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Abstract: The aim of this study is to assess pluvial flood hazard in the Nitra River Basin, which is located
in western Slovakia. Four physical-geographical indicators and land use/land cover were processed using
geographic information systems (GIS) and high-resolution spatial data. Specifically, these indicators
include morphometric properties of terrain (topographic wetness index, sediment transport index, and
curvature), infiltration potential of soils (soil texture), lithological conditions, and land use/land cover. The
original indicators were processed to 1 m spatial resolution to match the airborne laser scanned (LiDAR)
DEM used. Subsequently, categorical indicators were reclassified based on the potential of individual
indicator classes for pluvial flooding while the quantitative indicators were rescaled to continuous scale
from 1 to 5. The reclassified/rescaled indicators were equally weighted and linearly combined in order to
calculate the pluvial flood hazard index (PFHI), which allows spatial distribution of the different flood
hazard classes in the Nitra River Basin. Based on the resulting map of PFHI, the basin was divided into five
hazard classes with the following share on the basin area: very high (2.58%), high (31.73%), moderate
(39.14%), low (18.9%), and very low (7.89%). The results can be useful for Preliminary Flood Risk

Assessment in Slovakia, as pluvial flooding has evolved of the same importance as fluvial floods.
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1. INTRODUCTION

Pluvial floods represent a dangerous natural
hazard caused by short-duration but extremely
intense rainfall that exceeds the infiltration capacity
of the soil and the local drainage capability. Unlike
riverine floods, they occur independently of
watercourses and can affect different areas, from open
landscape to densely urbanized areas (Smith & Ward,
1998). In urban areas, the risk is further amplified due
to high proportions of impervious surfaces, limited
retention capacity, and capacity constraints of sewer
networks (Cea et al., 2025).

The observed increase in the frequency of
intense rainfall events in recent decades corresponds

with trends identified in global climate models, which
indicate an increase in short-duration rainfall
extremes due to atmospheric warming (IPCC, 2021;
Rosenzweig et al., 2018). These phenomena pose
significant challenges for flood risk management, as
traditional methods developed for assessing floods
often fail to capture the highly localized nature of
surface runoff (Vojtek & Vojtekova, 2018; Vojtek et
al., 2023a). Research therefore emphasizes a more
detailed understanding of terrain processes and
spatial factors influencing runoff generation and
concentration (Bartlett et al., 2025).

Different approaches can be used for pluvial
flood hazard mapping and assessment. One of them is
the physically-based approach represented by
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rainfall-runoff and hydraulic models. The advantage
of this approach is that it can provide high-precision
results. On the other hand, it is suitable for local-scale
study areas due to high demands for input data,
having also long computational times (Teng et al.,
2017; Mudashiru et al., 2021; Welten et al., 2024).
The other approaches focus on determining spatial
flood hazard using different groups of methods.
Multi-criteria methods, such as analytical hierarchical
process, weighted linear combination, or analytical
network process are based on subjective ranking and
weighting of indicators to derive the flood hazard
index (Santos et al., 2019; Toosi et al., 2019; Vojtek
et al., 2021). The group of bivariate and multivariate
methods is considered more objective, as it relies on
statistical methods (Costache, 2019). The group of
machine or deep learning methods has been widely
used in recent years to classify the spatial flood
hazard based on training various machine/deep
learning algorithms on mostly physical-geographical
predictors and flood inventory data (Costache et al.,
2020; Bentivoglio et al., 2022; Vojtek et al., 2023b).

In the context of all groups of methods,
geographic information systems (GIS) play a key role
in mapping, modeling, and visualizing pluvial flood
hazards. GIS enables the integration of diverse spatial
data layers, like digital elevation models, land
use/land cover data, soils, or lithology, into spatial
analyses that identify potential accumulation zones
and critical areas (Zoppou, 2001; Maidment, 2002).
Research indicates that the combination of physical-
geographical and land use/land cover data is essential
for understanding the complex nature of pluvial
flooding (Dau et al., 2024).

Input data used for deriving the pluvial flood
hazard index may vary. In general, various physical-
geographical indicators, characterizing mainly
morphometric properties of terrain, infiltration
capabilities of soils or rocks, or interception of
vegetation, are combined with land use/land cover
indicator or other socio-economic indicators
(Krvavica et al., 2023; Allegri et al., 2024).
Combining datasets introduces constraints with
spatial resolutions or map scales of source data. This
possible limitation can bias spatial flood hazard
mapping and distort the relative importance of
influencing factors (Saha et al., 2021; Yu et al., 2025).
In particular, the digital elevation model (DEM) is
one of the most important data sources for spatial
flood hazard mapping. Coarse DEMs fail to capture
small-scale features in the terrain. This can lead to
errors in slope, flow direction, accumulation, and
other morphometric factors, ultimately limiting the
precision and applicability of spatial flood hazard
assessments (Jiang et al., 2022). Therefore, the spatial

modeling of pluvial flood hazard should be based on
high-resolution data, like those obtained from aerial
laser scanning or aerial imagery (Bloschl et al., 2024).

Despite the fact that pluvial flooding has been
less researched so far as the fluvial flooding, pluvial
flooding can pose economic or societal risks
comparable to those of fluvial flooding, especially, in
urban environments (Rozer et al., 2021; Mediero et
al., 2022; Tanaka et al., 2020). Due to climate change
processes, anticipated increase in the frequency and
intensity of extreme rainfall, and spread of
impervious surfaces, the pluvial flood hazard may
increase in the future. Therefore, greater effort should
be placed to study also this type of flood (Papalexiou
& Montanari, 2019).

The aim of this study is to analyze pluvial flood
hazard using GIS tools and weighted linear
combination, which enable to identify the most
susceptible locations, and evaluate the factors
influencing runoff conditions in the study area.

2. MATERIALS AND METHODS
2.1. Study area

The Nitra River is located in western Slovakia
(Figure 1). The total length of the Nitra River is 167
km. The studied area of the Nitra River Basin covers
4,488 km?, forming 28% of the Vah River Basin.

The geographical coordinates of the studied
area are as follows: northernmost point (48°58'N,
18°34'E), southernmost point (47°57'N, 18°08'E),
westernmost  point  (48°09'N, 17°52'E), and
easternmost point (48°44'N, 18°49'E).

Based on the geomorphological classification
by Mazur & Lukni$ (1986), the studied area belongs
to these geomorphological units: Podunajska rovina
plain, Podunajska pahorkatina hills, Tribe¢ mountain,
Strazovské vrchy mountain, Hornonitrianska kotlina
mountain, Ziar mountain, Povazsky Inovec mountain,
Vtacnik mountain, and Pohronsky Inovec mountain.
The highest point has an elevation of 1,346 m a. s. 1.
and it is located on the eastern border of the studied
area in the Vta¢nik mountain range. The lowest point
is found at the Nitra River mouth (108 m a. s. L.).

According to the climate region classification
of Slovakia by Lapin et al. (2002), the Nitra River
Basin is located in three main climate regions. The
warm climate region is mainly found in the lowland
part of the basin, particularly in the Podunajské nizina
lowland and at the foothills of Tribe¢ mountain. This
region is characterized by mild winters, long and
warm summers, and relatively low precipitation
totals. The average annual temperature exceeds 9 °C,
and the annual precipitation ranges from 500 to 700
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mm. The moderately warm climate region includes
Povazsky Inovec, Tribe¢, StraZzovské vrchy
mountains, and parts of the Nitrianska pahorkatina
hills. Temperatures here are slightly lower than in the
lowlands, with an average annual temperature
between 6 and 9 °C, and annual precipitation between
600 and 900 mm. The cold climate region occurs at
higher elevations, primarily in mountain ranges such
as Strazovské vrchy and Povazsky Inovec mountains.
Average annual temperatures are below 6 °C, and
annual precipitation can exceed 1,000 mm. This
region is characterized by cold and humid conditions,
with frequent snowfall during winter months.

The Nitra River originates in the Mal4 Fatra
mountain range, below the Revan peak (1,205 m a. s.
1.) at an elevation of approximately 770 m a. s. 1., and
forms a left-hand tributary of the Vah River. The left-
hand tributaries of the Nitra River include, for
example, the Handlovka, Zitava, and Vy¢oma rivers,
while the right-hand tributaries include the Bebrava,
Radosinka, Nitrica, and Dlhy kandl rivers. The Nitra
River flows through major towns, such as Prievidza,
Topol'¢any, Nitra, and Nové Zamky.

As for the administrative division of Slovakia,
the studied area belongs to the Western Slovakia
(NUTS II), the Tren¢in Region (NUTS III), the Nitra
Region (NUTS III), the Banskd Bystrica Region
(NUTS III), and the Trnava Region (NUTS III).
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Figure 1. Study area of Nitra River Basin in Slovakia.

2.2. Data processing

In this subsection, we focus on the data and
methods used to develop indicators for assessing
pluvial flood hazard in the Nitra River Basin.
Specifically, it was the topographic wetness index
(TWI), sediment transport index (STI), curvature,
lithological rock types, soil texture types, and land
use/land cover (LULC). These factors influence the
landscape’s ability to retain water, regulate runoff,
and identify areas at risk of pluvial flooding. The
indicators used were processed and visualized in
ArcGIS 10.2.2.

The slope map of the Nitra River basin was
created using a digital elevation model (DEM)
(DMRS5.0) with a resolution of 1 m, derived from
airborne laser scanning (LiDAR). This DEM was
obtained from the Geodetic and Cartographic
Institute. The slope classification was carried out
according to the methodology of Demek (1972).
Curvature map was generated from the LIDAR DEM
using ArcGIS 10.2.2.

In a similar way, i.e. based on the DEM and the
flow direction raster, a flow accumulation map was
generated. To calculate the synthetic TWI indicator,
we used Equation (1) that is a function of terrain slope
and flow accumulation (Beven & Kirkby, 1979):

A
TWI = Ln (M) (1)
where A4 is the upslope contributing area draining
through a given point per unit contour length, and
tanf is the slope gradient expressed in radians.

The STI was calculated based on DEM and

Equation (2) derived by Moore & Burch (1986):

Ag \™ sinf \"
STl = (ﬁ) X (0.0856) )
where A4, is the specific catchment area (or unit
contributing area), which represents the upslope
contributing area per unit contour length, £ is the local
slope gradient in degrees, m and n are empirical
exponents with values m=0.6 and n=1.3.

The lithology map, which represents individual
types of rocks, was processed based on the vector
layer of the Engineering-geological Zoning Map of
the Slovak Republic at a scale of 1:50,000, available
on the web portal of the State Geological Institute of
Dionyz Star (Vojtek et al., 2022). Rock permeability
was defined to individual types of rocks according to
Hrnéiarova (1993).

The soil texture map was created based on
vector layers of the Bonited Soil-ecological Units
(BPEJ), which were obtained from the Soil Science
and Conservation Research Institute in Bratislava,
and forest soil units acquired from the National Forest
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Centre in Zvolen.

The land use/land cover map was prepared
based on the Basic Data Base for Geographic
Information System (ZBGIS) from 2023, which was
provided by the Geodetic and Cartographic Institute.

2.3. Calculation of pluvial flood hazard
index

In the case of rock permeability, soil types, and
land use/land cover, we reclassified these indicators
into five classes according to their potential for the
occurrence of pluvial flooding. Class 5 represents the
highest potential, while class 1 represents the lowest
potential to pluvial flooding (Table 1). As for the TWI
and STI indicators, they were rescaled to a continuous
range of values from 1 to 5.

Table 1. Reclassification of indicators with respect to the

potential of their classes to pluvial flood occurrence.
Reclassification

(1 — lowest potential

for pluvial flooding,

Reclassified

indicator Class 5 — highest
potentital for
pluvial flooding)
Curvature  Convex 1
(accumulation Linear 3
potential) Concave 5
Very high 1
Lithology High 2
(rock Moderate 3
permeability) Low 4
Very low 5
Sandy 1
Soil texture  S2ndy-loamy 2
. . Loamy-sandy 2
(infiltration
potential) Loamy 3
Clayey-loamy 4
Clayey and clay 5
Forest, watercourse, |
water body
Shrub, orchard,
LULC based grassland, urban 2
on ZBGIS  greenery
(infiltration  Vineyard, hop field 3
potential) Arable land 4
Built-up area,
material/waste dump, 5

road, railway

To calculate the pluvial flood hazard index
(PFHI), we applied equal weighting of the indicators
(Vojtek et al., 2024), i.e. a weight of 1/6 was assigned
to each of the six reclassified/rescaled indicators in
order to maintain the scale 1-5. Equation (3) was used
to calculate the PFHI:

PFHI = ¥;x;1/6 (3)
where PFHI is the pluvial flood hazard index and xj

is the reclassified or rescaled j-th indicator.
3. RESULTS AND DISCUSSION
3.1. Pluvial flood indicators

3.1.1. TWI

The slope of the terrain represents one of the
key physical-geographic factors influencing the
hydrological regime of the basin. The steepness and
orientation of slopes significantly determine the rate
of surface runoff and thus the potential for pluvial
flood formation. Areas with steeper slopes are more
prone to rapid surface runoff, whereas gently sloping
and flat parts of the basin provide greater potential for
water accumulation into the soil.

For a more comprehensive assessment of
pluvial flood hazard, it is necessary to consider
additional factors such as flow accumulation and the
Topographic Wetness Index (TWI). These datasets
allow the identification of locations with a higher
potential for water concentration and long-term
saturation, thereby improving the precision in
identifying areas at increased risk of pluvial flood
occurrence (Vojtek et al., 2024).

The slope map (Figure 2) illustrates the
variation in slope steepness within the Nitra River
Basin. The steepest slopes, ranging from 35 to 88°,
cover only 0.02% of the basin total area. These slopes
are found predominantly in the northern part of the
basin, especially in the Strazovské vrchy, Mala
Magura, and Ziar mountain ranges. Areas with slopes
between 15 and 35° are situated adjacent to the
steepest terrain and account for 12.39% of the basin
area. These slopes delineate the western, northern,
and eastern margins of the basin and are located in the
areas hills. Terrain with slopes between 5 and 15°
covers 31.17% of the basin areas and is primarily
concentrated in the Pohronsky Inovec and Tribe¢
mountain ranges. Areas with slopes from 2 to 5°
represent 23.18% of the basin area and are
characteristic of gently sloping landscapes located
mainly in lowland and hilly areas, where the terrain
transitions from uplands to flat areas. Such slopes
appear, for example, in the Hornonitrianska kotlina
basin, where the landscape gradually descends from
the Strazovské vrchy and Vta¢nik mountains into the
basin, as well as in the Nitrianska pahorkatina hills in
the southern part of the basin, where the relief
becomes increasingly subdued. The largest
proportion of the basin is represented by flat terrain
with slopes between 0° and 2°, covering 33.23% of
the total basin area. This relief is mainly situated in
the lower part of the basin, where the Nitra River
flows through the wide Nitra floodplain,
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characterized by sediment accumulation and minimal
slopes, which increases the risk of water
accumulation during intense rainfall.

[ Basin boundary

Slope (°)
[Jo-2
[2-5
I s-15
B 15-35
B 35-88

Figure 2. Slope in the Nitra River Basin.

Flow accumulation (Figure 3) represents
another crucial indicator for evaluating pluvial flood
hazard. The highest flow accumulation values in the
basin occur mainly in areas with low slopes, valleys
and river channels, promoting water accumulation.
These regions are found especially in the lower parts
of the basin, notably in the Podunajska nizina
lowland, where the Nitra River flows through a wide,
flat landscape. Here, the minimal slope facilitates
substantial water accumulation, as slow-moving
flows do not ensure rapid drainage of rainwater. Such
locations are susceptible to retaining large amounts of
water, increasing flood risk during intense rainfall.
The largest share on the basin area falls within the
interval 0-50 pixels, covering 96.27% of the total
basin. Share of areas classified in the intervals 500—
5000 (1.44%) and 5000-50,000 (1.18%) is
substantially lower. Conversely, the lowest share
belong to the intervals 50-500 (0.99%) and 50,000—
1,651,267 (0.12%). These areas represent larger
channels where water converges.

Following the previous analyses of slope and
flow accumulation in the Nitra River basin, the TWI

(Figure 4) serves as a key synthetic indicator that
enhances understanding of moisture conditions
across the basin. In the Nitra River basin, the highest
TWI values (8.52-23.84 and 6.21-8.52) occur
predominantly in areas with low slopes and in
locations where the concentration of upslope
contributing areas is greatest.

D Basin boundary

Flow accumulation
(number of pixels)

[Jo-5

s5-50

I 50 - 500

I 500 - 5,000

I 5,000 - 1,651,267

Figure 3. Flow accumulation in the Nitra River Basin.

These areas are typically situated in the lower
basin, especially in the Nitra River floodplain and the
Hornonitrianska kotlina basin, where the Nitra River
flows through wide, relatively flat landscapes. TWI
values between 4.44 and 6.21 occupy areas with
moderate slopes, where a balanced relationship exists
between water accumulation and runoff. These values
are typical of the middle basin areas, such as in the
Pohronsky Inovec and Tribe¢ mountains. The lowest
TWI values in the Nitra River basin occur in areas
with the steepest slopes, where rapid water flow
prevents accumulation. These include higher and
steeper parts of the basin, such as the Strazovské
vrchy, Velky Tribe¢, and Malad Magura mountains.
These areas correspond to TWI intervals of 2.79—4.44
and (-3.27)-2.79 in the northern and northeastern
parts of the basin.

The rescaled TWI
continuous scale in Figure 5.

values are shown in
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Figure 4. Original TWI in the Nitra River Basin.
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Figure 5. Rescaled TWI in the Nitra River Basin.

3.1.2. STI
STI is another important morphometric
indicator, which estimates where erosion is most

likely to occur and where sediment is most likely to
be transported across a landscape. High STI values
indicate high erosion risk, while low values suggest
areas where sediment may be deposited.

In the Nitra River basin, the highest STI values
occur predominantly in mountainous areas and areas
with higher slopes, such as the Strazovské vrchy,
Velky Tribe¢, and Mala Magura mountains (Figure
6). The high STI values areas are typically situated in
the upper part of the basin, where rapid water flow
prevents accumulation. On the other hand, low-lying,
low slope, and flat areas, like most of them in the
Podunajské pahorkatina hills, have low STI values,
where the deposition in dominated.

D Basin boundary

sTI
lo-5
[s-10

I 10-50
I 50 - 100
I 100 - 9,086

Figure 6. Original STI in the Nitra River Basin.

The rescaled STI map, containing continuous
scale, is shown in Figure 7.

3.1.3. Curvature

Curvature is important for runoff as it affects
where water accumulates, how quickly it moves, and
its erosive potential. Concave slopes can lead to more
runoff pooling, while convex slopes can cause water
to spread out and decrease runoff.

Most of the relief forms in the Nitra River Basin
are concave (44.43%). Similar percentage belongs to
convex forms of relief (43.31%). The smallest share
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(1.23%) account for linear forms of relief (Figure 8).

[ Basin boundary
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Figure 7. Rescaled STI in the Nitra River Basin.
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Figure 8. Original curvature in the Nitra River Basin.

The reclassified curvature map to three classes,
based on accumulation potential of convex, linear,
and concave forms of relief, is shown in Figure 9.

[ Basin boundary

Curvature - reclassified
(accumulation potential)
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[ 13 {Moderate)
B 5 (very high)

Figure 9. Reclassified curvature in the Nitra River Basin.

3.1.4. Lithology

The lithology plays a significant role in the
development and course of pluvial floods, as it
influences infiltration, and the landscape’s ability to
retain rainfall. Differences in rock permeability can
substantially contribute to the formation of intense
surface runoff during extreme precipitation events.
The Nitra River Basin contains a diverse lithological
structure that affects the spatial distribution and
intensity of flood-related risks.

The distribution of lithological rocks within the
Nitra River Basin is shown in Figure 10. The highest
share of the basin is formed by the loess region, which
covers up to 23.36%. Loess represents a significant
sedimentary cover in the basin, especially in its
lowland parts. These fine-grained, predominantly silt
sediments were formed by aeolian processes. In the
context of pluvial floods, loess plays an important
role because, once saturated with water, it loses
stability and may lead to increased surface runoff,
landslides, or mudflows.

Also notably represented is the region of
alluvial lowland deposits (10.75%), which includes
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Figure 10. Original lithology in the Nitra River Basin: 1-
deluvial sediments, 2-dislocated metamorphosed rocks, 3-
dolomite rocks, 4-effusive rocks, 5-aeolian loess, 6-
epiclastic rocks, 7-flyschoid rocks, 8-lacustrine and
fluvio-lacustrine sediments, 9-fine-grained cohesive
sediments, 10-carbonate and clastic rocks, 11-colluvial
sediments, 12-magmatic intrusive sediments, 13-
metamorphosed carbonates, 14-metamorphosed
volcanics, 15-cut-off meanders, 16-waste deposits, 17-
neogene conglomeratic sediments, 18-alluvial plain
deposits, 19-mountain river deposits, 20-lowland river
deposits, 21-low-grade metamorphic rocks, 22-sandstone-
conglomerate rocks, 23-sanstone rocks, 24-Pleistocene
river terraces, 25-alluvial fans and aprons, 26-pyroclastic
rocks, 27-peat bogs, 28-valley sediments, 29-loess
sediments, 30-alternating effusive and pyroclastic rocks,
31-alternating fine-grained and gravelly sediments, 32-
travertine accumulations, 33-highly metamorphosed
rocks, 34-limestone-dolomite rocks, 35-limestone rocks,
36-landslide colluvium, 37-clayey-silty sediments, 38-
clayey-limestone rocks, 39-gravelly sediments.

areas with low terrain slopes where the river deposits
material and forms a wide floodplain. This region is
characterized mainly by Quaternary sediments such
as sands, gravels, clays, and silty deposits formed by
fluvial processes and is found along the Nitra River.
The region of magmatic intrusive rocks (5.93%)
contains areas dominated by igneous rocks such as
granite. This region 1is typically located in
mountainous parts of the basin, where slopes are steep

and the bedrock is less weathered.

Areas where loose slope sediments accumulate
due to gravity, precipitation, and surface runoff form
the more extensive region of colluvial sediments
(5.35%). These sediments consist of a mixture of rock
fragments of various sizes, clays, sands, and silts
released through weathering and subsequently
transported downslope. They occur mainly at the foot
of slopes, in valleys, and at the transition between
slope and floodplain areas. The region of alternating
fine-grained to gravelly sediments covers 4.92%. It
includes areas containing sediments of varying grain
size, ranging from fine-grained clays and silts to
coarse sands and gravels, located mainly in lowland
and riverine parts of the basin.

Deluvial sediments cover 4.54%. These
deposits consist primarily of clays, sands, gravels,
and rock fragments that accumulate at the foot of
slopes, in valleys, and on gently inclined terrain. This
type of rock includes areas where loose slope deposits
accumulate due to gravitational processes and is
found mainly in the northwestern part of the basin and
around the Tribe¢ mountain range. The dolomite
rocks (4.85%) include areas dominated by dolomite-
carbonate rocks with a high content of the mineral
dolomite. In the basin, dolomites occur mainly in the
Tribe¢, Strazovské vrchy, and Povazsky Inovec
mountains. They are characterized by relatively high
permeability due to fracture systems and karst
cavities that allow rapid infiltration of rainfall into the
subsurface. The region of alluvial deposits of
mountain streams (4.37%) includes areas where
fluvial sediments are present, formed as rivers and
streams transport material from higher mountain
areas during high flows.

On the other hand, the smallest area of the Nitra
River basin is formed by metamorphosed carbonates
(0.005%), which includes rocks formed by the
metamorphism of original limestones. Very small
areas are also occupied by alternating effusive and
pyroclastic rocks (0.006%), limestone-dolomite rocks
(0.0013%), and lacustrine and fluvio-lacustrine
sediments (0.0029%).

The reclassification of lithological rock types
into five permeability classes is shown in Figure 11.
The largest share on the basin area accounts for highly
permeable rocks, covering 60.23% of the basin area.
These rocks are located mainly in the southern and
central parts of the basin. The second largest category
is very high permeability (13.62%), which covers the
southeastern and northwestern parts of the basin. Areas
with moderate permeability, primarily found in the
Vtacnik and Pohronsky Inovec mountains, constitute
12.27% of the basin. In contrast, low permeability
(9.33%) is characteristic of the Povazsky Inovec and
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Tribe¢ mountains. The lowest permeability, covering
only 4.55% of the basin, is found mainly in the eastern
and northern parts of the basin.

[ Basin boundary

Lithology - reclassified
(rock permeability)

[11 (very high)
[ 2 (High)
[ 3 (Moderate)
B 4 (Low)
B 5 (Very low)

Figure 11. Reclassified lithology in the Nitra River Basin.

3.1.5. Soil texture

The structure of soil texture plays an important
role in regulating the water regime and influences the
degree of surface runoff during intense rainfall. Their
differing physical and permeability properties
determine the soil’s ability to infiltrate and retain
water, thereby directly contributing to the occurrence
or mitigation of pluvial floods.

The largest part of the Nitra River basin is
formed by loamy soils, which cover up to 56.95% of
the basin area (Figure 12). These soils are mainly
located in the southern and northern parts of the
Podunajska pahorkatina hills, in the northern part of
the Hornonitrianska kotlina basin, and in the
Strazovské vrchy mountain. Sandy-loamy soils
(21.29%) constitute the second most widespread soil
texture type and occur primarily in the central part of
the Tribe¢ mountain, as well as in the eastern part of
the basin in the Pohronsky Inovec, the northwestern
part of the Povazsky Inovec, and the northern part of
the Strazovské vrchy mountains. Clayey-loamy soils
(15.02%) appear in scattered patches along the Nitra
River and are also present on the northern margin of

the basin. Loamy-sandy soils (3.89%) have a smaller
distribution and are found mainly in the southern part
of the basin. In the lower reaches of the Nitra River,
clayey soils and clays (1.82%) occur to a limited
extent, while sandy soils represent the smallest share
(1.02%) and are located in close proximity to loamy-
sandy soils.

D Basin boundary

Soil texture

[ Sandy-loamy
[ ]sandy

[ ] Loamy-sandy
[ Leamy

[ ] Clayey-loamy
I Ciayey and clay

Figure 12. Original soil texture in the Nitra River Basin.

After reclassifying soil texture types into five
classes based on their infiltration potential (Figure
13), sandy soils (1.02%) were assigned the highest
permeability. They are followed by sandy-loamy and
loamy-sandy soils (25.19%), which belong to the
second reclassified class. Loamy soils form the
largest part of the basin, covering 56.95% of the basin
area. Clayey-loamy soils (15.02%) fall into the fourth
reclassified class, while clayey soils and clays
(1.02%) form the smallest share on the basin area and
belong to the last reclassified class with the highest
potential for pluvial flooding.

3.1.6. Land use/land cover

Different LULC classes, such as agricultural
areas, forest stands, urbanized zones, and water
bodies, affect the landscape’s ability to absorb
precipitation, regulate runoff, and retain water. Some
of the LULC classes can increase surface runoff and
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thus contribute to more intense pluvial flood events,
while others can help mitigate these risks (Vojtekova
& Vojtek, 2019).

5
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0

[ Basin boundary

Soil texture - reclassified
(infiltration potential)

11 (very high)
[0 2 (High)
0 3 (Moderate)
I 4 (Low)

I 5 (very low)

Figure 13. Reclassified soil texture in the Nitra River
Basin.

The arable land is the most dominant class,
covering 44.31% of the basin (Figure 14). In the Nitra
River Basin, it is primarily concentrated in lowland
and valley areas, where conditions for agricultural
production are most favorable. These areas are
mainly situated in the southern and central parts of the
basin, where the Nitra River and its tributaries form
wide valleys. Arable land covers large portions of the
basin, as the conditions for agriculture are
advantageous due to fertile fluvial and deluvial
sediments.

The second-largest class is forest (36.32%).
Forested areas are predominantly found in
mountainous and foothill regions, especially in
Tribe¢, Strazovské vrchy, Povazsky Inovec, and
Vtacnik mountains. Forest stands play a crucial role
in regulating hydrological processes, as they have a
high capacity to retain water and reduce the intensity
of surface runoff, thereby helping to mitigate the risk
of pluvial flooding. Forests promote natural
infiltration of precipitation, reducing the amount of
water that would otherwise flow directly into rivers
and tributaries.

Grassland and shrubs occur mainly in lowland
and foothill areas where conditions for these
vegetation types are suitable, particularly in the
southern and central parts of the basin. Shrub is more
common in transitional zones between forests and
open areas, as well as on slopes and edges of forest
complexes. Together, these two classes account for
4.98% of the basin. Orchards and vineyards (3.99%)
are also common and are primarily concentrated in
the southern and central parts of the basin, but also
scattered in other parts.

[ Basin boundary

LULC based on ZBGIS
0 Materialiwaste dump
[ Arable land

|| Orchard

[ vineyard

1 Hop field

Il shrub

I Forest

- Urban greenery
Il Road and railway
I Built-up area

[ | Grassland

I Water

Figure 14. Original LULC in the Nitra River Basin.

The reclassified LULC map based on
infiltration potential of individual LULC classes is
shown in Figure 15. The largest share belongs to
fourth reclassified class, which forms 44.48% of the
total basin area. This class is mainly located in the
southern and central parts of the basin, where they
predominate. The second largest area is represented
by first reclassified class, which mainly covers the
northern part of the basin, with smaller segments
appearing on the eastern and western edges. The
second reclassified class accounts for 9.82% of the
basin area and is scattered in patches across the basin
without a pronounced concentration in specific
regions. The smallest representation (5.78%), belongs
to fifth reclassified class, while third reclassified class
accounts for only 3.02%.
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Figure 15. Reclassified LULC in the Nitra River Basin.
3.2. Pluvial flood hazard index

Pluvial floods constitute a significant
hazardous event, directly resulting from intense
rainfalls that induce rapid surface runoff. Within the
scope of the Nitra River Basin, the calculated PFHI
serves as the instrumental metric for this purpose,
enabling a quantitative spatial assessment of the
basin's susceptibility to pluvial flooding.

The map of PFHI was divided into five classes
based on Equal interval method (Figure 16). The
areas classified under the highest hazard for pluvial
flooding are spatially distributed mainly in urban
areas or in their proximity. The share of this class on
the total basin area is 2.58%. The high hazard class,
which represents the dominant category (31.73%), is
primarily concentrated in the Podunajska pahorkatina
hills or Hornonitrianska kotlina basin.

The moderate hazard class can be found close
to high zones. These areas constitute a substantial
portion of the basin, accounting for 39.14% of its
extent. Conversely, regions characterized by a low
hazard for pluvial flooding are predominantly
associated with moderate topographic gradients and
highly permeable soils, or are situated within the
forest complexes. This class represents 18.9% of the
basin total area. Finally, the very low hazard class

account for 7.65%. It is observed in the higher
elevations of the basin, specifically within the
mountain ranges of Tribe¢, StraZzovské vrchy, and
Povazsky Inovec, which occupy the northern, eastern,
and western peripheries of the basin.

|:| Basin boundary

PFHI

I 1.02 - 1.65 (Very low)
I 1.65 - 2.28 (Low)
[ 12.28-291 (Moderate)
[0 2.91 - 3.53 (High)
B 3.53 - 4.16 (Very high)

Figure 16. PFHI in the Nitra River Basin.
3.3. Validation of pluvial flood hazard index

As long as reliable validation data for historical
pluvial flooding is very scarce, we validated our
results on an example of pluvial floods, which
occurred in the Nitra Town three times within a single
month, in particular, on 10, 16, and 24 June 2024. The
cause was intense rainfall that hit the town during
cloudbursts. This extreme meteorological
phenomenon led to rapid surface runoff and
overloading of drainage channels, resulting in pluvial
flooding in several parts of the town. The most
affected area was the Kynek urban part, where water
flooded houses, gardens, and local roads.
Photographs reporting the pluvial flood consequences
from 16 June 2024 around Nad Hrabinou Street are
available at these links:
https://www.nitrak.sk/clanky/foto/2506,
https://www.nitrak.sk/clanky/foto/2430. Figure 17
shows the comparison of our modeling result (PFHI)
in this area and the reconstructed pluvial flood extent
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based on the photographs. The total flooded area has
10,654 m?. The flooded area contains 43.4%, 39.8%,
and 16.9% of pixels corresponding to moderate, high,
and very high PFHI, respectively. In this area, there
are no low or very low PFHI pixels. It means that this
area as well as another neighboring streets are highly
susceptible to pluvial flooding, which proves the
reliability of the calculated PFHI, especially, for this
specific area.
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Figure 17. Reconstructed flood extent after pluvial flood
from 16 June 2024 and the resulting PFHI values.

4. CONCLUSIONS

The GIS-based method, which was applied in
this study, proved its efficiency since the computation
and spatial modeling of pluvial flood hazard revealed
areas with very high or high potential for pluvial
flooding. The validation of the PFHI, though using
only one case of observed inundation area during
2024 pluvial flood event, confirmed the reliability of
the proposed methodology.

The results of this study can be useful,
especially, for Preliminary Flood Risk Assessment
(PFRA), which is carried out every six years under
the EU Floods Directive (2007), as well as for
integrated river basin (flood risk) management and
planning. Future research will be directed towards the
usage of the physical-geographical indicators and
LULC for machine-learning based prediction of
pluvial flood hazard in the studied area.

Overall, an attempt was made in this study to
contribute to the issue of pluvial flood hazard
computation and assessment using straightforward
GIS-based methods, which could be simply used and
verified in other similar basins. The innovative

aspects of this study lie in proposing objective GIS-
based approach applicable directly for PFRA at basin
scale under the EU Floods Directive (2007). In
Slovakia, so far no attempt was made to incorporate
similar spatial pluvial flood hazard assessment into
PFRA although the nation-wide LiDAR DEM is
publicly available from 2017.

Limitations of this study arise, in particular,
from data inconsistency used for creating pluvial
flood indicators. Half of the indicators (curvature,
TWI, and STI) were derived from the LIDAR DEM
with 1 m spatial resolution. The LULC indicator was
derived from ZBGIS 2023, which is based on
orthophotos with 15 cm spatial resolution. The most
generalized data used for the computation of the PFHI
was lithology, derived from lithological maps at a
scale of 1:50,000, and soil texture, which was derived
from soil maps at a scale of 1:10,000. Another
limitation is in the unavailability of other reliable data
for validation of the resulting PFHI. This is a
particular problem for larger study areas, as well as
for on-site recording of the maximum flood extent, as
pluvial floods progress very rapidly.

All in all, the presented results can contribute
to optimizing adaptation measures, supporting
strategic planning, and increasing the resilience of
both landscape and settlements to extreme rainfall
events.
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