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Abstract: Storm events and accompanying heavy rain endanger the silty soils of the fertile and
intensively-used agricultural landscape of the Saxon loess province in the European loess belt. In late
spring 2016, persistent weather conditions with repeated and numerous storm events triggered
flash floods, landslides, and mud flows, and caused severe devastation to infrastructure and
settlements throughout Germany. In Saxony, the rail service between Germany and the Czech
Republic was disrupted twice because of two mud flows within eight days. This interdisciplinary
study aims to reconstruct the two mud flows by means of high-resolution physical erosion modeling,
high-resolution, radar-based precipitation data, and Unmanned Aerial Vehicle monitoring. Therefore,
high-resolution, radar-based precipitation data products are used to assess the two storm events
which triggered the mud flows in this unmonitored area. Subsequently, these data are used as
meteorological input for the soil erosion model EROSION 3D to reconstruct and predict mud flows
in the form of erosion risk maps. Finally, the model results are qualitatively validated by orthophotos
generated from images from Unmanned Aerial Vehicle monitoring and Structure from Motion
Photogrammetry. High-resolution, radar-based precipitation data reveal heavy to extreme storm
events for both days. Erosion risk maps show erosion und deposition patterns and source areas as in
reality, depending on the radar-based precipitation product. Consequently, reconstruction of the mud
flows by these interdisciplinary methods is possible. Therefore, the development of an early warning
system for soil erosion in agricultural landscapes by means of E 3D and high-resolution, radar-based
precipitation forecasting data is certainly conceivable.

Keywords: storm event; heavy rain; mud flow; soil erosion; radar-based precipitation data; physical
erosion modeling; UAV monitoring; SfM Photogrammetry; agricultural landscapes

1. Introduction

Storm events and accompanying heavy rain endanger the fertile and fragile landscape of the
Saxon loess province in the European loess belt and other loess deposits worldwide. During cultivation
periods of bare soil surfaces, the silty soils can easily be eroded by water and wind due to their tendency
towards soil surface sealing. Beside the primary impact of soil loss and decreasing soil fertility in the

Geosciences 2018, 8, 427; doi:10.3390/geosciences8110427 www.mdpi.com/journal/geosciences

http://www.mdpi.com/journal/geosciences
http://www.mdpi.com
http://www.mdpi.com/2076-3263/8/11/427?type=check_update&version=1
http://dx.doi.org/10.3390/geosciences8110427
http://www.mdpi.com/journal/geosciences


Geosciences 2018, 8, 427 2 of 21

field, erosion can also cause significant off-site effects. Eroded sediments from agricultural land can
enter downhill located settlements and infrastructure as mud flows and cause damage there.

In late spring 2016, the macro-atmospheric condition called “low-pressure system middle Europe”
dominated weather conditions in Germany [1]. This persistent weather condition was characterized
by repeated and numerous storm events and accompanying heavy rain. They triggered flash floods,
landslides, and mud flows, and caused severe devastation to infrastructure and settlements throughout
Germany [1,2].

In Saxony, a federal state in Germany, the rail service between Germany and the Czech Republic
was disrupted twice due to two mud flows within eight days. On the evening on 23 May and in the
afternoon on 31 May 2016, storm events occurred over the surrounding areas of the long-distance
stretch between Dresden and Prague. As a result of the evening storm event and the triggered mud
flow, a freight train ran into the dirt covering the tracks near the railway station Schmilka-Hirschmühle
and derailed. Fortunately, nobody was injured, but material damage was reported [3]. Eight days later,
the same location was affected by another mud flow due to the afternoon storm and accompanying
heavy rain. The line had to be closed once again [4].

The German Meteorological Service (DWD) defines heavy rain as large amounts of precipitation
per time unit. By definition, it mostly falls from convective clouds, and can lead to rapidly rising
water levels, flooding, and often, to soil erosion [5]. With radar rainfall data, the spatial distribution of
precipitation becomes possible for the first time. These radar-based precipitation data in high spatial
and temporal resolution also help to detect individual storm cells and accompanying heavy rain, as
well as their intensity, size, and location [6].

The effects of heavy rain have been modeled by means of radar-based precipitation data.
Yu et al. [7] and Yu et al. [8] utilized a hydrologic model for runoff generation and flow routing,
as well as for a real-time flood forecasting system for urban catchments. Bronstert et al. [2] investigated
the flash flood of Braunsbach, Baden-Wuerttemberg, which happened during the same persistent
weather condition as the aforementioned mud flows. With the help of radar-based precipitation and
rain gauge data of the DWD, the flash flood was meteorologically and hydrologically analyzed.

This study aims to utilize the radar-based precipitation data of the DWD for soil erosion modeling.
In soil erosion studies, the soil erosion model EROSION 3D (E 3D) is used to predict soil erosion by
water in case of extreme precipitation events. The process- and physically- based model simulates the
sub-processes of soil erosion by water in catchment areas. As a computer-aided and grid-based model,
it is also compatible with Geographic Information Systems (GIS) [9]. Moreover, E 3D has been applied
in numerous catchment areas [10–22]. Recent publications also deal with the generation of erosion risk
maps for Saxony [20,21,23]. Depending on the resolution of the input Digital Terrain Model (DTM),
these maps can be of high resolution.

The overall objective of this interdisciplinary study was to examine the feasibility of mud flow
reconstruction by means of high-resolution radar-based precipitation data, high-resolution physical
erosion modeling, and Structure from Motion (SfM) Photogrammetry. High-resolution, radar-based
precipitation data of the DWD were used to assess the precipitation situation of the two storm events,
which triggered the mud flows. Two different 5-min radar-based precipitation datasets were assessed,
which is more suitable in cases of storm events and accompanying heavy rain. These radar-based
precipitation data were also used as input data for the soil erosion model E 3D to reconstruct and
predict mud flows. Using orthophotos generated from images taken by an Unmanned Aerial Vehicle
(UAV) and by SfM Photogrammetry, the mud flows were qualitatively validated.

2. Materials and Methods

2.1. Study Area

The study area is situated near Reinhardtsdorf-Schöna within Saxony, Germany, in the immediate
vicinity of the Czech border (Figure 1a). It covers an area of almost 1 km2, and is located in the Elbe
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Sandstone Mountains. The mean annual rainfall is around 700 mm, and the mean annual temperature
lies between 7 and 8 ◦C. Furthermore, it is characterized by different land uses: agriculture, meadows,
forests, settlements, infrastructure, and the river Elbe (Figure 1b). Belonging to the soil region of
mountainous and hilly regions with high sandstone amounts, the soil textures of the study area are
comprised of particular clayey silt (maize field) and pure sand (forest). The soil type of the fields is a
loess Luvisol, while that of the forest is classified as a Podzol [24]. Additionally, the forest of the study
area was affected by clear cutting and associated skid trails at that time (Figure 1b).
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2.2. High-Resolution Radar-Based Precipitation Data

2.2.1. Data Description

The term RADOLAN is abbreviated from the German RADar-OnLine-ANeichung, meaning
Radar Online Adjustment. With the RADOLAN procedure, the DWD offers a wide range of real time,
high-resolution, radar-based precipitation products in different temporal resolutions and processing
steps [26]. The procedure combines the advantages of quantitative radar data by the radar network
of the DWD, and terrestrial rain gauge data by the common rain gauge network of the DWD and
the federal states of Germany. Every five minutes, the weather radars record the reflected signals of
rain and snow from higher layers of the atmosphere [27]. With these reflected and recorded signals
of the so-called hydrometeors, the radar reflectivity factor Z can be determined. To determine the
precipitation height, Z is converted into the precipitation intensity R via the so-called Z-R-relationship.
Thus, radar measures the precipitation remotely and indirectly [6]. Though these quantitative radar
data provide the spatial distribution of precipitation, their quality for water management tasks is
unsatisfactory. Therefore, the measurements of fallen precipitation measured at rain gauge stations are
used to adjust the quantitative radar data. During RADOLAN, this adjustment happens operationally
every hour [27].

The RADOLAN products comprise high-resolution radar-based precipitation amounts from
5-min time steps ranging over one hour to 30 days and having a spatial resolution of 1 km2. Before the
hourly adjustment due to rain gauge data, the quantitative 5-min radar data pass through different
processing steps due to influences of the radar signal. The different processing steps are the correction
of orographic attenuation, the application of a variable Z-R-relationship, quantitative compositing
of the 17 weather radar sites in Germany, and additional radar sites of the neighboring countries,
statistical clutter suppression, smoothing, and pre-adjustment [27].

By means of the two quantitative, high-resolution, radar-based precipitation products, RY and
RZ, the overall objective of the present study will be fulfilled. Although these products are unadjusted
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by rain gauge data, these products pass the processing steps correction of orographic attenuation and
application of a variable Z-R-relationship. Furthermore, these products contain quantitative data on
precipitation in mm/5 min, and are available after two minutes [26]. Additionally, RY is quality-tested
by the correction of further radar errors [28]. Both radar-based precipitation products can be applied
for quantitative monitoring and visualization of precipitation and climatologic analysis of rainfall [6].
Thereby, small-scale and short-lived storm events and their quantitative and spatial distribution in
time intervals of five minutes can be observed.

2.2.2. Data Preparation and Analysis

RZ- and RY-products were provided for this study by the DWD. These two and the other
radar-based precipitation products of the DWD are stored in the RADOLAN Binary Data Format.
These data format cannot be easily read by external users without the appropriate software application.
One of these applications is Wradlib. Wradlib is an open source library for weather radar data
processing. It is written in the free programming language, Python. Wradlib assists the user in
the steps of processing radar data. In particular, these can be the reading of common data formats,
converting reflectivity to precipitation intensity, georeferencing, and visualizing the radar data [29].

By means of Wradlib, the two 5-min radar products RZ and RY could be read, prepared, converted
into another format, and finally, exported for subsequent work steps. One of the next steps was
the visualization of the two storm events for the defined area of Saxony, and not for the whole of
Germany. Therefore, a Python script was written which fulfilled this requirement. After converting
the radar-based precipitation data into ASCII format, they could be visualized in the open source GIS
QGIS [30]. Using another Python script, which included the reading of precipitation intensities for
a defined area, these intensities were automatically written to a csv-file. The latter serves not only
as input data for E 3D, but also provides the actual precipitation intensities for analytical purposes.
Therefore, it is possible to assess the intensity of the evening and afternoon storm events in five- and
ten-minute, and one-hour increments (Table 1). Thus, heavy rain is characterized by a precipitation
amount greater than or equal to 10 mm in one hour and 1.7 mm in ten minutes, respectively [5].

Table 1. The classification of the intensity of precipitation per time unit [5].

Intensity mm/5 min 1 mm/10 min mm/h

Light <0.2 <0.5 <2.5
Moderate ≥0.2–<0.8 ≥0.5–<1.7 ≥2.5–<10.0

Heavy ≥0.8–<4.2 ≥1.7–<8.3 ≥10.0–<50.0
Very heavy ≥4.2–<6.7 ≥8.3–<13.3 ≥50.0–<80.0

Extreme ≥6.7 ≥13.3 ≥80.0
1 5-min intensity levels are calculated by adapting the calculation of the DWD [5].

2.2.3. Data Comparison with Rain Gauge Data

RZ and RY were not adjusted with rain gauge data, but were compared with each other.
In addition, radar-based precipitation amounts are quantitative precipitation estimation products,
as they are measured remotely and indirectly.

The nearest rain gauge station to the study area is Lichtenhain-Mittelndorf, and was used for the
comparison. It is a precipitation monitoring station of the DWD and situated in Mittelndorf, a place
near Reinhardtsdorf-Schöna, but on the eastern side of the Elbe river. Data of the rain gauge station
are freely available via the Open Data Server of the DWD [31].
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2.3. High-Resolution Physical Erosion Modeling Using EROSION 3D

2.3.1. Modeling Approach and Components

Schmidt [32] developed the theoretical principles of E 3D. Initially, these principles were
implemented in the model EROSION 2D [10,33], the slope profile version for the prediction of soil
erosion. In the following years, von Werner developed the catchment area version EROSION 3D [34].

Infiltration was modeled using the Green-Ampt approach [35]. The infiltration rate was calculated
with the Darcy equation [10]. A flow path model derived from a DTM was used for the spatial
distribution of the surface runoff [36]. Particle detachment and transport were simulated by the
momentum flux approach by Schmidt [10,32,33]. E 3D is well validated [37–41] and documented [9].

E 3D consists of two main components: the pre-processing and the processing component.
The pre-processing component performs the digital relief analysis with its GIS module in order to
calculate the runoff and its movement in the terrain. The processing component executes the actual
simulation with the sub-processes of soil erosion. The latter are as follows: infiltration of precipitation
(Green-Ampt approach), runoff generation, detachment of soil particles from the ground (momentum
flux approach), particle and associated pollutant transport, as well as deposition, depending on the
transport capacity of the surface runoff and the enrichment of soil particles along the transport path
(Figure 2) [9].
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2.3.2. Input and Output Data

Figure 2 demonstrates the individual program sequences of E 3D and the input and output data
requirements. The input data sets include a DTM for the relief parameter, a digital soil and a digital
land use map for the soil and land use parameter, as well as precipitation data for the meteorological
parameter. The geometric basis for the grid-based E 3D is a square grid having a maximum resolution
of 1 m. Thus, depending on the input DTM, high-resolution erosion risk and deposition maps can be
created [9].

The precipitation data input file requires a resolution of ten minutes or higher. E 3D is not only
able to simulate discrete precipitation events, but also a number of successive events by means of the
long-term simulation module [9].

The soil and land use data set requires additional data and processing steps including a land use
grid, the physical soil properties in form of a table with the corresponding land use IDs of the land use
grid, as well as a lookup table. The lookup table consists of the land use ID and the corresponding soil
parameter data set key of the table [9].

E 3D requires seven soil parameters for the table of the soil and land use data set: (1) bulk
density [kg/m3]; (2) organic carbon [% by weight]; (3) initial soil moisture [% by volume]; (4) hydraulic
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roughness [s/m1/3]; (5) resistance to erosion [N/m2]; (6) cover [%], and (7) soil texture [% by weight] [9].
Furthermore, E 3D offers an additional factor, the so-called skinfactor [–], to correct the infiltration
ability [10]. Cultivation related effects on infiltration, surface runoff, and particle detachment are
considered by the parameters skinfactor, resistance to erosion, and hydraulic roughness.

An extensive data basis for the parameterization of the soil parameter table was created
by 116 rainfall simulations on erosion-prone slopes during the “soil erosion measurement
program for Saxony” [37–41], which is documented in the parameter catalogue of Saxony [43].
Here, the corresponding soil parameter can be determined depending on the land use, type of use,
cultivation, and soil texture. Additionally, this data basis is included in the data base of 726 rainfall
simulation experiments for surface runoff from arable land, which is freely available [44]. Furthermore,
a software for the automated parameterization of the soil parameters exists, which is called DPROC,
and uses the data of the parameter catalogue. With current Digital Landscape Models (DLMs), it is
possible to automatically assign the soil parameters of a given landscape extract via the DPROC [45,46].

2.3.3. Model Parameterization

This study utilizes a DTM with a resolution of 2 m [47] for the generation of the relief data
set. The radar-based precipitation intensities of the RZ- and RY-products in mm/5 min and with a
precipitation duration of 3 h serve as meteorological input data for E 3D. Thereby, one RADOLAN-grid
cell with an area of 1 km2 represents the precipitation intensity on the study area.

The land use grid of this study was generated by the union and raster converting of the digital
soil map 1:50,000 [24], and the digitalized land use by means of the WMS digital orthophotos RGB [48]
in ArcGIS [49]. The DPROC was not used due to the missing current DLM.

The relevant soil parameters were determined according to the parameter catalogue. Thereby,
soil parameters of missing anthropogenic land uses like roads and settlements were adapted following
Arévalo [50].

At the time in which the mud flows happened, the forest was affected by clear cutting and
associated skid trails (Figure 1b). Usually, the soil parameters of a forest on a pure, sandy soil would
be parameterized as follows (Table 2):

Table 2. The parameterization of an undisturbed forest.

Land
Use

Bulk
Density

Organic
Carbon Skinfactor Initial

Moisture
Hydraulic
Roughness

Erosion
Resistance Cover Soil

Texture

Forest 1000 0.9 8 METVER 1 0.9 0.1 100 Pure
sand

1 see Section 2.3.5.

By the inspection of the study area, it became obvious that the pure sandy soil was riddled with
pebbles and stones. Therefore, the bulk density was increased to 1400 kg/m3 (Table 3). The parameter
catalogue did not comprise soil parameters for clear cuttings and skid trails. Following Zemke [51],
who investigated runoff and soil erosion on forest roads, the bulk densities of these areas were
increased, and their hydraulic roughnesses decreased (Table 3). The complete parameterization of the
physical soil properties of the study area is available in the Supplementary Materials.

Table 3. The parameterization of a disturbed forest.

Land Use Bulk
Density

Organic
Carbon Skinfactor Initial

Moisture
Hydraulic
Roughness

Erosion
Resistance Cover Soil

Texture

Forest 1400 0.9 8 METVER 1 0.9 0.1 100 Pure sand
Skid trail 1800 0.9 0.01 METVER 1 0.02 0.001 0 Pure sand

Clear cutting 1700 0.9 0.1 METVER 1 0.1 0.02 20 Pure sand
1 see Section 2.3.5.
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2.3.4. Derivation of Land Cover from NDVI Products of Land Viewer

The NDVI product of the Land Viewer [52] was used to derive the land cover for the E 3D soil
parameter ‘cover’. It was used to identify sparsely-vegetated fields with bare soil surfaces, which are
prone to soil erosion.

NDVI is the Normalized Difference Vegetation Index, and is calculated using the Red band (with
its information about chlorophyll absorption) and the Near Infrared band (with its relatively high
reflectance of vegetation) of a satellite scene. As a result, an image is created revealing the relative
biomass. The NDVI is not only used to map desert encroachment and to monitor drought, but also to
monitor agricultural production [52].

Land Viewer is a web interface for satellite imagery of the company EOS. The user has free access
to remote sensing imagery of the satellites Landsat 7, Landsat 8, Sentinel-2, Sentinel-1, and other remote
sensing data. The images are readily available and processed on-the-fly, as well as in real-time [52].

Figure 3 contains the NDVI for the study area on 29 May 2016 that was acquired from Sentinel-2.
With a bright green color indicating a NDVI of 0.25, it reveals a sparsely vegetated maize field. The
light green and cauliflower-like structure over the maize field, the dark green forest, and the white
Elbe are clouds. Consequently, the E 3D soil parameter ‘cover’ can be estimated at 15%.
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2.3.5. Soil Moisture Modeling Using METVER

Modeling soil moisture is required since it is subject to temporal and spatial fluctuations due to
weather and soil conditions [53]. This study utilizes METVER to simulate the E 3D soil parameter ‘initial
soil moisture’ using the mean value of the soil moisture of the nearest three weather stations around
Reinhardtsdorf-Schöna (Lichtenhain-Mittelndorf, Dresden-Hosterwitz and Dippoldiswalde-Reinberg).
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METVER is a water balance model for use in agricultural landscapes, and predicts daily soil
moisture. It has been developed by Müller and Müller [54–56], and is used and updated by the DWD.
METVER is based on the determination of real and potential evapotranspiration by the method of
Turc [57] and its modification after Wendling et al. [58]. As the soil moisture depends on land use,
soil texture, and type of use, it requires several parameters. The meteorological data for sunshine
duration, precipitation, and daily mean temperature, and the soil data for soil texture, soil capacity,
and permanent wilting point, as well as land use are used to model the soil moisture [59,60].

2.3.6. Comparison of Model Results with Undisturbed Forest Model Results

As the parameterization of anthropogenic land use, such as clear cutting and skid trails, requires
a comprehensible adaption of all soil parameters, and taking into account the fact that forest was
disturbed at that time, it is useful to compare the model results including clear cutting with undisturbed
forest model results.

2.4. UAV Monitoring

For this study, E 3D was validated qualitatively by comparing UAV orthophotos to high-resolution,
simulated erosion and deposition patterns and source areas. The UAV flight was performed on 1 June
2016 with the two mud flows in advance. Thereby, the last mud flow happens one day behind.

2.4.1. UAV and Digital Camera

The study area was mapped with the UAV ‘Phantom 2′ (quadrocopter) from DJI Innovations
(Shenzhen, China). The UAV is equipped with a ‘PowerShot S100′ from Canon (Tokyo, Japan) with
image stabilization, allowing it to maintain the stability and quality while acquiring photos. About 700
overlapping images were utilized to guarantee the cover of the sediment source and deposition areas,
as well as the erosion patterns.

2.4.2. SfM Photogrammetry

The resulting overlapping images were processed with SfM Photogrammetry and multi-view
dense matching methods in Agisoft PhotoScan [61], resulting in a dense point cloud. In a further
work step, an orthophoto was generated from the dense point cloud, representing eroded parts of the
study area.

Small data gaps in the orthophoto are due to missing images which occur because of the rapidly
changing relief in the slope area and associated challenge of flying over the trees.

3. Results

3.1. High-Resolution Radar Precipitation Data

RZ and RY products were analyzed concerning their precipitation intensity and spatial
distribution for the two storm events on 23 May 2016 and on 31 May 2016. Each product will be
described and then compared and discussed later. The obviously lower amount of precipitation and
intensity of the RY-product will be discussed later.

3.1.1. The RZ-Product

The selected storm events were categorized according to their precipitation intensity (Table 1).
Figure 4 illustrates the distribution of selected storm events for the RZ-product in 5-min time steps.

A moderate precipitation intensity began on 23 May 2016 at 6:20 p.m. and was characterized by
heavy intensity at 6:40 p.m., culminating in an extreme value of 12.6 mm/5 min at 7:20 p.m. (Figure 4a).
Subsequently, precipitation declined to heavy and moderate intensities before another heavy event
at 8:00 p.m. Within one hour, 33 mm of rain had fallen, from which 16.6 mm fell within ten minutes.
Consequently, this storm event was categorized as a heavy rain event, which was characterized by a
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precipitation amount of more than 10 mm in one hour. Regarding its intensity of 16.6 mm within ten
minutes, the storm event contained extreme amounts of precipitation.
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Figure 4b illustrates a different rainfall situation for the RZ-product on 31 May 2016. Between 1:30
and 2:00 p.m. a small precipitation cell passed Reinhardtsdorf-Schöna with a precipitation amount of
11.7 mm resulting in a heavy intensity. Then, 15 min later, another storm cell passed the same area with
higher amounts of precipitation and intensity, where 54.2 mm of rain fell within one hour and 14.7 mm
within ten minutes. This corresponded to a high intensity event over one hour, and an extreme event
over ten minutes.

Figure 5 contains a part of the storm event on 23 May 2016 from 7:10 p.m. to 7:25 p.m. One of
the precipitation cells of the northwestward-moving thunderstorm passed the study area. The most
intense 15 min of the thunderstorm are mapped showing, very heavy and extreme intensity.
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The heavy and very heavy storm events of 31 May 2016 developed over the Elbe Sandstone
Mountains and moved westward in the early afternoon [1]. Figure 6 demonstrates the route and
the most intensive 15 min of the selected storm event. The northwestward-moving storm event was
much smaller than the thunderstorm on 23 May 2016, but with longer lasting, very heavy to extreme
precipitation intensities.
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3.1.2. The RY-Product

The RY-product on 23 May 2016 (Figure 7a) yielded precipitation amounts of 13.9 mm over one
hour, from which 9.2 mm fell within ten minutes and was classified as a heavy rain event. Moreover,
this storm event exceeded the very heavy threshold of 8.3 mm/10 min. In addition, the value of
7.8 mm/5 min at 7:20 p.m. exceeded the limit for classification as extreme precipitation intensity.
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The pre-event on 31 May 2016 lasted from 1:35 to 1:55 p.m. and resulted in a precipitation amount
of 1.6 mm (Figure 7b). Another precipitation cell passed the same area with higher amounts 20 min
later. In this second event, 23.8 mm fell within one hour and 9.0 mm within ten minutes, respectively.
Considering the amount of precipitation falling within one hour, the event was characterized as heavy
rain. In its most intensive ten minutes, it achieved the intensity of a very heavy rain event.

As shown in Figure 8, the northwestward-moving thunderstorm cell of the 23 May 2016 evening
storm was small-scale and short-lived, and heavy to extreme in its intensity.
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Figure 9 contains the most intense 15 min of the afternoon storm on 31 May 2016. The second
event started with heavy intensities, before the storm event culminated in a very heavy intensity at
2:30 p.m (5.4 mm/5 min). Then, the precipitation intensity declined to heavy rain.
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3.1.3. Data Comparison with Rain Gauge Data

By comparing radar precipitation data (Figures 4 and 7) with rain gauge data, it became
obvious that the storm events began later at the rain gauge station (Figure 10). On the one hand,
the thunderstorm cells approached Lichtenhain-Mittelndorf later on both days. On the other hand,
the maximum value of the storm event at Lichtenhain-Mittelndorf was indicated earlier in the radar
precipitation data than at the rain gauge station. The RZ- and RY-products demonstrate the maximum
value at Lichtenhain-Mittelndorf on 23 May 2016 at 7:30 and on 31 May 2016 at 2:45 p.m. There was a
time difference of 10 to 20 min between radar and rain gauge data (Figures 4 and 7). This time shifting
will be discussed later. In addition, the pre-event on 31 May 2016 was missing in the rain gauge data
because this little heavy thunderstorm cell did not reach Lichtenhain-Mittelndorf.
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By comparing the precipitation intensities of the rainfall data (Table 4), rain gauge data are more
similar to the RZ-product on 23 May 2016. The second storm event on 31 May 2016 contained nearly
the same values between the RZ-product and rain gauge data for the 10-min precipitation intensities,
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but not for the hourly intensity. By looking at the precipitation situation, the difference between the
hourly intensities becomes comprehensible. The thunderstorm passed Lichtenhain-Mittelndorf faster
than it did the study area. This, in turn, led to lower precipitation amounts in one hour at the rain
gauge station. But the precipitation intensities of the most intensive ten minutes remained the same
for both locations. As a result, the RZ-product should provide more reliable precipitation data in case
of a storm event.

Table 4. Comparison of the radar-based precipitation with rain gauge data.

Intensity mm/h mm/10 min

RZ 23 May 2016 33.3 16.6
RY 23 May 2016 13.8 9.2

Rain gauge 23 May 2016 35.5 20.2
RZ 31 May 2016 54.2 14.7
RY 31 May 2016 23.8 9.0

Rain gauge 31 May 2016 30.7 15.6

3.2. High-Resolution Physical Erosion Modeling Using EROSION 3D

3.2.1. Soil Erosion Modeling for 23 May 2016

Figure 11 illustrates the erosion risk map as sediment budget maps of the study area created by
the soil erosion model E 3D for RY- and RZ-products on 23 May 2016. On the underlying land use,
yellow to red colors indicate loss, and light green to dark green colors indicate deposition of the soil
particles. Most of the soil erosion for the RY-product occurred on skid trails and the clear cutting area.
Only a very small part reaches the railway line in the valley. The modeled soil deposition amounts to
65.6 kg/m2. Besides the areas south of the maize field and the little erosion alongside the road in the
middle of the picture, no further erosion occurred (Figure 11a).
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Results are different using the RZ-product (Figure 11b). Following the bottom contour lines
of the relief on the maize field and forming erosion rills (Figure 1c), soil particles were eroded and
transported due to the higher precipitation amount of the RZ-product. They passed the small forest in
the middle of the study area and the narrow meadow strip in front of the large forest. Downgradient
eroded sediments entered the forest and followed the skid trails and the surrounding clear cutting
areas. Besides the southeast skid trail, the particle loaded water sought its own way by passing the
bottom contour line of the slope and eroding particles and gravel from the shallow soils of the forest.
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These evolved erosion rills are visible on the erosion risk map. Part of the sediment load was deposited
at the margin of the bottom contour line. As the remaining load reached the railway line, it partly
deposited over a distance of 160 m between the two skid trails, amounting to 386.0 kg/m2.

Figure 11b reveals another soil particle deposit on the railway line, at the end of the northeast skid
trail to the northwest. At this point, a culvert drains excessive water. However, E 3D cannot model
culverts, and consequently, the model incorrectly resulted in deposition on the railway line. Finally,
E 3D models another soil deposit on the meadows behind the railway line in the direction of the Elbe.
This fact will be described later.

3.2.2. Soil Erosion Modeling for 31 May 2016

Soil erosion occurred to a much greater extent for the RY-Product on 31 May 2016 (Figure 12a)
than on 23 May 2016. Almost the complete maize field was affected by erosion. Eroded soil particles
were deposited as a linear feature on the meadow in front of the forest and in the clear cutting area.
63.8 kg/m2 soil were deposited on the railway line, approximately the same amount as on 23 May 2016.
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The RZ-product for 31 May 2016 shows the heaviest soil erosion and deposition patterns and
amounts due to more than two times the precipitation amount (54.2 mm/h) of the RY-product
(23.8 mm/h) (Figure 12b). Additionally, the RZ precipitation amount was more than one and a half
times higher than that of 23 May 2016 (33.3 mm/h). Furthermore, the RZ model results demonstrated
the same reproduction of the erosion rills on the maize field and in the clear cutting areas as for the
other simulated cases.

The deposition on the railway tracks amounted to 757.4 kg/m2. On the railway tracks themselves,
another soil erosion event occurred in the model results. Due to the fact that with higher resolution
of the DTM, the whole runoff is only routed over one grid cell, the excess sediment laden water can
erode again. Afterward, it deposited on the meadows in the direction of the Elbe.

3.2.3. Comparison of Model Results with Undisturbed Forest Model Results

Figure 13 illustrates the model results for all storm events and radar-based precipitation data for
an undisturbed forest. Almost all erosion maps show the known soil erosion and deposition patterns
for the maize field, but no notable erosion in the forest. Eroded soil particles were deposited on the
meadow and in the forest.

However, Figure 13d revealed another situation. A portion of the runoff passed the bottom
contour line of the slope and deposited 381.0 kg/m2 on the railway line. That is nearly half the amount
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of the disturbed forest for the same precipitation amount on the same day. As a result, this model
result indicated that the mud flow would have happened even in case of an undisturbed forest.
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3.3. UAV Monitoring

Figure 14 demonstrates the high-resolution simulated erosion and deposition patterns and source
areas for the RZ-product on 31 May 2016 in comparison to the corresponding orthophoto.

The SfM generated orthophoto matches the main flow routes of sediment laden water on the
maize field, through the small forest, the meadow, and in the forest. Moreover, the sediment source
areas are visible and identifiable. Consequently, E 3D results could be satisfactorily validated in their
spatial context.
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orthophoto of the study site after the mud flows had occurred.

4. Discussion

The analysis and visualization of the radar-based precipitation data for the evening storm on
23 May 2016 and the afternoon storm on 31 May 2016 revealed lower amounts of precipitation
and intensities for the RY-product. Differences with the RZ-product were due to the quality test
of the RY-product. However, by comparing radar-based precipitation data with rain gauge data,
the RZ-product appeared to provide more reliable data in cases of storm events. As discussed in [6],
the RZ-product provides plausible data, especially in cases of high amounts of precipitation. However,
little to moderate precipitation are overestimated by RZ. Therefore, it is particularly suited for the
analysis of extreme precipitation events. In contrast, RY is of high quality in cases of little-to-moderate
precipitation. According to [62], who compared rain gauge with both 5-min radar-based precipitation
data, the quality tested RY underestimated heavy rain events to a greater extent than RZ. The same
publication and Einfalt and Frerk [63], as well as Peters [64], emphasized that there is a time shift
between radar and rain gauge data. Radar detects the precipitation significantly earlier than the rain
gauge station. Namely, this time shift is a result of different measurement heights, with the rain
gauge stations being on the ground and radar aloft above ground. Therefore, the heavy rain with its
consequent mud flows must have happened on 23 May around 8 p.m. and on 31 May 2016 between
2:30 and 3 p.m., as was reported for 23 May 2016 [65].

The lower precipitation amounts of the RY-product led to soil erosion almost solely in the clear
cutting area on 23 May 2016. The modeled soil erosion and deposition patterns and amounts for the
RZ- (23 and 31 May) and RY-products (31 May) result from higher precipitation amounts and modeled
soil moisture, but differ in their intensity. After exceeding a threshold value, with increasing initial soil
moisture, the soil loss increases [10].

The erosion patterns on the maize field, through the small forest, the meadow, and in the disturbed
forest were reconstructed with a DTM of 2 m. However, only after adapting the soil parameters of the
railway line, the clear cutting area, and the skid trails, the soil erosion in the forest and its deposition
on the railway line could be achieved. Here, their bulk densities were increased and their hydraulic
roughnesses were decreased. Model results indicate soil deposition on the railway between the two
skid trails over a length of 160 m. In reality, the deposition was longer, up to 260 m, between the
railway station and the culvert [66]. Model results with the RZ-product on 31 May 2016 indicate that a
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mud flow would have happened even without the parameterized clear cutting. Finally, soil erosion
model results were qualitatively validated by SfM-generated orthophotos.

5. Conclusions

The modeled RZ erosion risk maps for 23 and 31 May 2016 appear to be the most representative,
especially as is evidenced in the orthophoto. The distribution of the sediment deposition on the
railway line was less than actual measurements, but mostly fit with reality. The erosion risk map
for 31 May 2016 indicated that a mud flow would have happened even without clear cutting.
Consequently, the reconstruction of mud flows by means of high-resolution real-time radar-based
precipitation data, high-resolution physical erosion modeling, and SfM Photogrammetry is possible.
Therefore, the simulated erosion risk maps can aid in making predictions of soil erosion. Hence,
the development of an early warning system for soil erosion in agricultural lands by means of E 3D
and high-resolution, radar-based precipitation forecasting data seems possible. As these radar-based
precipitation forecasting data could be available up to two hours in advance, a warning is possible.

As early warning systems need an automated process chain with current data, future work should
first focus on the acquisition of an actual data base like DTMs or DLMs. Furthermore, the DPROC
for the automated assignment of the soil parameters has to be updated. Further research should also
tackle the automated derivation of land use with the NDVI to determine the E 3D soil parameter
‘cover’. Finally, before the development of interfaces, other possible soil moisture models should be
tested for the determination of the sensitive soil parameter ‘initial soil moisture’.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/8/11/427/s1,
Table S1: Parameterization of the study area.
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