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Abstract: Tracking changes in the structure of landscape dynamics as a result of flood activity is a
complex process. This study presents a model for determining changes to landscapes caused by flood
events by evaluating a specific territory in Eastern Slovakia, which has been affected by repeated
large-scale flood events in the past. The area has not been subject to a comprehensive monitoring of
changes in the landscape structure. Based on the observation of several sets of data, a combination of
statistical methods and GIS spatial analysis tools (visualizing tools for compare categories, mapping,
and modelling techniques, spatial analysis models for land use change and flood modelling) were
used to identify changes in the landscape structure in the period from 1998 to 2021. The results
point to the significance of the year 2010, with the precipitation totals for this year showing a level
significantly higher than the rolling average and confirming the occurrence of an extreme flood event.
The dynamics of landscape structure changes were evaluated based on changes in the representation
of selected types of land cover classes. The results of a spatial evaluation of the Corine Land Cover
demonstrate that the most-significant area changes were recorded in 2012 in the pasture class, with a
decrease of 31% or approximately 96.5 ha. The identified difference in the frequency of representation
of individual values of the normalized differential vegetation index confirms the loss of landscape
diversity and the emergence of a more homogeneous type of landscape. An assessment of the state
of pastures in the study area shows that this class has completely disappeared from the site near
the watercourse.

Keywords: meteorological data; Corine Land Cover changes; flood event; geospatial technologies

1. Introduction

The process of urbanization results in changes to the natural environment and to the
use of agricultural land [1], and this can leave the surrounding landscape vulnerable to
frequent flood events even in areas that are not located in the vicinity of the watercourses.
Studies have shown that changes in land use have a significant impact on extreme weather
events, making it difficult to accurately predict the extent and intensity of floods [2]. All
changes to the landscape structure caused by floods leave visible traces in the landscape
and change its usability character. The image of a landscape repeatedly exposed to the
effects of flood events shows clear evidence of negative impacts, not only visually, but
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also materially, and the landscape patterns affected by flood activities change significantly
over time. Previous studies have suggested that several factors may explain why this
process occurs, such as urban expansion [3], geomorphology [4], or hydrological cycles [5].
These changes are particularly apparent in the land use of affected areas. Land cover
or land use is an important indicator that affects the course of floods [6,7]. A study by
Malíková [8] demonstrated that changes in land use and cultivated areas can result in
the gradual transformation of affected areas into overgrown meadows and afforestation.
It has been acknowledged that the intensity of these changes is variable elements in
both time and space, and it is therefore necessary to monitor and identify changes to the
landscape on a regular basis, including analyses of the hydrological landscape and its
factors [9] and assessments of individual factors such as soil, geology, landscape shape,
land use, and landscape models [10]. Previous studies have estimated that these types
of analyses typically employ techniques such as geographical information system (GIS)
tools [11–13], remote sensing aerial imagery [14–16], the use of hydrodynamical models [17],
and on-site terrain exploration [18,19]. Hydrometeorological data, especially precipitation
measurements, are vital for identifying the potential for flooding and the consequent
changes in the landscape structure. A study of the Subansiri River Basin in India [20]
used satellite images and on-site field surveys to identify the role of meteorology and local
orthography in the development of flood activity. Several other studies [21,22] have applied
methodologies similar to those used in the current study to assess the role of meteorological
data for the prediction and impact of flooding before the event. Both studies showed the
importance of the precipitation indicator either using artificial neural networks or existing
meteorological and hydrological models such as ALADIN, HYDROG, and AQUALOG.

The use of conventional methods to monitor changes in landscape patterns and to
reconstruct potential flood events [23] are demanding, not only in terms of time, but also in
terms of their implementation. In an effort to address the aforementioned research gaps,
this study will rely on an in-depth topographic survey and the application of visualization
techniques. Previous studies have shown that Corine land cover (CLC) databases are a
useful tool for applying spatial analyses to identify different types of land use [24], as are
image-processing tools developed and used to process data obtained remotely [25]. Data
available from sources such as the Sentinel-2 satellites are divided into spectral bands, with
each type of landscape structure featuring specific reflectances in individual spectra, which
allow us to assign or unassign their classification or to apply machine learning tools to
identify secondary landscape structures at a resolution of 10 m.

The variety of landscape patterns is a vulnerable aspect, and this is also the case in
conjunction with several factors such as urban sprawl [24], anthropogenic activities [26],
and flood events [27]. This study also offers a novel approach through its investigation of
complex interactions between the above-mentioned factors, monitoring changes in land-
scape complexity in relation to the specific nature and representation of CLC classifications,
the presence of anthropogenic technological features (in this case, a small hydroelectric
power plant), and the impact of localized flooding in the area. For these reasons, the study
will focus primarily on currently available data to create a topographic basis for land use
information in combination with the results of hydrodynamic methodologies that identify
the extent and course of the flood. The authors are unaware of any other studies that
have monitored the dynamics of changes in the landscape structure in the chosen area.
When monitoring changes in landscape structure over time using the Normalized Differ-
ence Vegetation Index (NDVI), we found in this study a penetration in several scientific
studies [28–30].

The area examined in this paper, the Hornád basin, is located in a sub-region that
experienced extremely serious flood activities in 2010 and 2014, but prior to this study, the
spatial landscape changes that the area underwent as a result of extreme flood events have
not been evaluated in detail. A rural area with a stable landscape structure, without any
large-scale investment interventions or an agglomeration effect, was chosen as the pi-lot
territory for our study. The major anthropogenic change in the landscape of the selected
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area was the construction of a small hydro power plant. There is no evidence of any natural
forces such as earthquakes; the area is subject only to wind and agricultural interventions.
The study area forms part of a collective farm, and although the land has been used for
agricultural purposes, it has not been intensively farmed. The area was found to be suitable
for further study as it is an isolated plot on which we could concentrate on the main focus
of our research, the investigation of the impact of the construction of a small hydroelectric
power plant and flood activities. The only significant changes that have occurred in the
landscape appeared after the extreme flood events, and considerable attention will be paid
to this factor in the following parts of the study. This paper aimed to provide an overview
of these transformations through a comparison of several different time periods and using
selected evaluation parameters.

The study applied a combination of GIS tools and statistical methods to assess the
dynamics of a flood-prone region based on several scenarios: meteorological data, the
dynamics of change in selected types of land cover classes, and the frequency of the
representation of individual NDVI values in a selected area. The study discusses suitable
strategies for identifying these factors using a combination of different types of spatial
data layers.

While previous approaches have applied individual data sources in their analyses,
the approach presented here integrates data from multiple sources to provide a more com-
prehensive overview of landscape changes associated with flooding. Another innovative
characteristic of the study is the newly developed methodology of monitoring the frequency
and intensity of flood activities, which are expected to increase from year to year due to
more intense climate changes.

2. Materials and Methods
2.1. Study Area and Vulnerability to Flood Events

Monitoring changes in the structure of landscape dynamics due to floods is a com-
plex process. The area exposed to repeated large-scale flood events that was chosen for
investigation in this study is lined with small, fragmented fields with boundaries. The
area also features an anthropogenic element, more specifically a small hydroelectric power
plant (SHP). For a more detailed description of the characteristics of the chosen area, it is
necessary to define and assess the features and structure of the river basin/micro-basin
and its surrounding landscape from several perspectives.

The chosen area is formed from the Hornád basin and a sub-basin of Branisko stream
at its confluence with the Žehrica stream in the central part of Eastern Slovakia (Figure 1).
In terms of geomorphological division [31], the territory is part of the Alpine–Himalayan
system, the Carpathian subsystem, the Western Carpathian province, the Inner Western
Carpathian subprovince, the Fatranskotatrans region, the Hornádska Kotlina unit, the
Hornádske Podolie subunit, and part of the Vlašská Kotlina. The area borders the Levočská
Vrchovina and the Podtatranská Kotlina to the north, Branisko and Čierna Hora to the east,
the Volovské Vrchy and the Spišsko-Gemerský Karst to the south, and the Low Tatras and
the Goat Back Mountains to the west. The altitude of the area ranges from approximately
395 to 402 m above sea level and lies in a warm climate area (M), with an average of less
than 50 summer days per year with a daily maximum air temperature ≥ 25 ◦C, to district
M2, a moderately warm, moderately humid valley/basin type of climate with cold winters
(January less than −5 ◦C, July more than 16 ◦C, Iz = 0 to 60).
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Figure 1. Location of the studied area: (a) range of detail part on the basis of the orthophoto map;
(b) two-dimensional topographic representation of the range of the detailed area.

In order to examine the spatial changes in the dynamics of the landscape in sufficient
detail, a 5 km × 5 km area was chosen for the case study, more specifically an area located in
the northern part of the cadastral territory of Spišské Vlachy. The study area largely covers
the territory mapped out in several map sheets (37-21-07; 37-21-08; 37-21-12; 37-21-13) of
the 1:10,000 scale map series (WMS services freely available at: https://zbgisws.skgeodesy.
sk/klady_mapovych_listov_wms/service.svc/get, accessed on 20 January 2023). The basic
characteristics of the study area in terms of the SK-NUTS (Nomenclature of Statistical
Territorial Units) regional statistical territorial units are outlined in Table 1.

Table 1. Territorial classification according to the territorial systemization of the Slovak Republic as
processed at the level NUTS 1-NUTS 3 and LAU 1-LAU 2.

NUTS 1 Level NUTS 2
Level

NUTS 3
Level

LAU 1
Level

LAU 2
Level

Slovakia (SK0) East Slovakia
(SK04)

Košice region
(SK042)

Spišská Nová
Ves county
(SK042A)

Spišské Vlachy village
(SK042A543594)

Notes: NUTS—nomenclature of territorial units for statistical purposes; LAU—territorial unit level.

The average monthly flow rate of the area in the years 2010 and 2014 is presented
in Figure 2. The flow rate was measured at the water gauging station Spišské Vlachy
(ID:8460, Name of station: Spišké Vlachy, Stream: Branisko, coordinates: x: −295351.00;
y: −1212356.51).

On 20 July 1998, the Žehrica SHP and the Spiš region as a whole were exposed to
an extreme flood event, which resulted in extensive damage and claimed several lives.
Historically, the event was the first recorded serious flood in the area and has not been
exceeded in severity to date. Meteorological data from the day of the flood shows that the
Žehrica stream peaked at 21:00 with a flow rate of 60 m3/s (Slovak Hydrometeorological
Institute (SHI)). Another major flood occurred in June 2010, when several areas of Slovakia
were inundated after extraordinarily heavy and prolonged rainfall. On this occasion, the
Žehrica stream in Spišské Vlachy peaked at 11:30 am on 4 June 2010 with a flow rate of
27.5 m3/s (SHI). As a result of water saturation, the slope above the SHP collapsed, filling
the bed of the stream, and floodwater inundated the adjacent meadows. The most-recent
flood in the area occurred in May 2014 and was comparable in scale to the flood of 2010.

https://zbgisws.skgeodesy.sk/klady_mapovych_listov_wms/service.svc/get
https://zbgisws.skgeodesy.sk/klady_mapovych_listov_wms/service.svc/get
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More data regarding historical flood events in the area is shown Figure 3. The information
is presented through a visual interpretation of aerial images: the range of flood levels for
Q100 (presented by red-colored line), Q50 (presented by yellow-colored line), the river
system represents Branisko stream (presented by blue-colored line). This figure shows the
situation in the area in more detail.

Land 2023, 12, x FOR PEER REVIEW 5 of 26 
 

 
Figure 2. Average monthly flow rate (m3/s) in 2010 and 2014. 

On 20 July 1998, the Žehrica SHP and the Spiš region as a whole were exposed to an 
extreme flood event, which resulted in extensive damage and claimed several lives. His-
torically, the event was the first recorded serious flood in the area and has not been ex-
ceeded in severity to date. Meteorological data from the day of the flood shows that the 
Žehrica stream peaked at 21:00 with a flow rate of 60 m3/s (Slovak Hydrometeorological 
Institute (SHI)). Another major flood occurred in June 2010, when several areas of Slovakia 
were inundated after extraordinarily heavy and prolonged rainfall. On this occasion, the 
Žehrica stream in Spišské Vlachy peaked at 11:30 am on 4 June 2010 with a flow rate of 
27.5 m3/s (SHI). As a result of water saturation, the slope above the SHP collapsed, filling 
the bed of the stream, and floodwater inundated the adjacent meadows. The most-recent 
flood in the area occurred in May 2014 and was comparable in scale to the flood of 2010. 
More data regarding historical flood events in the area is shown Figure 3. The information 
is presented through a visual interpretation of aerial images: the range of flood levels for 
Q100 (presented by red-colored line), Q50 (presented by yellow-colored line), the river 
system represents Branisko stream (presented by blue-colored line). This figure shows the 
situation in the area in more detail. 

Figure 2. Average monthly flow rate (m3/s) in 2010 and 2014.
Land 2023, 12, x FOR PEER REVIEW 6 of 26 
 

 
Figure 3. Geolocation of the studied area: flood levels for Q100 (red-colored line); Q50 (yellow-col-
ored line); the river system represents Branisko stream (blue-colored line). Source: Slovak Hydro-
meteorological Institute. 

As was mentioned in the Introduction, the area in question can be characterized as a 
stable territory; the orthophoto maps in Figure 4a–c corroborate the absence of any known 
historical references to the effects on the changes in the landscape (either anthropological 
or caused by other natural forces).  

Figure 3. Geolocation of the studied area: flood levels for Q100 (red-colored line); Q50 (yellow-colored
line); the river system represents Branisko stream (blue-colored line). Source: Slovak Hydrometeoro-
logical Institute.



Land 2023, 12, 405 6 of 24

As was mentioned in the Introduction, the area in question can be characterized as a
stable territory; the orthophoto maps in Figure 4a–c corroborate the absence of any known
historical references to the effects on the changes in the landscape (either anthropological
or caused by other natural forces).
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Figure 4. Historical development of the study area: (a) detail of the area from the year 1950; (b) detail
of the area from the year 2010; (c) detail of the area in the period 2017–2019. Source: https://mapy.
tuzvo.sk/hofm/default1.aspx (accessed on 13 December 2023).

2.2. Data Collection and Processing

In this study, an extensive dataset was collected, which allowed a comprehensive
evaluation of the temporal and spatial dynamic changes undergone in a selected area
part of the landscape with small fragmented fields with boundaries and the influence of
an anthropogenic feature (SHP) as a result of flood events. In this section, the impact
of floods on the surrounding landscape will be assessed by focusing on the agricultural
landscape in the form of a landscape flood impact assessment. The processing stage applied
many datasets, data analyses, classification, and processing techniques of the datasets in
order to corroborate and confirm the findings. The datasets were processed in open-
source databases, libraries, and software GIS tools and using statistical data processing and
visualization software (QGIS, ArcGIS Desktop, HEC-RAS, Jupyter Notebooks, MS Excel,
Digital Innovation Hub).

The methodological workflow was applied to the processing of selected data layers
(DMR 3.5, Orthophotography, Data from RS, CLC, LPIS, meteorological datasets and in-
dexes, boundaries of the selected area, meteorological data) from several sources (open data,
satellite data, INSPIRE Dataset, other registries and geodatabases, EO browser datasets,

https://mapy.tuzvo.sk/hofm/default1.aspx
https://mapy.tuzvo.sk/hofm/default1.aspx
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and datasets from Earth Explorer USGS, the Copernicus Program, and European Climate
Assessment & Dataset).

Within the meteorological datasets, several groups of indices were monitored.
Several indices (https://www.ecad.eu/indicesextremes/, accessed on 17 July 2022)

were used to analyze changes in year-on-year trends in the precipitation variable:

• R10MM (heavy precipitation days)—RRij is the daily precipitation amount for day i of
period j (calendar year). Then, the index value is calculated as

RRij ≥ 10 mm (1)

• R20MM (very heavy precipitation days)—RRij is the daily precipitation amount for
day i of period j (calendar year). Then, the index value is calculated as:

RRij ≥ 20 mm (2)

• PRCPTOT (total precipitation in mm)—RRwj is the daily precipitation amount on a
wet day (precipitation amount ≥ 1.0 mm) of period j (calendar year). Then, the index
value is calculated as:

PRCPTOT j =
W

∑
w=1

RRwj (3)

• RX5DAY (highest 5-day precipitation amount in mm)—RRkj is the precipitation
amount for the 5-day interval k of period j (calendar year). Then, the index value is
calculated as:

RX5DAY j = max
(

RRkj

)
(4)

LPIS data layers (range land in agricultural areas) and NDVI data layers for detecting
changes were used in CLC to calculate the area [32] covered by the presented data layers
and raster histograms.

Using procedures described in the relevant literature [33–36], several data inputs were
selected as primary sources, which defined the area under analysis. An overview of this
approach including a summary of the core files used in this study, the stated data types,
the temporal coverage, the data source, and the data format is shown in Table 2.

Table 2. List of used datasets.

Data Type Temporal Coverage Data Source Data Format Description

DMR 3.5 2014 UGKK SR .tiff
raster data—information

about terrain
characteristics and

elevation

True Color
Orthophotography 2017–2018 Copernicus .tiff

raster/imagery data for
verification process of

local data linked to land
cover changes

Copernicus data
(Sentinel 2)

2017/2021 TBC
NDVI index European Space Agency .jpeg 2000 raster/imagery data for

derivation of NDVI

Landsat data (Landsat 4) 1998 U.S. Geological Survey .tiff raster/imagery data for
derivation of NDVI

CLC—Corine land cover 1990/2000/2006/2018 Copernicus .shp vector data—classification
of CLC categories

LPIS—Land Parcel
Identification System 2018/2020 Open government data .shp vector data—parcel

boundaries
Boundary area definition

of Žehrica
2018 Own processing .shp/.dwg vector data—boundary of

study area

Meteorological data 1998–2021 European Climate
Assessment & Dataset .csw

comprehensive data
(daily/monthly

measurements) from
meteorological stations

https://www.ecad.eu/indicesextremes/
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2.3. Integrated Methodological Framework for Flood Event Impact Evaluation on Selected
Indicators of Landscape Changes

The methodology of this study is based on a spatial evaluation framework, which
analyzes the local impact of flood events using selected indicators (Figure 5). In order to
achieve the main goal of this study, a group of evaluated indicators was selected, which
were subjected to analysis using the selected methodology. A series of six indicators were
chosen for the study (meteorological data, topography/morphometry, Corine Land Cover,
flood simulation, Normalized Vegetation Index, and land parcel identification system).
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The methodological framework adopted in the current study is illustrated in Figure 3.
The selected indicators were examined using geospatial analysis in the ESRI ArcMap
environment [37] on several levels:

1. Flood event simulations;
2. Historical evaluation of land use and other identified land cover patterns;
3. Landscape temporal and spatial/spectral indexes.

The methodology focuses on identifying the dynamics of changes in all types of data
in comparison to previous periods. For this purpose, the monitored groups of parameters
were divided into two basic levels: definite groups of variables and numbered groups
of variables. A combined form of evaluation was also applied to ensure diversity in
the presentation of individual groups of the evaluated parameters including statistical,
geoprocessing, and modelling approaches.

Several indicators were chosen to identify the extent of spatial changes in the area. The
statistical analysis of the meteorological data, digitization, and the spatial analysis of CLC
changes was based on vector and raster data processing and temporal and spatial/spectral
indexes. In addition, hydrodynamic flood event modelling was applied in the subsequent
processing. The analytical approach for obtaining the results was carried out on several
levels [26].

2.4. In Situ Survey of Dynamic Changes in Landscape and Procedure

A field survey of landscape changes was performed in a pilot area of 5.0 km × 5.0 km.
Several indicators for assessing the local impact of flood events on landscape changes were
selected based on the integrated methodological framework (see Figure 5).

Some anthropogenic changes were observed in the urban and rural area of the town
Spišské Vlachy between 1998 to 2022, the most important of which was the construction
of the Žehrica small hydroelectric power plant in the northern part of the town on the
course of Branisko stream (Figure 6). The hydropower plant has been in operation since
2010 and consists of two separate facilities: SHP Žehrica, which was built in the early 1990s
(Figure 6a), and SHP Žehrica II, which was constructed after 2006 (Figure 6b).
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Figure 6. Process of the construction of SHP Žehrica and SHP Žehrica II. Source: Lukas Olejnik,
accessed date: May 2019. (a) In the foreground the original entrance building, in the middle the
remains of the mill, in the background the SHP building; (b) New entrance building of SHP Žehrica
II., in the background the building of SHP Žehrica.

The extent of spatial changes in the area was determined using statistical processing,
digitization, a spatial analysis of CLC changes based on a combination of vector and raster
data processing, and the hydrodynamic modeling of flood events. The analytical procedure
for obtaining the results was performed in several steps, which are outlined in the following
section [26].

2.5. Modelling of the Study Area
2.5.1. Digital Relief Model Definition

The digital relief model (DRM) is one of a series of digital products provided by the
Institute of Geodesy and Cartography of the Bratislava (GCCA SR) for the entire terri-
tory of Slovakia (https://www.geoportal.sk/sk/zbgis/udaje-zbgis/, accessed on 17 July
2022), and the projects form part of the basic reference database for the ZBGIS® geographic
information system. DMR3.5 was processed to create contours for the cartographic rep-
resentation of elevation under ZBGIS data. At the same time, a digital representation of
terrain relief, comprised of data and an interpolation algorithm (without closer specifi-
cation), allowed altitudes to be derived at arbitrary terrain points [11]. DMR3.5 is based
on the original DMR3 model and employs the 3D topography of the ZBGIS geodatabase
supplemented by recalculated areas of flat sections of the lowlands, basins, and valleys
of large rivers. The photogrammetric method was used as the input data source, and the
output format is an ESRI GRID with practical parameters of 10 m × 10 m in resolutions
of 10 m per pixel, 25 m per pixel, 50 m per pixel, and 100 m per pixel [38]. Accurate
digital relief models are the most-important step for modelling flood scenarios [39,40].
Altitude usually has an inverse effect on floods, with the susceptibility of an area to flood
events increasing with decreasing altitudes [41,42]. It should be noted that a new and
improved version of DMR, DMR5.0, was released in 2017, which offers a new digital
relief model of the entire territory of the Slovak Republic created from aerial laser scan-
ning data (ALS). DMR 5.0 was created by interpolation from a classified point cloud
and produces a processing output of raster grids in ASC, ESRI GRID, or TIFF format at
a resolution of 1 × 1 m in the coordinate and height systems: S-JTSK(JTSK03)+HBpv;
ETRS89-TM34+hETRS89 (https://www.geoportal.sk/sk/zbgis/udaje-zbgis/, accessed on
17 July 2022). However, the area under investigation in this study is not currently available
in DMR5.0 (https://www.geoportal.sk/sk/zbgis/lls-dmr/, accessed on 17 July 2022), and
therefore, the older version, DMR3.5, was used for the study. The study area is expected to
be included in DMR 5.0 by the end of 2022.

2.5.2. Corine Land Cover

The Corine Land Cover (CLC) database is an important resource for monitoring
flood-related landscape changes. In our study, a multipurpose approach to using the CLC

https://www.geoportal.sk/sk/zbgis/udaje-zbgis/
https://www.geoportal.sk/sk/zbgis/udaje-zbgis/
https://www.geoportal.sk/sk/zbgis/lls-dmr/
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dataset was used in line with the methodology described by Antzoulatos et al. [43], a
classification system of land cover data and an estimate of the roughness coefficients for
hydrodynamic modeling. The spatial dataset is available in several interchange formats
(vector format—ESRI Geodatabase, raster format—100 m GeoTiff, available at: https:
//land.copernicus.eu/pan-european/corine-land-cover, accessed on 17 July 2022) for the
European region. According to a study by Falt’an et al. [44], the CLC project is one of
the most-important sources of real LC/LU data to monitor all changes in the landscape
structure. CLC datasets used in the study were taken from the European Copernicus
program. The Copernicus Landscape Monitoring Service offers several databases, such as
the Corine Land Cover dataset, which are of considerable value in monitoring changes in
the landscape caused by flood events [45,46].

The CLC database classifies the territory of Slovakia into 44 classes, eight of which are
represented in the selected area of study. The land cover of the area was classified into eight
primary classes (discontinuous urban fabric, mineral extraction sites, non-irrigated arable
land, pastures, land principally occupied by agriculture, with significant areas of natural
vegetation, coniferous forest, mixed forest, and natural grasslands). Figure 7 presents the
individual land cover classes in the study area. Class 131 (mineral extraction sites (131)) is
not included in Figure 7 due to its insignificant area.
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Figure 7. Overview of changes in the individual CLC classes represented in the studied area expressed
in ha for each year.

2.5.3. Hydrodynamic Model and Flooding Events Simulation

The 2D/3D processing of the selected datasets formed the basis for the hydrodynamic
modelling of the studied area. Several different models are available for hydrodynamic
modeling [47–49], but this study investigated flooding using the HEC-RAS model. This
model was chosen due to its suitability for the purposes of the study, as its inputs allow
the time course of flows and the spatial character of individual parameters of the riverbed
geometry to be captured.

The model solves complete 2D shallow water equations on unstructured triangular net-
works. The simulation of flood scenarios was carried out based on geodetic measurements,
which played the role of the spatial (2D/3D) documentation of the main channel and the
surrounding topography data [11]. A more detailed description of the specific parameter
settings for the implemented hydrodynamic modelling under the specific conditions of the
study is provided in the following section.

https://land.copernicus.eu/pan-european/corine-land-cover
https://land.copernicus.eu/pan-european/corine-land-cover
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In terms of water management characteristics, the studied area is located in the Hornád
river basin at river kilometers 1.00 to 4.00 of Branisko stream, in the northern part of the
built area of the village of Spišské Vlachy in the district of Spišská Nová Ves. The selected
study area covers an area of 1.73 km2, and the boundaries are formed by the confluence
of Branisko and Žehrica streams in the village of Žehra and the center of Spišské Vlachy.
Hydrodynamic modelling was set according to a previously described methodology [11],
and HEC-RAS (Version HEC-RAS 6.0.0) was used to construct the hydrodynamic model.
The model consisted of a set of spatial data that thematically presented vector topographic
data of the watercourse, berms, and zones behind the riverbank line, raster data presented
in DMR3.5/DTM, and the hydrological conditions of the area [41].

The raw DTM with a horizontal and vertical accuracy of 0.6 m was refined using
the results of geodetic measurements. The chosen approach in the form of 2D modelling
produced reliable results. The flexible computing network was represented by the limits of
possible flooding approximately 5 m above the terrain along the section of the stream. The
spatial resolution of the base cell was set at 4 m × 4 m. The breaklines inserted into the
model were combined with the original breaklines and the newly created lines after the data
integration into the DTM. The spatial resolution around these breaklines was set at 2 m. The
2D model consisted of a series of transverse profiles of the main riverbed and the inundation
area. The representation of individual categories of objects was grouped into sub-units, and
a total of nine types of objects were represented in the area in the study: grasslands and
meadows, arable land, sparse forest, residential gardens, buildings, the surroundings of
buildings, watercourses, roads, and playgrounds. Roughness values (based on Manning’s
roughness coefficients) were determined according to valid roughness coefficients based
on previously described methodologies [50,51] for the series of generalized features.

The following values of Manning’s roughness coefficient were determined for each
of the sub-units: grasslands and meadows (n = 0.035), arable land (n = 0.04), sparse forest
(n = 0.143), gardens behind houses (n = 0.05), surroundings of buildings (n = 0.5), buildings
(n = 0.034), watercourses (n = 0.04), roads (n = 0.03), playground (n = 0.034). According
to the methodology described by Gergel’ová et al. [11], constant roughness values for the
watercourse bed were set at n = 0.04, and the values for the berm and the zone behind the
watercourse were set at n = 0.05.

All hydrological data were provided by SHI. N-year flow level values were included
in the group of measured data, and the accuracy and quality are guaranteed by SHI for
the whole territory of Slovakia. The flow value used to model the flood situation was set
as m3/s. Boundary conditions were also important in the flood event simulation in order
to stabilize the calculation, and therefore, the boundary conditions value was set with a
constant setting over time (normal depth 4.10-4).

The deviation in the calculation of the model, i.e., the sensitivity of the hydrodynamic
model, was set at 0.003 m. Therefore, the total volume that forms the difference in the result
was 5.071 m3, representing 0.001%. The results confirmed that the application of the flood
risk evaluation approach based on the HEC-RAS models provides a more realistic view of
possible flood hazards [52], including a change in the land cover structure.

3. Results and Discussion
3.1. Meteorological Data Evaluation and Flood Evaluation

Meteorological data were collected from 2000 to 2021 from the European Climate
Assessment & Dataset (ECA & D) project [53] (http://www.ecad.eu, accessed on 17 July
2022). This source provided comprehensive data for the study consisting of daily measure-
ments from meteorological stations across the European Union. Slovakia contributes to the
project through meteorological stations in Banská Bystrica, Bratislava, Hurbanovo, Košice,
Trebišov, Oravská Lesná, Poprad, and Štrba. The nearest meteorological station to the study
area is located in Košice and provided daily values from several variables for the study. In
addition, datasets for the following group of variables were applied for further analyses:

http://www.ecad.eu
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• Cloud cover (okta);
• Wind speed (m/s);
• Humidity (%);
• Global radiation (W/m2);
• Precipitation (mm);
• Snow depth (cm);
• Sunshine (hours);
• Temperature (◦C), including daily mean, max, and min temperatures.

Daily hydro-meteorological measurements were aggregated into monthly averages
that covered the following variables: cloud cover, wind speed, humidity, sea level pressure,
global radiation, snow depth, sunshine, and mean temperature. The precipitation variable
was given as a monthly sum of daily precipitation. Extreme conditions for a given month
were considered using the maximum and minimum temperature variables. Years with
significant flood activity (2010 and 2014) were compared with average values for the period
of 2000–2009 when no flood activity was recorded.

The results of the analysis shown in Figure 8 revealed that, in April, May, and June 2010,
a significantly higher level of precipitation was recorded in comparison to the reference
value for the given period (a rolling average for ten years). In addition, meteorological data
confirmed that, in February 2010, the average daily snow depth was almost three-times
higher than the reference value, an additional factor that may have contributed to the water
saturation of the soil (Figure 8d).

The second examined period was the year 2014. In this year, a significant deviation in
the level of precipitation (Figure 8f) was recorded in May and June, but it was still minor
in comparison to the levels recorded in 2010. This assumption was also confirmed by the
study results [21,22]. No significant deviations from the reference value were recorded
in the other variables. No significant deviations from the time series were recorded for
other variables including cloud cover (oktas), wind speed (m/s), humidity, global radiation,
average daily sunshine (hours), and mean temperature (Figure 8a–c,e,g,h). The results
of the year-on-year trend analysis are presented in Figure 9. The values confirmed the
precipitation abnormality in 2010. The R10MM index, which examines the number of days
per year with precipitation levels exceeding 10 mm (Figure 9a), showed a significantly
above-average value (31 days). The R20MM (Figure 9b) index, which records precipitation
levels exceeding 20 mm, confirmed anomalies in 2016, and the PRCPTOT (Figure 9d) index
(an annual precipitation summary) showed abnormalities in 2010.
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Figure 8. Monitored meteorological parameters for the years 2010 and 2014: (a) cloud cover (oktas);
(b) wind speed (m/s); (c) humidity (%); (d) snow depth (cm); (e) global radiation (W/m2); (f) monthly
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//www.ecad.eu (accessed on 17 July 2022).
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Figure 9. Overview of monitored annual hydrometeorological indices within the monitored group of
variables for the years 2010 and 2014: (a) R10MM; (b) R20MM; (c) RX5DAY; (d) PRCPTOT. Source:
http://www.ecad.eu (accessed on 17 July 2022).

The RX5DAY index (Figure 9c) records the highest precipitation on five consecutive
days a year and showed that the years 2002, 2004, 2006, 2008, and 2010 significantly
exceeded the rolling average. These findings suggest that it is essential to examine other
environmental impacts that may have occurred in recent years that could have potentially
prevented flood activity.

As was discussed in Section 2.5.3, flood activity was simulated for the selected area
of interest.

Figure 10 presents the results from the HEC RAS model of the confluence of Branisko
and Žehrica streams and the built-up and rural areas of the village of Spišské Vlachy. The
visualization presents the extent of the flood polygon on the level of several base maps
(LPIS—Figure 10a; CLC 2018—Figure 10b; DTM—Figure 10c). The obtained results defined
the extent of the inundation area with corresponding flow depths. The flooding polygon
(shown with transparent light blue) was visualized based on three types of basic layers.
Figure 10a shows the extent of the flooding polygon on LPIS types from the point of view
of the types of representation of individual cultures (permanent grassland is presented in
green, and the range of arable land is presented in red). Figure 10b shows the extent of the
flood on the CLC base map, and Figure 10c presents the extent of flood activity on a relief
base map.

http://www.ecad.eu
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most likely to be affected by flooding are precisely those that had previously been pas-
tureland according to the results of the CLC data. 

  

Figure 10. Visualization of flood risk evaluation results: (a) range of the flood polygon on the base
map of LPIS 2018; (b) range of the flood polygon on the base map of CLC 2018; (c) flood simulation
using the Ras Mapper interface on the base map of DTM.

Interestingly, the flood simulation shows that the parts of the studied area that are most
likely to be affected by flooding are precisely those that had previously been pastureland
according to the results of the CLC data.

3.2. Analysis of Time Series Changes in the Landscape Structure

The time series changes in the landscape structure and its qualitative changes were
analyzed in order to compare the resulting data from different sources (CLC, datasets from
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RS, datasets from LPIS). The CLC land cover database was used to indicate and capture the
dynamic changes in the selected area, and these findings were carried over into changes
in land use in this area. The area was exposed to two specific events (extreme floods and
anthropogenic activity in the construction and operation of SHP). Spatial CLC changes
were analyzed over multiple time series/periods. In the first processing step, attention was
paid to determining the percentage representation of individual classes and determining
the percentage change over the course of the period for the total area of the five national
CLC projects represented in Slovakia (Figure 11). The results of these projects provided
land cover data files for this study for the years 1990, 2000, 2006, 2012, and 2018. The
data files in this part of the study were obtained from several sources (Copernicus, USGS).
Due to the limited data availability, alternative data of the year 1998 were chosen for the
given area; this year was significant in terms of the historical development and change
to the landscape structure of the studied area as it included the commencement of the
construction of the SHP. Data sources from Landsat 4 were also used for this period.

Land 2023, 12, x FOR PEER REVIEW 17 of 26 
 

3.2. Analysis of Time Series Changes in the Landscape Structure 
The time series changes in the landscape structure and its qualitative changes were 

analyzed in order to compare the resulting data from different sources (CLC, datasets 
from RS, datasets from LPIS). The CLC land cover database was used to indicate and cap-
ture the dynamic changes in the selected area, and these findings were carried over into 
changes in land use in this area. The area was exposed to two specific events (extreme 
floods and anthropogenic activity in the construction and operation of SHP). Spatial CLC 
changes were analyzed over multiple time series/periods. In the first processing step, at-
tention was paid to determining the percentage representation of individual classes and 
determining the percentage change over the course of the period for the total area of the 
five national CLC projects represented in Slovakia (Figure 11). The results of these projects 
provided land cover data files for this study for the years 1990, 2000, 2006, 2012, and 2018. 
The data files in this part of the study were obtained from several sources (Copernicus, 
USGS). Due to the limited data availability, alternative data of the year 1998 were chosen 
for the given area; this year was significant in terms of the historical development and 
change to the landscape structure of the studied area as it included the commencement of 
the construction of the SHP. Data sources from Landsat 4 were also used for this period. 

An integrated approach based on GIS analyses enabled changes in the representation 
of individual CLC classes to be monitored. The CLC study considered the years 1990, 
2000, 2006, 2012, and 2018 and identified rising or falling trends before and after the ex-
treme flood event and in relation to the anthropogenic element (SHP) (Figure 11).  

 
Figure 11. CLC changes over the period: (a) 1990; (b) 2000; (c) 2006; (d) 2012; (e) 2018. 

The selection of periods was related to the timing of the mapping of land cover 
changes in the region of Slovakia and Europe, as the mapping began in the reference year 
1990 and recurred at regular six-year cycles from the reference year 2000. The mineral 
extraction site class was excluded from further analyses as it represented an insignificant 
area in the selected area. 

Figure 11. CLC changes over the period: (a) 1990; (b) 2000; (c) 2006; (d) 2012; (e) 2018.

An integrated approach based on GIS analyses enabled changes in the representation
of individual CLC classes to be monitored. The CLC study considered the years 1990, 2000,
2006, 2012, and 2018 and identified rising or falling trends before and after the extreme
flood event and in relation to the anthropogenic element (SHP) (Figure 11).

The selection of periods was related to the timing of the mapping of land cover changes
in the region of Slovakia and Europe, as the mapping began in the reference year 1990 and
recurred at regular six-year cycles from the reference year 2000. The mineral extraction
site class was excluded from further analyses as it represented an insignificant area in the
selected area.

The above overview of spatial changes was prepared based using the three-level
hierarchical classification system of CLC. Figure 11 shows the surrounding area of the
watercourse where the most significant changes were recorded cross-sectionally. The Corine
Land Cover classes and RGB color codes were taken from the recommendations of the
European Environment Agency (https://www.eea.europa.eu/, accessed on 17 July 2022).

https://www.eea.europa.eu/
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While there is a dominant representation of pastures in the narrow area in the study in the
reference years 1990 (Figure 11a), 2000 (Figure 11b), and 2006 (Figure 11c) (see the legend
of Figure 11, the green color detail of the area boundary), there was no confirmed presence
of pastures in this area in the years 2012 (Figure 11d) and 2018 (Figure 11e). An assessment
of the state of pastures in the study area showed that this class has completely disappeared
from the site near the watercourse.

After this processing, a statistical evaluation of the obtained results was performed.
The total changes in the percentage of individual CLC classes, the percentage value over
the whole area, and the percentage change compared to the previous period are presented
in Table 3.

Table 3. Total percentage changes in the individual CLC classes.

CLC Level 3
Codes 112 131 231 243 312 313 321

Year % ∆% % ∆% % ∆% % ∆% % ∆% % ∆% % ∆%

1990 9.62 - 53.63 - 12.76 - 9.28 - 5.83 - 6.63 - 2.23 -
2000 7.21 −25.05 56.95 6.19 12.42 −2.71 8.52 −8.22 7.08 21.45 5.63 −15.08 2.18 −2.07
2006 10.29 42.70 53.70 −5.71 12.31 −0.88 8.42 −1.15 7.19 1.50 5.86 3.98 2.23 2.20
2012 10.30 0.08 55.65 4.18 8.48 −31.09 8.48 0.70 7.24 0.77 5.88 0.41 3.66 64.35
2018 10.26 −0.40 55.72 −0.40 8.85 4.33 8.45 −0.40 7.22 −0.40 5.86 −0.40 3.65 −0.40

Notes: Description of the CLC codes: 112—Artificial surfaces Urban fabric Discontinuous urban fabric; 131—
Artificial surfaces Mine, dump and construction sites Mineral extraction sites; 231—Agricultural areas Pastures;
243—Agricultural areas Heterogeneous agricultural areas Land principally occupied by agriculture, with signifi-
cant areas of natural vegetation; 312—Forest and semi natural areas Forests Coniferous Forest; 313—Forest and
semi natural areas Forests Mixed Forest; 321—Forest and semi natural areas Scrub and/or herbaceous vegetation
associations Natural grasslands. —increase in the area. —decrease in the area. %—percentage value of the whole
area. ∆%—percentage change compared to the previous period.

In terms of CLC spatial assessment, the most-significant changes that the area had
undergone between 2006 and 2012 were in the pastures class (231), with a decrease of 31%
or approximately 96.5 ha recorded since 2012. Changes of landscape structure over this
period were also recorded in the classes of natural grasslands (321), with an increase of 64%
or approximately 35.5 ha, and in non-irrigated arable land (131), with an increase of 4% or
approximately 50.5 ha.

The results showed that the most-significant changes took place in the class of pas-
tures, whose representation in the area near the confluence of Branisko and Žehrica has
completely disappeared since 2012. This can be a result of the consequences of flood
events, but it is also possible that the methodology for mapping changes in CLC could
have affected the results [54–56] or the consequences of flood threats [57,58]. First, the
results presented in Figure 11d,e confirmed the permanent loss of pastures, which may
have become waterlogged and unsuitable for the given purpose of use due to flood activity.

The results confirmed only slight changes in CLC related to the generalization and
the minimum mapping unit. The mapping of changes in land cover in the reference year
2018 was one of the most-time-consuming activities at the national level of Slovakia [54].
The CLC layer for the year 2018 was acquired by the spatial identification of the changes
in 2012 and 2018 and was comprised of a generalized layer with the given parameters.
The minimum mapping unit for identifying a change in CLC is 5 hectares [58], but in this
case, the minimum size of the change of the specified area within the individual CLC
classes was set at a minimum mapping unit of 25 hectares for the phenomena area and a
minimum width of 100 m for the linear phenomena [36,38]. For the study area, this meant
that sections with an area of less than 25 ha were not included in the map presentation. To
verify the results of CLC for 2018, an approach based on the visualization of the datasets
from the Copernicus program (https://www.copernicus.eu/sk, accessed on 17 July 2022)
was applied to the local data of a specific area, in this case the Žehrica area boundary.
The Copernicus Sentinel-2 data mosaic in the true color scale was a key source in this
respect. The application of these data aimed to verify the land cover classification from
the presented results with an emphasis on CLC in 2018 (Figure 12). The criteria of time

https://www.copernicus.eu/sk
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range and cloud coverage were then chosen for further processing, and it was subsequently
possible to view the resulting findings. In order to evaluate the CCL changes in the last
monitored reference year of 2018, data from the dataset Sentinel-2 L2A—True color (time
range: 2017-summer time, 2018-summer time; cloud coverage 2017: 24%; cloud coverage
2018: 3.8%) were selected.
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Additional analyses of the landscape changes based on remote sensing was performed.
The spatial indexes derived from available data from the satellite images (Landsat 4,
Sentinel-2 L2A) were used to analyze changes in the time series of the landscape (Figure 13).
The NDVI quantifies vegetation by measuring the difference between the near-infrared
(which vegetation strongly reflects) and red light (which vegetation absorbs). This index is
often used for monitoring changes in landscape structure [28–30].

Data from 1998 to 2020 were analyzed for the purposes of the study. Although the
SHP was built over the course of several years in two phases, 1998 was used as the year
of its construction. However, Sentinel data are not available for this year, and therefore,
data from Landsat 4 in the USGS Earth Explorer program were used instead in addition to
satellite data from the Copernicus program for the years 2016, 2017, 2018, 2019, and 2020.
As the bands for the visible red and near-infrared spectra are similar, the NDVI values were
determined using the same algorithm with a selection of representative bands. The index
was evaluated individually for 2016, 2017, 2018, 2019, and 2020. The NDVI is calculated
as a relative number in the range between −1 and 1. Based on the obtained results, the
following interval values of the NDVI were determined for individual years: 1998: 0.1–0.51;
2016: −0.6–0.86; 2017: −0.07–0.95; 2018: −0.15–0.98; 2020: −0.05–0.95. The classification
of the NDVI values is particularly valuable when displayed in the form of histograms,
and the histogram of the NDVI values shows a relatively even distribution of the color
spectrum of the index in 1998 (Figure 11a), with the highest number of values detected
closer to the center of the spectrum. In the subsequent examined years (Figure 13b–f), the
distribution of the NDVI values was found to primarily shift from the center towards the
green part of the color spectrum. It is important to note that the NDVI value distribution
varied across the studied period. The shape of the NDVI distribution presents the diversity
of vegetation and/or landscape changes. The homogeneity represented in the maps as
a uniform color and NDVI values with a steep curve in one peak represent the presence
of a uniform vegetation type. Time analyses of NDVI changes during the studied period
showed a trend of diversity loss in the area.
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This difference in the frequency of representation of individual NDVI values con-
firmed the loss of diversity of the studied area and the emergence of a more homogeneous
landscape. The results also confirmed that the CLC and NDVI parameters are effective and
important tools in analyzing the effect of floods on changes in the landscape [26].

In addition to the indexes derived from the satellite data, LPIS databases in the *.shp
vector formats were also used in the study. In combination with the spatial representation
of the LPIS, this approach also provided additional information on the representation of
individual types of cultures on the given parcels. The study compared two time periods,
2018 and 2021 (Figure 14), and the comparison of unique reported soils also showed the
dynamics of the changes in the types of individual cultures. The data from this dataset cover
two land cover classes: Arable Land and Permanent Grassland. As the results presented in
Figure 14 show, while the extent of Arable Land cover decreased over the studied period,
the area of Permanent Grassland increased.
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4. Conclusions

Landscapes in the vicinity of waterways are vulnerable land elements, which are often
threatened by the occurrence of flood events, and the changes that they undergo need to be
monitored over time. An effective approach that could help with this issue is the evaluation
of the dynamics of changes in the landscape structure in their spatial representation by
comparing several time periods and selected groups of parameters. This study focuses on
the evaluation of changes in a selected landscape in Eastern Slovakia using four groups of
data layers including meteorological data, the dynamics of changes in the representation of
selected types of land cover classes, the frequency of representation of individual NDVI
values in the study area, and a flood event simulation. The results were obtained through a
combination of statistical methods and spatial analyses.

The results of the study confirmed that the landscape located near the confluence
of Branisko and Žehrica streams is vulnerable to flood risks. The processing framework
presented in the study aimed to determine the dynamics of change in a landscape threatened
by flood events confirmed the importance of mapping changes in the landscape structure
by examining changes in the area of representation of selected types of land cover classes.
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Another aspect of the study was the investigation of the NDVI parameters. The observed
differences in the frequency of representation of individual NDVI values confirmed the
loss of diversity in the area and the emergence of a more homogeneous landscape. The
combination of the CLC and NDVI assessments seems to be an effective and essential tool
for examining the impact of changes in the landscape. This study provides a basis for
further study and more detailed research and also contributes to the creation of a timeline
of the Standardized Precipitation Index for the given area.

The obtained results are an important reference for further development in the subject
area. The results of the study support the development of projections that can serve as a
basis for establishing a flood warning system for Slovakia (https://www.mojandroid.sk/
slovensko-sms-varovanie/, accessed on 9 December 2023). The continuous evaluation of
landscape changes (not only those resulting from floods) is an invaluable tool for ensuring
a multifunctional and sustainable landscape. The presented results of the study introduce a
tool that combines data from several sources in order to improve the current cooperation of
several interested parties such as the Research Institute of Water Management, the Slovak
Water Management Company, and the Ministry of the Environment in developing a unified
database. In this context, we are of the opinion that these activities will not be successful
without the availability of high-quality data and their effective processing.
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