps, the sensitivity anal-
ysis, and the analysis of RRFP. The last section Limitations and Conclusion deals with the
limitations in the presented methodology and data while the concluding part summarizes
the main findings and highlights future research directions in the studied topic.

2. Materials and Methods
2.1. Stury Area

The study area is represented by the Nitra river basin (Figure 1), which covers an area
of 4488 km?. The Nitra river springs in the Mala Fatra mountain under the Revati peak
(1205 m) at an elevation of approximately 770 m and creates a left-sided tributary of the
Véh river. The total length of the Nitra river is 167 km. The left-sided tributaries include,
for example, Handlovka river and Vy¢oma river while the right-sided tributaries are, for
example, Bebrava river, Rado$inka river, Nitrica river, and Dlhy kandl river.
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Figure 1. Location of the Nitra river basin in Slovakia.

There are more than 100 dams in the basin, of which the major ones include, for exam-
ple, Nitrianske Rudno, Slep¢any, Golianovo, Prusy, Vrable, Rastislavice, Cifére, Travnica,
Vel'ké Uherce, and so on. Major weirs higher than 10 m were built mostly along the lower
reaches of the Nitra river, Zitava river, and Bebrava river.

The geographic coordinates of the study area are as follows: northernmost point
48°58' N and 18°34 E; southernmost point 47°57' N and 18°08" E; westernmost point
48°09’ N and 17°52' E; easternmost point 48°44’ N and 18°49’ E.

The study area belongs to the following geomorphological units [46]: Podunajska
rovina (plain), Podunajska pahorkatina (upland), Tribe¢ (mountain), StrdZovské vrchy
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(mountain), Hornonitrianska kotlina (basin), Ziar (mountain), Povazsky Inovec (mountain),
Vtacnik (mountain), and a Pohronsky Inovec (mountain). The highest point has an elevation
of 1346 m and it is located on the eastern boundary of the study area in the Vta¢nik
mountain. The lowest point is located in the river mouth (108 m).

Based on the administrative division of Slovakia, the study area is included in the
Zapadné Slovensko (NUTS II), Trenciansky kraj (NUTS III), Nitriansky kraj (NUTS III), and
Trnavsky kraj (NUTS III).

Regarding the occurrence of historical floods, the Nitra basin belongs to a highly
vulnerable region. It is documented by many historical floods, which occurred in the
study area. Riverine, flash, and pluvial floods are the most recurrent types of floods in the
basin. For example, the floods in June 2010 represented a regional type of flood, which was
triggered by long-lasting rainfall and there was subsequent typical occurrence of riverine
floods on the Nitra river as well as its main and minor tributaries, such as Zitava, Bebrava,
Handlovka, Vy¢oma, Mald Nitra, Liska, Siro¢ina, Drevenica, and so on. Another riverine
flood occurred, for example, on the Bebrava river in April 2006 and on the Zitava river in
April 2013, which affected the municipalities of Dolny Ohaj, Hul, and Ul'any na Zitavou,
and so on. A typical flash flood triggered by heavy and short rainfall occurred, for example,
in June 2013 and July 2014 in the Uhrovec municipality (RadiSa river), in June 2013 in
the Valaskd Beld municipality (Nitrica river), and in June 1999 in the Klatova Nova Ves
municipality (Vy¢oma river) and Oslany municipality (Osliansky potok stream) [5].

2.2. Methodological Workflow

The methodological procedure required the application of different data, methods,
and specialized software. The methodological workflow used for determining the flood
potential is presented in Figure 2. The main steps of the methodology applied were (i) cre-
ating a database of flood events, (ii) processing and reclassifying flood conditioning factors,
(iii) using multi-criteria evaluation (AHP technique) to define the weights of individual
factors, (iv) GIS-based modeling of the riverine flood potential using the weighted sum of
factors, (v) validation of the resulting model using the GIS database of flood events, (vi)
sensitivity analysis of factor weights, and (vii) determination of the revised riverine flood
potential using the effective weights from the sensitivity analysis.

Altogether, seven relevant flood conditioning factors and flood inventory database
were processed in GIS to derive the riverine flood potential map using a weighted sum of
the selected flood conditioning factors. The resulting RFP map was classified with the use
of four classification techniques (natural breaks, equal interval, quantile, and geometric
interval) and validated by calculating the relative distribution of flood (validation) points
in derived flood potential classes. Subsequently, the sensitivity analysis of factor weights
was performed and the revised riverine flood potential, using the effective weights derived
from the sensitivity analysis, was calculated. The RRFP map was classified with the use
of the same four classification techniques and validated with the same flood validation
locations.

2.3. Input Data and GIS Processing of Flood Conditioning Factors

In order to validate the results of flood potential modeling, a vector database of flood
events was created in GIS. Information on the occurrence of floods was obtained from the
documents of preliminary flood risk assessment (Ministry of the Environment of the Slovak
Republic 2011, 2018 [4,5]), databases, and flood reports of the Slovak Water Management
Enterprise and the Slovak Hydrometeorological Institute, available literature (particularly
Solin [47]), and own records. A total of 317 flood events, corresponding to the period
1996-2017, were digitized and stored in a point vector layer using ArcGIS software.

Flood potential mapping is based on different flood conditioning factors which are
processed in GIS based on different source data. The source data used for deriving the
selected conditioning factors in this study are provided in Table 1.
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Figure 2. Methodological workflow for GIS-based riverine flood potential mapping in the Nitra river basin.

Table 1. Source data for processing the selected flood conditioning factors.

Source data Format Source Derived Map
River network Vector Elevation
(Topographic map ( haec (f)ﬂ ) Geodetic and Cartographic Institute Bratislava River network density
1:50,000) shapettie Distance from river
Contour lines and elevation .
int Vector Elevation
pomns ecto Geodetic and Cartographic Institute Bratislava Slope
(Topographic map (shapefile) .
Flow accumulation
1:50,000)
Engineering-geological Vector . .
Zoning Map (1:500,000) (shapefile) Landscape Atlas of the Slovak Republic (2002) Lithology
Land cover VeCto.r CORINE Land Cover (2018) Curve number
(shapefile)
Soil Texture Map Vector .
(1:500,000) (shapefile) Landscape Atlas of the Slovak Republic (2002) Curve number

In this case, seven flood conditioning factors were selected for deriving the flood po-
tential map, particularly, morphometry: elevation and slope; hydrography: river network
density and distance from river; permeability: curve number and lithology (degree of
rock permeability); and hydrology: flow accumulation. The ArcGIS software was used
for processing the selected flood conditioning factors. All seven conditioning factors were
processed or, where necessary, converted from vector format into a raster format with
spatial resolution of 25 x 25 m.
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As for the elevation and slope maps, they were derived from the digital elevation
model (DEM). The input data for creating the DEM were contour lines and elevation points
from the vector topographic map at a scale of 1:50,000. The interpolation method for
deriving hydrologically correct DEM was used (Figure Sla). The slope angle map was
derived based on the DEM using the Slope tool available in ArcGIS software (Figure S1b).

The source data for creating the conditioning factors of river network density
(Figure S2a) and distance from river (Figure S2b) was the river network from the vec-
tor topographic map at a scale of 1:50,000. Both maps were derived using the ArcGIS
software, particularly the Line Density tool and Euclidean Distance tool for the map of
river network density and map of distance from river, respectively. The factor of flow
accumulation was derived based on the DEM and flow direction raster using Hydrology
toolset in ArcGIS software (Figure S2c).

As for the creation of curve number map, the SCS-CN method was applied. In
terms of this method, the map of hydrological soil groups (Figure S3a), map of land
cover (Figure S3b), and official SCS-CN tables [48] were combined (Table S1) using the
HEC-GeoHMS extension for ArcGIS software to derive the curve numbers (Figure S4a).
Hydrological soil groups were derived from the vector Soil Texture Map at a scale of
1:500,000 [49] while the CORINE Land Cover vector layer from 2018 was used to derive
the land cover in the study area. The lithology map (Figure S4b), defined by the degree of
rock permeability according to the work of Hrnéiarova [50], was derived from the vector
Engineering-geological Zoning Map at a scale of 1:500,000 [51]. The reclassification of this
map into five classes was performed using Table S2.

2.4. Multi-Criteria Evaluation and Determination of Riverine Flood Potential

The multi-criteria evaluation was performed using the analytical hierarchy process
(AHP) method, which was originally developed by Saaty [25]. The application of this
method can be divided into the following steps:

(@) Decomposing a complex unstructured problem into simpler hierarchical components.

(b) Creating and rating the criteria (in this case factors) and alternatives. In this context,
the selected flood conditioning factors were reclassified (rated) into five classes ex-
pressing their susceptibility to flooding using the following scale (Table 2): 5—very
high, 4—high, 3—moderate, 2—low, and 1—very low. The reclassification of flood-
conditioning rasters was based on different techniques. In case of the slope angles,
the reclassification was based on the work of Demek [52]. The elevations were reclas-
sified to three intervals based on the work of Luknis [53]. Factors of distance from
river and river network density were reclassified based on the natural breaks (Jenks)
classification method. The flow accumulation raster was manually reclassified such
that it best corresponded to the river network from the topographic map 1:50,000. The
curve numbers were classified to intervals based on their runoff potential (Table 2).

(c) Expert pair-wise comparison of the selected conditioning factors, where numerical
values were assigned to each factor expressing its relative importance in relation to
another factor (Table S3). In this sense, the nine-point continuous scale was used, as
suggested by Saaty [25].

(d) Synthesis of pair-wise evaluations to determine the most influencing factor. The
synthesis was performed by normalizing the derived weights and their averaging
using the eigenvalue technique [25,54], as shown in Table 3.

(e) Calculation of consistency of the pair-wise evaluations using the consistency ratio
(CR), which is defined by the following Equations (1) and (2) [25]:

A—n

I:
¢ n—1

)
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where CI is the consistency index, n is the number of criteria (conditioning factors), and A
is the average value of the consistency vector.

e

CR—E

@)
where RI is the random index, which depends on the number of criteria (factors) being
compared [25].

The value of the consistency ratio obtained in this study was 0.02, which fulfilled the
consistency condition and the created matrix evaluations were thus consistent.

The computation of resulting riverine flood potential was performed in ArcGIS soft-
ware using the weighted sum of the reclassified flood conditioning factors, which were
multiplied with their weights (Equation (3)):

RFP =) wjx; ®)

where RFP is the riverine flood potential, w; is the weight of factor i, and x; is the reclassified
class of each factor i.

Table 2. Flood conditioning factors and their rating.

Conditioning Factor Interval Rating

0.0-2.0
2.1-5.0
> 5.1-15.0
©) 15.1-35.0
35.1-44.2

0.00-0.68
0.69-0.86
River network density (km/km?) 0.87-1.06
1.07-1.31
1.32-1.65

0-213
214-521
(m) 522-912
913-1469
1470-3021

0-250
251-500
Flow accumulation (pixels) 501-2500
2501-50,000
50,001-397,859

108-300
) 301-800
m 801-1346

56-59
60-64
Curve number 65-74
75-84
85-100

Very high
High
Moderate
Low
Very low

Qa1

Slope

Distance from river

Elevation

Lithology
(degree of permeability)

DG ONRFRL|UO R ONNRFRE | P QO[O ONNRFRL, [ FPNWWERU [0 O |2 DN W
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Table 3. Normalized weights and resulting weights of factors (w;).
Normalized Weights
River Network Distance Flow . Curve .
Factors Slope Density from River = Accumulation Elevation Number Lithology  w;
Slope 0.39 0.45 0.41 0.36 0.32 0.28 0.25 0.35
River network density ~ 0.19 0.22 0.27 0.27 0.25 0.23 0.21 0.24
Distance from river 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

2.5. Sensitivity Analysis of Factor Weights

The performed sensitivity analysis aims at assessing the influence of each factor on the
AHP method used. As a result, the role of each factor in resulting riverine flood potential
was investigated because of the subjective significance of the factors used, providing useful
information on the influence of rating—weighting values assigned to each factor. We
decided to perform a single-parameter analysis, which was firstly used by Napolitano and
Fabbri [55] and later also in flood susceptibility studies, such as Kazakis et al. [56] and
Hammani et al. [57]. In the performed sensitivity analysis, the initial arbitrary values of the
factors were replaced with the so-called effective weights based on Equation (4).

EFFy

EW = Rrp

-100 4)

where EW is the effective weight of each factor, F; is the ratings of factor’s classes, Fy, is the
factor’s weight, and RFP is the riverine flood potential.

The effective weights were subsequently used to calculate the revised riverine flood
potential (RRFP), which uses the same factors and class ratings as in RFP calculation, based
on Equation (5).

RRFP =) EWx; (5)

where RRFP is the revised riverine flood potential, EW; is the effective weight of factor i,
and x; is the reclassified class of each factor i.

3. Results and Discussion
3.1. Riverine Flood Potential

After applying the methodology presented in Section 2.2., the resulting riverine flood
potential maps were obtained (Figures 3 and 4). In order to classify the riverine flood
potential maps into classes, four classification techniques—natural breaks (Jenks), equal
interval, quantile, and geometric interval technique—were applied. Subsequently, the area
coverage and share of flood potential classes (very high, high, moderate, low, and very
low) on the basin area were calculated (Table 4).

Table 4. Share of riverine flood potential classes on the basin area.

Natural Breaks (Jenks) Equal Interval Quantile Geometric Interval
Riverine Flood Area Sh.a reon Area Sh.a re on Area Sh.a reon Area Sh.a re on
. > Basin Area 5 Basin Area > Basin Area 5 Basin Area
Potential Class (km*~) o (km*) o (km*) o (km*) o
(%) (%) (%) (%)
Very low 437.7 9.75 53.3 1.19 894.5 19.93 507.6 11.31
Low 1090.3 24.29 681.0 15.17 901.2 20.08 1062.0 23.66
Moderate 1523.1 33.93 2411.8 53.74 814.5 18.15 516.6 11.51
High 975.6 21.74 1250.3 27.85 990.5 22.07 1442.5 32.14
Very high 461.6 10.29 91.8 2.05 887.5 19.77 959.6 21.38
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Figure 3. Riverine flood potential in the Nitra river basin based on classification techniques: (a) natural breaks (Jenks),

(b) equal interval.
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Figure 4. Riverine flood potential in the Nitra river basin based on classification techniques: (a) quantile, (b) geometric

interval.
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Based on Table 4 and Figure 3, it can be seen that in case of the natural breaks (Jenks)
technique, the largest share (33.93%) on the basin area belonged to the moderate flood
potential class. Low flood potential class represented the share of 24.29% on the basin area
while high flood potential class accounted for 21.74% of the basin area. Very high flood
potential was represented in the study area by 10.29%. The lowest percentage regarded
the very low flood potential (9.75%). The most susceptible areas (high and very high flood
potential) to riverine floods, based on Figure 3a, are the upper and middle part of the Nitra
river, including its tributaries in these parts (Nitrica river and Handlovka river), most of
the Dlhy kanal river and Bebrava river, as well as the Zitava river and its tributaries in its
upper reach. As for the equal interval technique, the highest share (53.74%) corresponded
to moderate flood potential class, followed by high flood potential class (27.85%), and
low flood potential class (15.17%). Very high and very low flood potential classes had
2.05% and 1.19% share on the basin area, respectively. According to Figure 3b, the most
susceptible areas include similar areas as in Figure 3a, but here, the areas are characterized
mostly by high flood potential. The very high flood potential can be seen mostly in the
upper part of the Nitra river and several of its tributaries.

As can be seen in Figure 4 and Table 4, the share of flood potential classes on the
basin area was very similar in case of the quantile technique. In particular, 19.77%, 22.07%,
18.15%, 20.08%, and 19.93% corresponded to very high, high, moderate, low, and very low
flood potential class, respectively. In case of the geometric interval technique, the highest
share can be seen in high flood potential class (32.14%), followed by low flood potential
class (23.66%), and very high flood potential class (21.38%). The lowest share was recorded
by moderate (11.51%) and very low flood potential class (11.31%). As shown in Figure 4a,b,
the spatial patterns of the areas with very high flood potential are very similar. These areas
include mainly the upper, middle, and part of the lower section of the Nitra river, most
of the Bebrava river and its tributaries in the upper part, Nitrica river, Handlovka river,
DIhy kanél river, and Zitava river and its tributaries in the upper part. In case of high flood
potential, it has the highest share in Figure 4b.

Based on the classification techniques used: natural breaks (Jenks), equal interval,
quantile, and geometric interval, 32.03%, 29.90%, 41.84%, and 53.52% of the Nitra river
basin, respectively, is characterized by high to very high flood potential. The results can
be compared, for example, with the work of Tang et al. [58], who calculated the following
share of the high and very high flood potential classes using the random forest (RF) model
and the same classification techniques in the Wanan County in Jiangxi Province, China:
natural breaks (Jenks) (22%), equal interval (20%), quantile (40%), and geometric interval
(47%). As it can be seen, the differences range from around 2% in case of the equal interval
technique to 10% in case of the natural breaks (Jenks) technique. In the work of Ajibade
et al. [59], the authors computed the percentage coverage of flood potential classes for the
AHP and FAHP methods and the classification techniques of natural breaks (Jenks) and
geometric interval for the Ibadan City, Nigeria. As for the AHP method, the share of the
high and very high flood potential classes was 25% and 15% for the natural breaks (Jenks)
and geometric interval, respectively. The difference is quite high, especially in case of the
geometric interval (more than 38%) while in case of the natural breaks (Jenks) technique,
the difference is 7%. Furthermore, Khosravi et al. [60] calculated the share of high and very
high flood potential classes in the Haraz watershed, based on the AHP method and natural
breaks (Jenks) technique, to be 34%, which is similar to the presented study.

3.2. Validation of Flood Potential Map

The resulting flood potential model was validated based on its comparison with the
occurrence of 317 flood events in the study area, which were also shown in Figures 3 and 4.
Moreover, Table 5 shows the number and share of flood events in individual flood potential
classes.
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Table 5. Distribution of flood events in flood potential classes.

Natural Breaks (Jenks) Equal Interval Quantile Geometric Interval
Riverine Flood Flood Flood Flood Flood Flood Flood Flood Flood
Potential Class Events Events (%) Events Events (%) Events Events (%) Events Events (%)

Very low 0 0.00 0 0.00 0 0.00 0 0.00
Low 1 0.32 0 0.00 3 0.95 1 0.32
Moderate 39 12.30 40 12.62 9 2.84 3 0.95
High 66 20.82 149 47.00 46 14.51 53 16.72
Very high 211 66.56 128 40.38 259 81.70 260 82.01

In case of the natural breaks (Jenks) technique, most of the flood events corresponded
to very high flood potential class, in particular 66.56% of the total number of flood events
(Table 5). The second highest frequency of flood events was recorded in the high flood
potential class, particularly, 20.82% of the total number of floods. A total of 39 (12.30%)
flood events related to the moderate flood potential class. Only one flood event occurred
in low potential class. None of the mapped flood events belonged to the very low flood
potential class. As for the equal interval technique, very high, high, and moderate flood
potential classes contained 40.38%, 47.00%, and 12.62% of all flood events, respectively.

Similar distribution of flood events in flood potential classes can be seen when ap-
plying the quantile and geometric interval techniques. Very high flood potential class
contained most of the flood events, i.e., 81.70% (quantile) and 82.01% (geometric interval)
while high flood potential class recorded a considerably lower share of flood events, i.e.,
14.51% (quantile) and 16.72% (geometric interval). As for the moderate flood potential
class, 2.84% and 0.95% of flood events corresponded to quantile and geometric interval
techniques, respectively. In case of the quantile technique, three flood events were recorded
in low flood potential class while in case of the geometric interval technique, it was only
one flood event.

Based on the classification techniques of natural breaks (Jenks), equal interval, quantile,
and geometric interval, 87.38%, 87.38%, 96.21%, and 98.73% of flood events, respectively,
corresponded to high and very high flood potential classes. These findings can be com-
pared with the work of Costache and Zaharia [11], who compared the same classification
techniques for the flash-flood potential in the Basca Chiojdului catchment, Romania. The
percentage of the high and very high classes using the WOE and FR models is the following:
natural breaks (Jenks) (86%), equal interval (91%), quantile (86%), and geometric interval
(95%) for the WOE model and natural breaks (Jenks) (85%), equal interval (83%), quantile
(87%), and geometric interval (89%) for the FR model. Compared to the results of this
study, the differences range from around 1 to 10%. Furthermore, it can be stated that the
presented study achieved slightly better results in all classification techniques applied for
the AHP model, except for the equal interval in the WOE model. On the other hand, higher
shares of flood validation locations were achieved by Tang et al. [58], where the shares
were equal to or higher than 95% in all of the studied classification techniques used for the
RF model. In another study by Khosravi et al. [60], the share of flood events in high and
very high classes using the AHP-based flood susceptibility in Haraz watershed was highest
in the case of the quantile technique (97%) in comparison to the natural breaks (Jenks),
equal interval, and geometric interval. All in all, these comparisons point to the fact that
the share of flood validation locations in flood potential /susceptibility classes varies due
to different number and spatial distribution of flood events as well as flood conditioning
factors used, which makes this validation parameter area-specific.

3.3. Results of Sensitivity Analysis

The results of the sensitivity analysis are presented in Table 6. The calculated effective
values proved that slope is the dominant factor in the computed RFP with even higher
weight (40.11%) than its subjective weight (35%). Similarly, river network density retained
its position of the second most influential factor, however, with lower effective weight
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(20.17%) than the subjective weight (24%). Distance from river retained its position as
the third most important factor with higher effective weight (19.32%) than its subjective
weight (16%). In case of flow accumulation, this factor changed its effective weight (3.84%)
significantly, compared to its subjective weight (11%) and became the second least impor-
tant factor based on the sensitivity analysis, i.e., this factor was overestimated in the RFP
assessment. The elevation factor, similarly to distance from river or slope, increased its
effective weight (9.98%) compared to its subjective weight (7%), and became the fourth
most important factor. Moreover, curve number changed its position and became the fifth
most important factor with the effective weight (4.86%), which is similar to the subjective
weight (5). Lithology retained its position as the least influential factor with the effective
weight of (1.72%), which is even less than its subjective weight (3%).

Table 6. Calculated effective weights based on sensitivity analysis.

Subjective Effective Weight (%)
Factor N
Weight (%) Min Max Mean Standard Deviation

Slope 35 11.40 65.54 40.11 9.39
River network density 24 6.00 47.81 20.17 8.97
Distance from river 16 4.23 36.20 19.32 4.69
Flow accumulation 11 2.42 19.86 3.84 1.39
Elevation 7 4.90 20.71 9.98 1.76
Curve number 5 1.07 11.63 4.86 1.47
Lithology 3 0.61 7.89 1.72 1.09

3.4. Revised Riverine Flood Potential

The effective weights calculated in the sensitivity analysis were used to calculate the
RRFP. The spatial distribution of the RRFP can be seen in Figure 5 in case of natural breaks
(Jenks) and equal interval techniques and, in Figure 6, in case of the other classification
techniques used. Furthermore, the share of RRFP classes on the basin area is presented in
Table 7 and the share of flood events in RRFP classes can be seen in Table 8.

Based on Tables 4 and 7, a general underestimation of high and very high flood
potential areas by the RFP can be seen. In contrast, the areas with very low and low
potential were overestimated by the RFP assessment. In particular, the share of high and
very high flood potential classes in the RRFP maps was the following for the classification
techniques used: natural breaks (Jenks) (42.33%), equal interval (46.08%), quantile (40.28%),
and geometric interval (62.01%). In case of natural breaks (Jenks), equal interval, and
geometric interval classification techniques, there was an increase by 10.30%, 16.18%, and
8.49%, respectively, compared to the RFP classes. Only in case of the quantile interval, a
decrease by 1.56% was recorded.

Table 8 shows the share of flood events in the revised riverine flood potential classes.
Based on the classification techniques of natural breaks (Jenks), equal interval, quantile,
and geometric interval, 97.16%, 98.11%, 94.32%, and 99.37% of flood events, respectively,
corresponded to high and very high flood potential classes. In case of the natural breaks
(Jenks), equal interval, and geometric interval classification techniques, there was an
increase by 9.78%, 10.73%, and 0.64%, respectively, compared to the RFP classes. Only in
the case of quantile interval, an overestimation by 1.89% was recorded in the RFP.

Overall, the validation of the weights used in the RFP assessment has improved the
reliability of the proposed methodology. Based on the aforementioned differences between
the RFP and RRFP, the RRFP is eventually recommended for the assessment of riverine
flood potential areas in the Nitra river basin. This finding is in accordance with the results
achieved in the study by Kazakis et al. [56] or Hammani et al. [57].
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Figure 5. Revised riverine flood potential in the Nitra river basin based on classification techniques: (a) natural breaks

(Jenks), (b) equal interval.
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Figure 6. Revised riverine flood potential in the Nitra river basin based on classification techniques: (a) quantile, (b)

geometric interval.
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Table 7. Share of RRFP classes on the basin area.

Natural Breaks (Jenks) Equal Interval Quantile Geometric Interval
Riverine Flood Area Sh.a reon Area Sh.a reon Area Sh.a reon Area Sh.a re on
. 2 Basin Area 2 Basin Area 2 Basin Area Py Basin Area
Potential Class (km*?) o (km*) o (km*?) o (km*) o
(%) (%) (%) (%)
Very low 351.2 7.82 394 0.88 823.1 18.34 171.3 3.82
Low 912.8 20.33 383.3 8.54 916.2 20.41 619.8 13.81
Moderate 1324.6 29.51 1997.8 4451 941.1 20.97 914.0 20.36
High 1164.2 25.94 1708.5 38.07 992.2 22.11 1601.8 35.69
Very high 735.5 16.39 359.32 8.01 815.7 18.17 1181.3 26.32

Table 8. Distribution of flood events in RRFP classes.

Natural Breaks (Jenks) Equal Interval Quantile Geometric Interval
Riverine Flood Flood Flood Flood Flood Flood Flood Flood Flood
Potential Class Events Events (%) Events Events (%) Events Events (%) Events Events (%)
Very low 0 0.00 0 0.00 0 0.00 0 0.00
Low 0 0.00 0 0.00 2 0.63 0 0.00
Moderate 9 2.84 6 1.89 16 5.05 2 0.63
High 75 23.66 141 44.48 49 15.46 38 11.99
Very high 233 73.50 170 53.63 250 78.86 277 87.38

4. Limitations and Conclusions

The presented GIS-based spatial and multi-criteria evaluation of flood potential may
have certain limitations regarding the methods, i.e., the multi-criteria approach, as well as
input data applied.

As for the input data, a limitation can be seen in using source data which were
originally produced in different original map scales. In particular, the content of the
original Engineering-geological Zoning Map (1:500,000) or Soil Texture Map (1:500,000) is
more generalized than the content of medium-scale maps, such as the topographic map at
a scale of 1:50,000. For this reason, certain consolidation of input data, in terms of original
map scale, spatial resolution, or generalization, should be considered when modeling the
flood potential [8]. Furthermore, it should be mentioned that some uncertainties may also
arise in case of selecting appropriate flood conditioning factors, which is usually done in a
subjective manner [61].

According to Tehrany et al. [62], the emphasis should be placed on the selection of
modeling methods and their limitations, which can significantly influence the results. In
this study, the AHP method [25] was used to calculate the weights of flood conditioning
factors based on the pair-wise comparison matrix and the nine-point continuous scale. The
slope angle was defined as the most influencing factor with the highest weight, followed by
the river network density, distance from river, flow accumulation, elevation, curve numbers,
and lithology. Although the AHP is considered one of the most objective and exact methods
of multi-criteria decision analysis, it may have some limitations which arise from the fact
that it is a knowledge-driven method [56]. One of the sources of uncertainty is the use of
a certain degree of subjectivity, especially when weighting individual flood conditioning
factors, which is carried out by expert judgments [60]. On the other hand, the advantage
of the AHP method is that it performs the whole evaluation by comparing at least two
alternatives, where the resulting scores of the individual alternatives are normalized and
the sum of ratings is always equal to 1 or 100%.

The resulting riverine flood potential was determined as the weighted sum of reclassi-
fied factors and the resulting map was divided into five classes: very low, low, medium,
high, and very high flood potential. The results showed that from one third up to more than
half of the Nitra river basin is characterized by high to very high riverine flood potential
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when taking into account different classification techniques. Validation of the resulting
model, using the total number of 317 flood events, showed that from 87% to almost 99%
of flood events corresponded to high and very high flood potential classes considering
different classification techniques used. In this context, the validation of the created model
is an important step in the presented methodology as well as other flood potential studies
since it verifies its accuracy [60]. However, extending the database of flood events in the
study area with other relevant historical floods would allow better comparison of the
resulting model with the occurrence of past floods.

The sensitivity analysis revealed an underestimation of the weights of slope, distance
from river, and elevation factors while factors of river network density, curve number,
lithology, and, especially, flow accumulation were overestimated in the RFP assessments.
In general, the differences between the RFP and RRFP can be interpreted as an underes-
timation of the share of high and very high flood potential as well as the share of flood
events in these classes within the RFP assessment. Based on these findings, the RRFP is
recommended for the assessment of riverine flood potential in the Nitra river basin.

To conclude, the impacts of climate change and anthropic pressure on the landscape
have caused an increased number of flood situations as well as increased flood damage
worldwide. In terms of minimizing flood risk and flood damage, it is inevitable to apply
different structural as well as non-structural flood protection measures [63]. In this sense,
assessment of flood potential should play an important role, especially, in flood prevention
and management since it is able to identify areas with high and very high flood potential.
This fact is also stressed in the preliminary flood risk assessment, which is updated every
six years in the EU member countries according to the EU Floods Directive 2007/60/EC [3].

On one hand, future research directions will be focused on input data consolidation in
terms of the original map scale, spatial resolution, generalization, or integration as well on
the creation of more robust validation data. On the other hand, the MCE-AHP technique
will be compared to other approaches for flood potential mapping in the Nitra river basin,
such as other MCE techniques, statistical, or machine learning models, in order to find the
most appropriate one.
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2018, Figure S4. Flood conditioning factors: (a) curve numbers, (b) lithology (degree of permeability),
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