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Abstract: The testing of a model performance is important and is also a challenging part of scientific
work. In this paper, the results of the physically-based EROSION-3D (Jürgen Schmidt, Berlin,
Germany) model were compared with trapped sediments in a small reservoir. The model was applied
to simulate runoff-erosion processes in the Svacenický Creek catchment in the western part of the
Slovak Republic. The model is sufficient to identify the areas vulnerable to erosion and deposition
within the catchment. The volume of sediments was measured by a bathymetric field survey during
three terrain journeys (in 2015, 2016, and 2017). The results of the model point to an underestimation of
the actual processes by 30% to 80%. The initial soil moisture played an important role, and the results
also revealed that rainfall events are able to erode and contribute to a significant part of sediments.
Keywords: sediment budget; rainfall event; EROSION-3D; small water reservoir

1. Introduction
Soil erosion, as a process of the detachment, transport and accumulation of soil materials from
any part of the Earth’s surface, plays an important role in research since it assumes the most significant
position among the individual degradation processes [1,2]. The importance of soil erosion research lies
in the protection of soil as a fundamental resource for human food supplies; therefore, the understanding
of soil erosion processes has important practical implications over large areas of the Earth [3,4].
Research on soil erosion and sediment transport has rapidly increased, thanks to technical
developments and the increasing use of computer applications. Predictions of sediment yields can be
carried out by taking advantage of an erosion model and a mathematical operator that expresses the
efficiency of the sediment transport of a hill slope and channel network [5–9]. Mathematical simulation
models have been developed, starting with empirical models such as the Universal Soil Loss Equation
(USLE) by [10]. Empirical models are observation-based with a primary focus on the prediction
of average soil loss, while conceptual models are based on the representation of catchments [11].
However, the USLE only generates annual mean soil losses but ignores the highly non-continuous
character of erosion processes.
Nowadays, the development of models is based on the concept of equations for the conservation
of mass, momentum, and energy [12], the use of equations describing streamflow or overland flows,
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and the equation for the conservation of mass for sediments. These models belong to the group
of physically-based models and represent mathematical relationships derived from physical laws
and the mechanisms controlling erosion, which means that the parameters used are measurable [13],
i.e., they allow for the sufficient representation and quantitative estimation of the detachment, transport
of soil, and deposition processes [14]. In comparison with empirical models, the main advantages
of physically-based models are distinguished by their more appropriate representation of erosion,
deposition processes and extrapolation to different land uses in a more satisfactory style, as well as a
more precise estimation of erosion, deposition and sediment yields from an event-based rainfall or
application to complex varying soil conditions and surface characteristics [15].
Despite the large number of soil erosion and sediment transport models, choosing a suitable model
is still a very complex and complicated task. There are many models that suffer from a range of problems,
such as overestimation due to the uncertainty of the models and the unsuitability of the assumptions
and parameters in conformity with the local conditions [16]. It needs to be stated that the modelling
of a natural system is always limited by many variations in terms of spatial and temporal scales,
spatial heterogeneity, the transport media, and the lack of available data [17]. Different types of factors
affecting water erosion, such as the climate, topography, soil structure, vegetation and anthropogenic
activities, tillage systems and soil or conservation measures [18], can result in different values of
sediment generation and deposition as well. Among the factors mentioned above, rainfall intensity
and the runoff rate are the major triggers of splash and sheet erosion [19], together with the human
activities in rivers, causing changes in the magnitude and nature of material inputs to estuaries, which
can trigger erosion with consequences for populations and ecosystems [20].
The amount of sediment in a catchment is heterogeneous in space and over time, depending on
the land use, vegetation cover, climate, and landscape characteristics, i.e., the soil type, topography,
any slopes, and the drainage conditions [21,22]. The quantification of eroded material can be made by a
variety of methods, and the selection of the method depends on the financial support, objectives, the size
of the study area and the characteristics of the research group [23]. The bathymetric measurement of
sediment deposited in a reservoir is a suitable method for assessing the volume of eroded material in
a study area. Boyle et al. [24] noted that calculating the lake sediment is useful for quantifying the
historical impact of agriculture on soil erosion and sediment yield, as well as a good approach for
calibrating and testing the erosion models compared to the actual bathymetry measurements.
This paper presents a suitable approach as to how to validate an erosion model through the
sedimentation in a small reservoir. The aims of the paper are as follows:
(a)
(b)
(c)

To model and measure the sedimentation of a small reservoir in a small rural catchment;
To evaluate the role of an intensive rainfall event in the erosion process;
To validate the results from the physically-based EROSION-3D model through the bathymetric
measurement of the mass of sediment in a small reservoir.

2. Materials and Methods
2.1. EROSION-3D Model
The EROSION-3D model is a physically-based computer tool predominantly developed for
simulating runoff and deposition processes on arable land. The model can be applied for predicting
the amount of soil loss on agricultural land, sediments, depositions, the volume and concentration
of eroded sediments, and the amount of surface runoff produced by intensive rainstorms [25,26].
The EROSION-2D model was initially developed by [25]. Based on that concept, the EROSION-3D
model has been developed since 1995 by Michael von Werner at the Department of Geography at
the Free University of Berlin [27]. The difference between EROSION-3D and EROSION-2D is that
EROSION-2D simulates soil erosion on a slope profile and EROSION-3D model is raster-based and
uses digital elevation model which determines connectivity processes between raster cells uses. Testing
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where i2 is the infiltration rate of the matrix component (kg/(m ·s)); ks is the hydraulic conductivity of
the transport zone ((kg·s)/m3); ∆ψm is the matrix potential ((N·m)/kg);
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The saturated hydraulic conductivity depends on the soil structure, soil texture, and the
wetting front of the gravitational component (m) in time t.
occurrence of macropores. For determining the saturated hydraulic conductivity, an empirical
equation according to [28] is used:
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The saturated hydraulic conductivity depends on the soil structure, soil texture, and the occurrence
of macropores. For determining the saturated hydraulic conductivity, an empirical equation according
to [28] is used:

1,3b
ks = 4 × 10−3 1.3 × 10−3 /ρb
exp (−0.069T − 0.037U ),
(4)
b = (10 − 3 D) − 0.5 + 0.2 δp,

(5)

where ks is the saturated hydraulic conductivity (kg·s/m3 ); ρb is the bulk density (kg/m3 ); T is the clay
content (kg/kg); U is the silt content (kg/kg); D is the average particle size (m); δp is the standard
deviation (-); and b is the local parameter (−).
2.2. Long-Term Simulation in the EROSION-3D Model
Although the EROSION-3D model has mainly been established as an event-based model, it contains
the possibility of executing long-term simulations as an additional tool [29]. The long-term simulation
submodel has a continuous character and can perform long-term simulations and run more calculations
one after the other; after each event, the digital elevation model is adjusted to reflect the amount of
erosion and deposition [25]. Long-term simulations can be performed in the following ways [30]:
(1)
(2)
(3)

The simulations are based on iterations where one or more events have recurred. How often
single events or sequences of events are repeated is determined according to the iterative value.
A combination of individual single events is used to summarize the sequences of rainfall events.
Based on this assumption, the model behaves like a continuous model and provides overall results.
A long-term simulation based on a continuous rainfall series consists of a chronological series
of single rainstorms that occur within the period evaluated. Each rainfall event needs its own
soil data set whose parameters account for the individual soil conditions and the stages of crop
growth as of that date.

3. The Case Study
The Svacenický Creek catchment, which has a total area of 6.3 km2 , is located in the Western Slovak
Republic in the middle of the Myjava Hill Lands (Figure 2). The climate is continental, warm and
moderately humid, with a mild winter and warm summer. The mean annual precipitation in the
catchment is between 650 and 700 mm (1981–2015); the mean annual temperature is about 8.8 ◦ C
(1981–2013), as measured at the Myjava meteorological station. The elevation ranges from 311.4 m to
545.6 m a. s. l. The Svacenický Creek catchment is part of the flysch massif of the White Carpathians,
and the dominant type of soil is Luvisols (68.0%), followed by Pararendzina (28.7%), and Cambisols
(3.7%). The relief is composed of moderate slopes in the lower part of the catchment and narrow stream
valleys with steep slopes in the upper part. The aerial-photograph from 2018 was used for creating of
land use map and the arable land covers almost 66% of the catchment (Table 1).
The Svacenický reservoir (Figures 2 and 3) was constructed in 2010 at the bottom of the Svacenický
Creek catchment as a flood-protection measure, and the permanent water level covers approximately
3 ha of the catchment. According to the project documentation [31], the height of the embankment dam
is 10.25 m and the maximum retention capacity is 215,808 m3 with a maximum water level of 8.5 m.
The planned minimum water level height is 4.4 m (316.4 m about mean sea level (AMSL)). The modelled
retention capacity during a 100-year flood is 207,330 m3 , with a peak discharge of 16.0 m3 ·s−1 .
Table 1. The land use categories in the study area.
Land Use
Category

Total

Path

Paved
Area

Arable
Land

Water
Body

Forest

Area (km2 )
Area (%)

6.26
100

0.03
0.5

0.11
1.8

4.11
65.7

0.49
7.8

0.55
8.8

Shrubbery Grassland
0.06
1.0

0.54
8.6

Orchard,
Garden
0.37
5.9
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4. Data
An Autonomous Underwater Vehicle recorded the bathymetry in the Svacenický reservoir during
field measurements carried out by the Slovak Academy of Science (SAS) in 2015 (22 September),
2016 (6 October) and 2017 (2 October). The EcoMapper is ideal for hydrographic spatial environmental
monitoring in coastal and shallow-water applications. The speed of the AUV was 3.7 km/h and the
sampling time interval was set at 1 s per sample. The total number of collected sample points is 2017 in
2015 and 2016, and 9211 sample points in 2017. The water level height was 4.45 m in 2015 and 2016, and
4.35 m in 2017. Figure 3 presents the results from the Digital Elevation Model (DEM) of the reservoir
bottom with the 1 × 1 m spatial resolution. Post processing and data analysis were accomplished using
Esri’s ArcGIS software (Jack Dangermond, Redlands, CA, United States) (ArcMap 10.7). The DEM of
the Svacenický Creek reservoir was created by geostatistical analyst tool through the Topo to Raster.
Topo to Raster provides the functionality of incorporating other types of geographic features, which
can assist in the creation of a DEM. Finally, the input DEM of the Svacenický Creek catchment (in grid
cell size 10 × 10 m) is provided by the Esprit spol. s.r.o. (cartographic company).
In comparison with other physically-based models like EUROSEM (The European Soil Erosion
Model) [32], WEPP (The Water Erosion Prediction Project) [33], and LISEM (The Limburg Soil Erosion
Model) [34], the EROSION-3D model requires fewer soil input parameters (Table 2). Some of the input
soil data were acquired during field measurements, and the laboratory processing of eleven soil samples
followed (Figure 2a, Table 3). Also, the initial soil moisture (one of the most unstable and changeable
parameters) was determined based on the field measurements in the study area. The importance of
this model input parameter is due to its correlation with the previous precipitation index (Figure 4).
The previous precipitation index was estimated as the 5-days sum of antecedent precipitation amount
before each simulated event. The functions are derived based on rainfall experiments with known
rainfall intensities and durations. The rainfall experiments took place at experimental plots in Slovakia
(the Myjava region) and the Czech Republic (the Plzen region) in cooperation with the Czech Technical
University in Prague and with the Research Institute for Soil and Water Conservation. A graphical
representation of the functions is shown in Figure 4 (A—data from the Czech Republic, B—data from
the Slovak Republic). The soil input parameters from the Parameter Catalogue were estimated for the
specific crop and its growth phase in different months within the year.
Table 2. The input soil parameters required by the EROSION-3D model.
Input Parameter

Unit

Data Source

Altitude (DEM)
Rainfall intensity per time step
Bulk density
Organic carbon content
Grain size distribution
Skin factor
Surface roughness
Initial soil moisture
Erosion resistance

(m)
(mm/min)
(kg/m3 )
(%)
(%)
(−)
(s/m1/3 )
(%)
(N/m2 )

Esprit, s. r. o.
Slovak Hydrometeorological Institute
Field measurement
Field measurement
Field measurement
Parameter Catalogue
Parameter Catalogue
Field measurement
Parameter Catalogue

The rainfall data covers the time period investigated between September 2015 and October 2017.
The rainfall events were used in the model calculations and the rainfall series consist of effective
erosive events which occurred within the periods selected. Each rainfall event requires its own soil
data set, whose parameters account for the current soil conditions and stages of crop growth of that
date. The model runs were done for 95 rainfall events with specific rainfall intensities higher than
2 mm (for the model calculations, intensive rainfall events involved in soil erosion processes were
selected). The summarized characteristics of the rainfall events selected are shown in Table 4. Figure 5
presents the occurrence of the selected rainfall events during the time period investigated.

3
4
5
6
7
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1.070
2
19.4
53.1
2.8
12.5
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Table 4. Characteristics (minimum, maximum and mean value (x)) of the selected 95 rainfall events
between September 2015 and October 2017.
Time Period

Duration (min)

Rainfall Amount (mm)

Rainfall Intensity (mm/min)

2015–2016
2016–2017

1–1041 (x 141)
10–504 (x 86)

0.57–26.11 (x 6.63)
0.28–52.30 (x 5.59)

0.02–0.57 (x 0.12)
0.02–0.71 (x 0.10)

According to the documentation of the local farmers, 49% of the arable land (from September 2015
to October 2016) was covered by wheat, which was followed by corn (19%), barley (14%), rye (13%),
and lucerne (5%). In the next time period (from October 2016 to October 2017), corn covered 54% of the
arable land, which was followed by wheat (31%), barley (10%), and lucerne (5%). Figure 6 shows the
spatial distribution of the crops in the study area from September 2015 to October 2016.
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Table 6. Comparison between the bathymetric measured data and modelled data of the sediment
budget in the Svacenický reservoir (2015–2017).

Time Period

Predicted
Sediment Volume
(1) (m3 )

Predicted
Sediment Volume
(2) (m3 )

Observed
Sediment
Volume (m3 )

2015–2016
2016–2017

216.5
375.8

648.6
721.5

913.1
508.1

(1)

Calculated for the initial soil moistures from the function A in Figure 4.
from the function B in Figure 4.

(2)

Relative Error (%)
−76.3 (1)
−26.0 (1)

−28.9 (2)
41.9 (2)

Calculated for the initial soil moistures

The production of the eroded material is connected with areas of intensive erosion processes
(Figure 7a). The total predicted sediment volume was 216.5 m3 in the period 2015–2016 and 375.8 m3 in
the period 2016–2017. The higher amount of sediment in the period 2016–2017 correlates to the higher
total number of rainfall events compared to the period 2015–2016. Comparing the predicted (modelled)
and observed (bathymetric measured) sediment volume in the Svacenický reservoir, the EROSION-3D
predicted a lower amount of sediments (Table 6). More specifically, the predicted volume of sediment
(calculated for a function A) in the period 2015–2016 is 76% lower and 26% lower in the period 2016–2017
than the observed volume of sediment in the reservoir. Based on the function B, the production of
sediment increased, and the modelled volume of sediment is even higher in the period 2016–2017
compared to the bathymetry. It must be noted that the actual measured volume of sediment was
reduced by 56.5% because of the assumed water content in the reservoir sediment [38].
The eroded material reached the catchment outlet and the amount was measured by the AUV
EcoMapper (YSI Company, Yellow Springs, OH, USA). The measured sediment volume was reduced
by considering a sediment water content of 56.5% according to [38].
6. Discussion
The characteristics such as land use, and crop management (type of crop, crop rotation) belong
to temporal dynamic features, while attributes such as slope morphology or type of soil represent
relatively constant catchment characteristics [19]. The crop distribution with a higher amount of winter
wheat pointed to a lower volume of sediments and generally less endangered soil [39]. The probable
causes are the lower values for the parameters skin factor, surface roughness, and erosion resistance in
comparison with corn. The higher amounts of the surface runoff (m3 ), the erosion and deposition rates
(t/ha), and the volume of sediment (m3 ) in the Svacenický Creek catchment detected for the second
period were the result of two main causes. The first one is the higher total number of rainfall events.
The second cause lies in the crop management of the study area, where corn represents 54% of the
arable land. The combinations of the effects of the management systems and rain conditions resulted in
the higher amounts of erosion processes in the catchment. The type of crop has a great influence on the
erosive process and soil losses [40]. There is a direct connection between the crop management system
and soil losses; therefore, the crop management system is one of the main factors affecting soil erosion
by water [40]. Appropriate land management can significantly help reduce erosion processes [41–43].
In the case of model parameters, the biggest influence on runoff and erosion processes has bulk density,
soil moisture and skin factor. The skin factor is the parameter used to reduce the prediction error
resulting from the simplified assumptions of the model because the EROSION-3D model considers
simplifications of homogenous soil matrix, but the process of infiltration is influenced by many different
factors, i.e., soil compaction, soil crusting, surface soil pores, biological activity due to rodent burrows
or worm and it is necessary to include correcting parameter.
Although erosion resistance and hydraulic roughness are considered as important factors, it has
been found that they do not affect model results to a significant extent. However, the general trend of
decreasing resistance of erosion with increasing erosion intensity has been confirmed by experimental
results [44,45].
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The results also pointed to the importance of rainfall-erosion events that are able to result in
high erosion of soil [46]. In this case, the role of such events could increase in the future because
of the predicted increase in extreme rainfall events due to climate change [4,46–50]. According to
the Slovak Hydrometeorological Institute, the number of rainfall events with durations of 5 to 240
min has been increasing during the last decade, while rainfall-erosion events occur 2.5 to 4.7 times
per year; this amount is expected to increase in the future, especially during the spring and summer
months [51,52].
When testing the application of the EROSION-3D model, some difficulties were found during the
appropriate determination of the input parameters and when verifying the model results through the
actual measured data. A model dependability heavily depends on its calibration [53] and the testing of
a physically-based erosion model is considered as a necessary part of any scientific work in order to
develop an understanding of what the model will demonstrate [54].
Due to the testing process, the strengths and weaknesses of a model can be discovered.
According to [55], long-term results are generally simulated in the best possible way. Here, the
results presented pointed at a notable difference between the modelled and observed sediment
yields, which indicates the difficulty posed by the model simplification of the natural phenomenon of
erosion [18].
As it is mentioned in [56], mathematical simulation models consist of three sub-models:
(a) Rainfall-runoff submodel, (b) a soil erosion sub-model and (c) a stream sediment transport
sub-model. All three sub-models should be considered, but in this case, it was not done, because
relevant data for stream sediment transport sub-model was not possible to obtain. In spite of a fact
that small streams exist in the polder basin, significant flow occurs only in case of intense precipitation.
This fact largely limits the acquirement and measurement of the relevant data needed to calculate the
flow of streambed erosion. In addition to that, it can be seen (Figure 2a), that majority of these small
streams flow in low slope area, so flow velocity is also low and so, frame velocity is a weak one as well.
So, for this reason, we assume this type of erosion has not to be taken into account. Besides all, the
used simulation model cannot simulate it as well.
However, this part of the available sediments in the catchment should be taken into account [56],
but because of the conditions mentioned above, there was not done. On the other hand, during the
three-years monitoring time there was found depositions of sediment in one inlet part of the reservoir
(the longest contributing creek), that confirm flow stream erosion, but their volume is not significant.
From all of those, it can be supposed that omission of streambed erosion could be a part of differences
between calculated and measured /observed sediment volume data.
As is mentioned, based on the field measurements of the bottom bathymetry which started in
2015, the current status of the clogging of the reservoir was evaluated. The results confirmed our
theories about the on-going sedimentation processes in the Svacenicky Creek reservoir. According to
the analysis, we determined that during the years 2012–2019, over 10.4285 m3 of sediment on the area
of the Svacenicky Creek catchment have accumulated and the polder volume capacity has decreased
6%. The average sediment transport during the years was estimated to be 1400 t/year. The sediment
transport has lowered since 2016, which can be e.g., due to lower precipitations as also flood protection
measures adopted in this area. According to Table 6, the lifetime of the reservoir varies between
303.7 years for observed sedimentation, 315.0 years for predicted sedimentation B and 728.7 years for
sedimentation A.
Possible sources of errors in the predicted sediment volume by the EROSION-3D model can mostly
be associated with the model parameters, values of the initial soil moisture before each simulated
event, and the grid size of the catchment area. The parameters of the EROSION-3D model as the
resistance to erosion, surface roughness, and skin factor were chosen from the Parameter Catalogue for
EROSION-3D, which contains their tabularized values by the type of soil, land use and the specific
crop and its growth phase in different months within the year. Because of the attempt to continual
modelling based on the modelling of a sequence of individual rainfall-erosion events, it was not
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possible to calibrate these parameters for each event. For the continual modelling, the crucial input
parameters were the values of initial soil moisture before each simulated rainfall-erosion event. The
values of initial soil moisture were estimated from the relationships between the soil moisture and the
previous precipitation index, developed experimentally for the Plzen region in the Czech Republic
(Figure 4, function A) and for the experimental plots in the Myjava region in Slovakia (Figure 4, function
B). The data of initial soil moisture estimated from the function developed for the Myjava region in
Slovakia, which is more representative for the case study area, improved the predictive sediment
volumes in comparison with the measured sediment volumes—the relative error decreased to 40%
for the period 2015–2016 and 30% for the period 2016–2017. On the other hand, the function B was
developed only from seven pairs of experimental data, and we suppose that the extension of the data
and improvement of this function would improve the performance of the model.
Also, the use of bathymetry to estimate trapped sediment in a reservoir brings out other
uncertainties. According to [23], several problems with this method can be observed, e.g., the unknown
effectiveness of the reservoir, the importance of a detailed analysis of the sediment cores; the precise
location of sources of the sediment; the size of the reservoir and related discharges; and depreciation
of the organic fraction of the sediment due to the measurements. Nevertheless, the bathymetric
method is arguably the best way to determine the volume of sediment and can be carried out by
several approaches [23,24,57]. The use of the autonomous underwater vehicle (AUV) to investigate
the temporal evolution of changes in the bottom of the reservoir through the DEM was approved in
this paper.
7. Conclusions
The physically-based EROSION-3D model was applied to simulate the runoff-erosion processes
in the Slovak catchment. The model helps to identify the most sensitive erosion and deposition zones
within a catchment. The long-term simulations were done for two periods (2015–2016 and 2016–2017),
which were evaluated according to the time of the bathymetric measurements conducted. The results
of the model pointed to an underestimation of the actual processes. The initial soil moisture plays
an important role through all the input parameters of the EROSION-3D model. Finally, the rainfallerosion events were able to erode and produce a significant part of the sediments, especially during a
drier year or season.
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Hlavčová, K.; Kohnová, S.; Borga, M.; Horvát, O.; Št’astný, P.; Pekárová, P.; Majerčáková, O.; Danáčová, Z.
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Pathways from Molecules to Society, 1st ed.; Vačkář, D., Ed.; Global Change Research Institute, Czech Academy
of Sciences: Brno, Czech, 2017; pp. 27–37.

Water 2020, 12, 1082

51.

52.
53.
54.
55.
56.
57.

15 of 15

Trnka, M.; Brázdil, R.; Vizina, A.; Dobrovolný, P.; Mikšovský, J.; Štěpánek, P.; Hlavinka, P.; Řezníčková, L.;
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