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MATHEMATICAL MODELING OF SOIL EROSION PROCESSES
USING A PHYSICALLY-BASED AND EMPIRICAL MODELS:
CASE STUDY OF SLOVAKIA AND CENTRAL POLAND

Zuzana Németova”, Silvia Kohnova

The article is focused on mathematical modelling of the soil erosion processes on the selected areas within the Slovak
Republic and Poland. The study includes the validation of the models used based on the actual measurements.
The intensity of the soil erosion processes was calculated using the physically-based EROSION-3D model and
the empirical USLE-SDR model. The simulations were done based on continuous rainfall events and a long-term
simulation. The results modelled were confronted with the actual measurements in both areas investigated. Since a model’s
validation and calibration as well as a relevant interpretation of the results obtained are the hardest and most challenging
parts of any research, it is necessary to constantly enhance the techniques and methods of the calibration and validation
of models, thereby deepening the knowledge of individual models. The results show the process has to be performed
before the application of the models used together with the advantages and disadvantages of the physically-based and
empirical models used, including a comparison and validation of the models applied.
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Introduction

A basic and fundamental definition of soil erosion is
aprocess involving the detachment, transport, and
accumulation of soil materials from any part of
the Earth’s surface. Since soil erosion occupies the most
serious position among the individual degradation
processes, it plays an irreplaceable role in scientific
research (Rawat et al., 2011; Markantonis et al., 2012).
Soil is one of the fundamental elements that provide
resources for human food supplies; therefore,
the significance of soil erosion research lies in
an understanding of soil erosion processes over large
areas of the Earth (Wainwright et al, 2003).

Since soil erosion research by the Soil Erosion Service of
the US Department of Agriculture began around in 1930
(Bennet, 1933), a large number of soil erosion and
sediment transport models have been developed, but
choosing a suitable model that fits the needs of individual
users is still a complicated and problematic task.
The models are a useful tool to simulate nature, but they
suffer from a range of problems, such as overestimation
due to the uncertain results of the models or difficulties
in obtaining input data (Hajigholizadeh and Hector,
2018). It is important to note that the modelling of nature
is always constrained by many differences in the sense of
spatial and temporal variability, spatial heterogeneity,

the transport media, and the high instability of the input
data (Jakeman et al., 1999). Nature is and always will be
beyond us.

The most influential factors that impact water erosion are
the climate, topography, soil structure, vegetation,
anthropogenic activities, and management systems used
(Kuznetsov et al., 1998). All of these factors can
influence various elements of sediment and erosion
processes along with deposition as well. It is assumed
that the major triggers of splash and sheet erosion are
rainfall intensity and the runoff rate (Wei et al., 2009).
These two factors can be very powerful together with
the human activities in catchments. Inappropriate
anthropogenic  activities that cause changes in
the magnitude and nature of the material inputs to
estuaries can also involve erosion with consequences for
populations and ecosystems (Iglesias et al., 2019).

The degree of sedimentation in a catchment is
heterogeneous in space and over time, depending on
the land use, soil type, topography, any slopes, vegetation
cover, and the climate (Marttila and Kl6ve, 2010).

The estimation of erosion and sediment processes can be
modelled by different kinds of models, i.e., empirical
models, physically-based models or conceptual models.
The selection of the methods used depends on the size of
the study area, the objectives of the research,
the available input data or the possible validation and
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calibration of the models (Garcia-Ruiz et al., 2015).
The selection of a model is a very important step, but
the possibility of validating and calibrating it to
the specific catchment conditions is a necessary part of
the overall success of the modelling. There are several
methods established for the validation of the models
used, e.g., the bathymetric measurement of sediment
deposited in a reservoir has been presented as a suitable
method for assessing the volume of eroded material in
a research area.

The modelling of the amount of sediments is a useful
approach for quantifying the historical impact of
agriculture on soil erosion and sediment yields, as well as
a good method for calibrating and testing the erosion
models in contrast to the actual measurements (Boyle
etal., 2011).

The aim of this study is the application of physically-
based and empirically-based erosion models in two
different countries, i.e., the Slovak Republic and Poland,
together with a comparison of the models with the actual
measured data in both research areas investigated.

Material and methods

The subchapter describes the methods used and the areas
under research. Because two different countries were
investigated, the chapter is divided into two main parts.
The first contains a description of the Svacenicky Creek
research area in Slovakia, and the second describes
the investigation site of the Zagozdzonka catchment in
Poland.

Svacenicky Jarok research area (Slovak Republic)

The area investigated is located in the western part of
Slovakia (Fig. 1) in the area of the Myjava Uplands.
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Fig. 1.
use, b) Digital elevation model.

The whole catchment area is prone to intensive erosion
processes and quick runoff responses, which are
the results of a massive 600-year transformation from
anatural to an agricultural landscape (Fig. 1a).
The current composition of the land use is as follows:
arable land covers 66% of the area, while forests occupy
9%, grasslands 9%, water bodies 7%, gardens 6%,
buildings 2%, and shrubs 1% of the catchment.
The Svacenicky stream passes through the area as a right-
hand tributary of the Myjava River. The creek flows into
a small water reservoir (polder) in the lower part.
The town of Myjava has been impacted by frequent
floods in the past (Stankoviansky, 2003; Dotterweich et
al., 2013), and the construction of the polder was
necessary in order to ensure flood protection in terms of
the reduction of flood flows.

Parameters input and field terrain survey
of the Svacenicky Jarok

For the modelling of the soil water erosion, physically-
based EROSION-3D model was used. In the case of
the model’s inputs, the rainfall data, relief parameters,
and soil input characteristics were needed. The rainfall
data were obtained at the Myjava meteorological station
during the period evaluated (Figs. 4 and 5). Information
about the soil was obtained during the field
measurements. The relief parameters are represented by
adigital elevation model (Fig. 1b). A long-term
simulation was performed with the EROSION-3D model
based on continuous rainfall events. The results from
the model were compared with the bathymetric
measurements in order to perform the validation of
the physically-based EROSION-3D model. More
information about the bathymetric measurements can be
found in Németova et al. (2020), Honek et al. (2020).

Localization of the Svacenicky Jarok, Slovak Republic research area; a) Land
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The measurement of a terrain represents a necessary step
in order to determine the adequate soil input parameters
and therefore ensure the relevant outputs. A field survey
and soil sampling in the Svacenicky Jarok were carried
out in the summer of 2018 in cooperation with Masaryk
University in Brno. The measurement of the terrain was
performed not only with the aim of taking and evaluating
the soil samples, but also to enable interchanges with
local experts in order to identify the crops cultivated in
the period from 2012 to 2018. Laboratory analyses were
conducted for the selected soil input parameters in
the laboratory of the Slovak University of Technology in
Bratislava and Masaryk University in Brno. An example
of the results analysed is shown in Table 1.

Sensitivity analyses of the soil input parameters

Sensitivity analyses represent a useful element of
the evaluation of every model. The analyses include
the process of changing the input values with the identi-
fication of the impact of these changes on the final
results. The goal of the sensitivity analyses consists of
knowledge of the quantification and identification of
a model’s inputs and outputs as well as an understanding
of the model’s relationships. The analyses should be
done before the application of every model in order to see
how the parameters input influence the individual
outputs. Here, the soil input parameters were increased
and decreased by about 10% in comparison with the
reference (initial) state. The sensitivity analyses were
performed in previous studies; for more information, see
Honek et al. (2020) or Németova et al. (2020).

Methodology of creating a connection between
the plots and a map of the land use

It was necessary to connect the individual plots (LPIS
parcels; LPSI — agricultural areas with stable natural or
artificial boundaries) with the current land use according
to the direct years (2012-2018) and therefore ensure
the association between the plots and the land use maps
regarding the individual years (Table 2). A new land-use
map was created for each year, where the particular areas
were divided into parcels according to the LPIS.
The arable land does not represent one homogenous unit
but is composed of different elements formed by defined
LPIS plots with the cultivated crops for the years
2012-2018. This means that each area, i.e., parcel, has its
own ID (in GIS), which corresponds to the specific crop
(Fig. 2, Table 2). The dominant crops for the selected
years together with the amount of precipitation are shown
in the Table 3.

Zagozidionka (Poland) research area

The second research area (Zagozdzonka catchment) is
located in central Poland, approximately 100 km south of
the capital city of Warsaw in the Mazovia Lowlands
(Fig. 6). The catchment is characterized by a lowland
disposition and topography typical of this part of Poland.
Agricultural production is dominant, with arable land
covering 48% of the area. The forests cover 39% of
the catchment, and the pastures occupy the remaining
13%. The localization of the catchment is shown
in Fig. 6.

Table 1. Results of the terrain measurements and laboratory analyses (bulk density and
organic carbon content)
Designation AMSL N E Weight before Bulk density Organic
of the soil drying reduced carbon
sample content
[m] [°] [°] (g] [g em?] [%0]
1 310 48°45'17" 17°33'4" 220.9 1.1121 9.5
2 310 48°45'14" 17°33'4" 230.7 1.2599 12.5
3 310 48°45'10" 17°332" 258.6 1.4828 11.8
4 310 48°45'10" 17°32'58" 239.5 1.2707 8.8
5 310 48°45'16" 17°32'58" 245.5 1.408 9.4
6 360 48°45'33" 17°32'37" 215.5 1.07 9.2
7 340 48°45'34" 17°32'39" 208.5 1.1605 10.7
8 330 48°45'35" 17°32'40" 194.7 1.0315 15.1
9 420 48°46'52" 17°31'30" 198.9 1.0965 12.1
10 410 48°46'52" 17°31'32" 188.0 1.0109 12.8
11 370 48°46'53" 17°31'34" 238.9 1.4657 10.9
12 410 48°47'3" 17°31'30" 2354 1.0588 10.1
13 410 48°47'3" 17°31'30" 208.5 0.8895 9.7
14 420 48°47'13" 17°31125" 228.3 1.334 8.6
15 430 48°47'14" 17°31129" 183.9 1.0475 7.4
16 450 48°47'17" 17°31'34" 174.7 0.9818 6.9
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Staw Gorny water reservoir

The Staw Gorny water reservoir was constructed in 1976
in order to provide water for a local chemical factory.
The total area of the reservoir is 14 hectares; the original
volume of the reservoir was 252,000 m? at a water level
of 146.70 m.a.s.l. After 10 years (1986), the water level
increased about 42 centimetres. Because of intensive
erosion activity in the Zagozdzonka catchment,
sedimentation represents a major problem to be dealt
with. Several measurements of the water level were
performed; i.e., the first measurements of the water
reservoir were taken in 1979-1980 based on the Range
Line method (Banasik and Mordzinski, 1982) and then
from 1991-2003 (Banasik et al., 2005). The last survey
was performed based on the hydrographic system in 2009
(Banasik et al., 2001; Banasik, et al., 1995).

Input parameters (Zagoidionka research area)

The simulations were conducted using the physically-
based EROSION-3D model and USLE-SDR empirical
model. The USLE-SDR empirical model represents
a suitable approach for determining the amounts of
sediment in the areas under consideration. The results
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Fig. 2.

areas with stable natural or artificial boundaries.

Land Parcel Identification System (LPIS),
Svacenicky Jarok, Slovak Republic = agricultural

from both models used were contrasted with the terrain
measurements of the sediments in the Staw Gorny
reservoir. All the input parameters required for
the models (the EROSION-3D and USLE-SDR models)
were provided by the University of Warsaw under
the COST program (CA 16209). The EROSION-3D
model requires three input parameters (relief
characteristic in the form of digital elevation model, soil
input parameters and rainfall data. The equation of
empirical model USLE-SDR consists of three
components (sediment removal ratio, annual soil loss per
unit area and catchment area) and the parameters were
estimated for the Zagozdzonka catchament using
topographic maps, soil and land maps in the previous
studies (Banasik et al., 1995; Banasik et al., 2005).
A summary of the rainfall events used in the EROSION-
3D model is displayed in Fig. 7.

Results and discussion

Comparison of the results modelled with the actual
measurements, Svacenicky Jarok, Slovak Republic

The validation of the EROSION-3D model was
performed on a continuous series of precipitation

Table 2. Identification of the crops
according to the individual
parcels

Parcel 2012 2013 2014
number

3413/1 sorghum lantern sorghum
3413/7 wheat barley beet
3601/1 wheat barley beet
4307/1 sorghum alfalfa sorghum
4402/1 sorghum alfalfa sorghum
4403/1 beet wheat rye
4501/1 wheat wheat rye
4602/1 wheat barley beet
5104/1 corn wheat corn
5209/1 corn wheat corn
5209/3 corn wheat corn
5209/4 corn wheat corn
5209/5 alfalfa alfalfa corn
5303/1 sorghum alfalfa sorghum
5304/1 sorghum alfalfa sorghum
5306/1 sorghum wheat wheat
5401/1 beet wheat wheat
5405/1 corn wheat corn
5406/1 corn wheat corn
5601/1 corn wheat rye
6103/1 alfalfa alfalfa alfalfa
7106/1 alfalfa alfalfa alfalfa
7106/2 alfalfa alfalfa alfalfa
7203/1 alfalfa alfalfa alfalfa
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measured at the Myjava meteorological station and on
the basis of bathymetric measurements of sediments in
the Svacenicky Creek polder. In the case of the rainfall
events used, one-minute events were selected, which are
considered to be erosively effective (Renard et al., 1997).
For each precipitation event, a specific set of soil
characteristic parameters was defined that corresponded
to the date of the occurrence of the precipitation.
The final results of the modelling with the EROSION-3D
model are displayed in Fig. 8. The results reflect the two
periods evaluated, i.e., 2013 (Fig. 8a) and 2014 (Fig. 8b).
Fig. 8a represents the year 2013 with the land use
composition shown in Fig. 3a. The predominant part of
the area represents winter wheat, which is generally
considered to be a protective crop. The intensity of
the sediments and erosion processes are distributed
throughout the whole territory (with more influence on
the right part) in comparison with scenario B, where
the most intensive impact of the soil erosion processes is
related to the arable land represented by corn and rye
(Fig. 3b). In the case of the predicted amounts of
sediments, the year 2013 (Fig.8a) was closer to
the measured amounts of sediment in comparison with
the year 2014 (Fig. 8b). A higher amount of the sediments
modelled was predicted in the year 2014, even though
the land use structure is composed of rye. On the other
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Fig. 3.

hand, the most intensive processes were detected in
the year 2014.

Comparison of the results modelled with the actual
measurements, Zagozdzonka, Poland

The average amount of annual sedimentation in the Staw
Gorny reservoir is about 1080 m®. When the EROSION-
3D and USLE-SDR models were compared,
the empirical USLE-SDR model approached
the sediments measured in the reservoir. In this case,
the EROSION-3D model predicted a 45% lower amount
of sediment than was actually measured but offered
a satisfactory tool for the identification of the local places
endangered by soil water erosion (Fig. 9). The amount of
sediments determined by the EROSION-3D model was
lower because the EROSION-3D model does not take
bottom sediments into account, whereas the amount of
sediments quantified by the USLE-SDR model considers
bottom sediments as well. The summary of results
(modelled and measured) are included in the Table 4.
Because of the lowland character of the catchment and
because no significant rainfall events occurred, there
were no intensive erosion processes. The analyses were
done in cooperation with the University of Warsaw under
the COST program (CA 16209).

b) 2014
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a) Land-use composition structure, 2013, Svacenicky Creek, Slovakia,

b) Land-use composition structure, 2014, Svacenicky Creek, Slovakia.
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Table 3. A summary of the rainfall events and dominant crops during the period selected
(2013, 2014)

Year Rainfall amount [mm] Predominnat crop (>50% of area)
2013 471.1 Winter wheat (Triticum aestivum)
2014 558.28 Rye seed (Secale cereale)
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Fig. 4.  The amount of rainfall events during the period analysed (February 2013—
November 2013).
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Fig.5.  The amount of rainfall events during the period analysed (January 2014-—
December 2014).
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Fig. 6.  Localization of the Zagozdzonka research area with a representation
of the slopes.
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Fig. 7. The amount of rainfall events during the period analysed (November 2013—
December 2013).

b) 2014

Fig. 8.  The modelled results (EROSION-3D model), Svacenicky Jarok: a) 2013,

b) 2014.
Table 4. Comparison of measured and modelled sediments (USLE-SDR, Staw Goérny
Reservoir, EROSION-3D model)
Methods for the determination of sediments Amount of sediments [m?]
Measurement in the reservoir Staw Gorny 1080
USLE-SDR 708
EROSION-3D model 486
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evaluated (November 2013-December 2013).

Conclusion

The paper deals with the application and validation of
mathematical models used to evaluate the intensity of
erosion-transport processes in the Slovak Republic and
Poland. The physically-based EROSION-3D model and
the empirical USLE-SDR model were used to determine
the intensity of the soil erosion and sediment processes.
The data modelled were compared with the actual
measured data from a bathymetric survey (Slovakia) and
from measurements of a water reservoir (Poland).

A large number of mathematical models are available
nowadays, but their validation and an appropriate
interpretation of the results obtained remain a problemin
general. Within the paper, the validation of the models
was performed on the basis of the actual measurement of
the amount of sediments and on the basis of a continuous
series of precipitation events. In the case of the first
locality  (Svacenicky Jarok, Slovak Republic)
the EROSION-3D model was validated based on
the bathymetric measurement of the sediments in
the Svacenicky Jarok polder using an Autonomous
Underwater Vehicle (AUV) in cooperation with
the Institute of Hydrology of the Slovak Academy of
Sciences. At the second research site (Zagozdzonka,
Poland), the physically-based EROSION-3D model and
the empirical USLE-SDR model were used to determine
the amount of sediments, and the modelled results were
compared with the measured amount of sediments in
the Staw Gorny reservoir.

a) +

Legend
Deposition (Vha)
34

The amount of deposition (a) and the net erosion (b) during the period

Two modelling approaches were used in the study, i.e.,
a physically-based model and an empirical model;
the advantages and disadvantages found within both
models were noted. It is not possible to conclude which
model can be considered more suitable or better because
each of them has certain advantages and disadvantages.
In both areas, the EROSION-3D model predicted a lower
amount of sediments compared to the amount of
sediments observed in the reservoirs. The USLE-SDR
empirical model overestimated the impact of
precipitation events in comparison with the EROSION-
3D model. The advantage of USLE-SDR can be seen in
the possibility of considering bottom sediments, while
the EROSION-3D model does not include the bottom
sediments in the model’s calculations. A significant
advantage of the EROSION-3D model lies in its ability
to determine and analyse different management practices
and thus simulate various scenarios of land use changes.
Therefore, the practical use of the EROSION-3D model
was determined to provide a satisfactory tool for
evaluating and locating sites endangered by erosion-
sediment processes.
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