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Abstract
Erosion is an ongoing environmental problem that leads to soil loss and damages ecosystems downstream of agriculture. 
Increasingly frequent heavy precipitation causes single erosion events with potentially high erosion rates owing to gully 
erosion. In this study, analyses of croplands affected by heavy precipitation and linear erosion indicate that erosion occurs 
only on sparsely vegetated fields with land cover ≤ 25% and that slope gradient and length are significant factors for the 
occurrence of linear erosion tracks. Existing erosion models are not calibrated to the conditions of heavy precipitation and 
linear erosion, namely high precipitation intensities and long and steep croplands. In this study, natural linear erosion was 
analyzed using an unmanned aerial vehicle and erosion volumes were determined for 32 rills and gullies of different sizes. 
Comparisons with the RUSLE2 and EROSION-3D model values showed an underestimation of linear erosion in both models. 
Therefore, calibration data for erosion models used for heavy precipitation conditions must be adapted. The data obtained 
in this study meet the required criteria.
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Introduction

Terrestrial ecosystems and especially soils are the funda-
mental basis for life on earth and are a resource for high-
priority protection. However, the continuous increase in the 
world population has led to the intensified use of soil for 
arable land and, consequently, competition for use between 
food, fodder, and energy production or nature preservation. 
The process that damages soil is erosion. The Intergovern-
mental Panel on Climate Change (IPCC) Special Report 
(2021) indicated that erosion is a significant factor in land 
degradation and desertification. In this study, water-induced 
soil erosion in conjunction with heavy precipitation was 
investigated.

Previously, erosion models were developed to forecast 
soil losses. Existing soil erosion models can be divided into 
empirical, conceptual, and process-oriented or physically 

based models, developed for different central issues, depend-
ing on the nature and characteristics of the model and the 
intended application (Andualem et al. 2023). Models such 
as the well-known Universal Soil Loss Equation (USLE) 
(Wischmeier and Smith 1978) are useful for simulating long-
term erosion, whereas the Water Erosion Prediction Project 
(WEPP) (Laflen et al. 1991) and the European Soil Erosion 
Model (EUROSEM) (Morgan et al. 1998) are suitable for 
single events. Simple empirical models, such as the USLE, 
have a small number of input parameters that are relatively 
easy to obtain. This contrasts with models such as EURO-
SEM, which are based on a large amount of input informa-
tion. However, data acquisition is difficult. Detailed lists of 
existing erosion models for different aims have been pro-
vided in review articles (e.g., Andualem et al. 2023; Borelli 
et al. 2021; Michael 2000).

Thus far, many of the existing erosion models have been 
based on experimental studies to calculate the erosion quan-
tity. Two main types of erosion can be distinguished: sheet 
and linear erosion. Sheet erosion occurs over the entire sur-
face of arable land, where the soil is evenly eroded as thin 
sheets. Linear erosion is characterized by linear shapes, such 
as grooves (rills) or deeper and wider gullies. These shapes 
are formed by the friction of water in the resulting flow 
paths. To detect sheet erosion, time series were observed 
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by Cândido et al. (2020) and Pineux et al. (2017), whereas 
Eltner et al. (2015) and Kou et al. (2020) recorded multi-
temporal soil surface changes. Linear erosion can be iden-
tified visually (as opposed to sheet erosion) and has been 
investigated using different indirect methods, such as spe-
cifically designed kites (Giménez et al. 2009), fixed-wing 
aircraft (D’Oleire-Oltmanns et al. 2012; Peter et al. 2014), 
and quadrocopters (Di Stefano et al. 2019). Some studies 
have conducted laboratory erosion experiments at the plot 
scale (Aksoy et al. 2013; Di Stefano et al. 2017; Tackmann 
2010), whereas others have conducted field investigations 
(Bruno et al. 2008; Carollo et al. 2015; Wirtz et al. 2010, 
2012). Furthermore, studies have investigated the erosion 
caused by natural rainfall (Bruno et al. 2008; Carollo et al. 
2015), rainfall simulators (Aksoy et al. 2013; Polyakov et al. 
2018; Römkens et al. 2001; Zhang et al. 2021), and over-
land flow (Di Stefano et al. 2017). In addition to the mere 
recording of erosion, post-processing the detection of ero-
sion shapes and assessing erosion volumes are important 
steps in producing useful data for erosion model calibration 
and validation. In terms of detecting the spatial extent of ero-
sion rills, Malinowski et al. (2022) developed an automatic 
recognition and mapping of erosion rills at the field scale. 
In terms of volumetric assessments, previous studies have 
dealt with the reconstruction of the original surface (pre-ero-
sion). D’Oleire-Oltmanns et al. (2012) and Peter et al. (2014) 
derived a 3D polygon from rill edges, whereas Báčová et al. 
(2019) presented an algorithm and Python implementation 
for automatic volume calculations in a geo-information sys-
tem (GIS). In recent decades, several studies have focused 
on the continuous development and forecasting of erosion 
(Boardman and Favis-Mortlock 1998; Borelli et al. 2021; 
Bryan 1990; Morgan and Nearing 2011).

However, a large portion of the total eroded material is 
affected by a few heavy precipitation events (Parkin et al. 
2008), causing damage also downstream the eroded field. 
These extreme events are expected to increase in frequency 
and intensity owing to climate change (IPCC 2021). Heavy 
precipitation often leads to linear erosion, such as rills and 
gullies. Several studies have investigated the quantity and 
spread of erosion and sedimentation in test plots using 
rainfall simulators (Aksoy et al. 2013; Polyakov et al. 
2018; Römkens et al. 2001; Zhang et al. 2021). However, 
laboratory and in-situ test plots are often limited in size. 
Linear erosion requires space to develop from precipita-
tion-induced overland flow. The decision for model usabil-
ity is based on the data used for calibrating the erosion 
quantity (Malinowski et al. 2022; Pineux et al. 2017). Data 
for the USLE model contains test plots in various sizes, 
slopes and cropping which are compared with the unit plot 
that is 22.1 m in length, 1.87 m in width, and has a 9% 
gradient (Carollo et al. 2024; Schwertmann et al. 1987; 
Wischmeier and Smith 1978). In the EROSION-3D (E3D) 

model, the test plots were 0.64 × 0.24 m for experiments to 
derive the erosion quantity (Schmidt 1984, 1988) and 22 m 
long and 2 m or 4 m wide (USLE unit plots) for experi-
ments to derive erosion resistance and correction factors 
(Michael et al. 1996; Michael 2000). Besides including 
linear erosion conditions, the precipitation and discharge 
that leads to specific erosion forms are important factors. 
In existing calibration data, precipitation intensity often 
does not correspond to heavy precipitation events [inten-
sity ≥ 15 mm/h (DWA n.d.)] or are sometimes neglected in 
erosion meta data. Investigations of the USLE, for exam-
ple, include various events in different years (Schwert-
mann et al. 1987; Wischmeier and Smith 1978), whereas 
E3D uses erosion quantities based on experiments with 
rainfall simulators with intensities up to 54 mm/h (Michael 
2000; Schmidt 1988).

This study focused on linear erosion based on single 
heavy precipitation events at the hillslope scale. For crop-
lands affected by heavy precipitation, framework condi-
tions were analyzed to determine the significant factors 
for the occurrence of linear erosion. When linear erosion 
occurred, the surface structures were collected at the 
hillslope scale using an unmanned aerial vehicle (UAV) 
and manual field measurements, and the erosion volumes 
of the rills were quantified. The erosion quantities of 
these natural events were determined and compared with 
results obtained using existing erosion models. As the 
data requirement for the USLE family models is afford-
able and the models are one of the most commonly used 
erosion models (Borelli et al. 2021), the RUSLE2 model 
that is applicable for single days was used for comparison. 
In addition, E3D was selected for comparison because of 
the possibility of simulating single precipitation events 
and erosion quantity data based on heavy precipitation 
intensity.

Materials and methods

Measurements of eroded croplands are important for 
addressing the overarching objective of using erosion quan-
tities from natural events for model calibration. To achieve 
this objective, several steps are necessary: (a) localization of 
erosion due to local heavy precipitation events, (b) on-site 
recording of erosion, (c) photogrammetric analysis of ero-
sion to generate a digital elevation model (DEM) of arable 
land, and (d) analysis of the DEM as a basis for quantify-
ing erosion and delineating the spatial distribution of ero-
sion tracks. For three years, heavy precipitation events that 
occurred in Saarland, Germany (federal state with 2500 km2) 
and neighboring states, were investigated with respect to the 
occurrence and extent of erosion.
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Localization of erosion

The measurement of erosion due to natural precipitation 
(compared with rainfall simulators) requires the localization 
of heavy precipitation events. The German Meteorological 
Service (Deutscher Wetterdienst, DWD) defines precipita-
tion as having at least 15 mm/h intensity as heavy precipita-
tion. A challenge in this localization is the local limitation 
and occurrence of extreme events. One method of delimit-
ing potential areas is to use radar data. The RY-RADOLAN 
data from the DWD show precipitation intensities and have 
a temporal resolution of 5 min and a spatial resolution of 
1 km2 (DWD 2004, 2017). These data are provided online 
shortly after their occurrence. To display precipitation inten-
sities, the Flood Early Warning System (FEWS) software 
(Deltares, Delft, The Netherlands) (Deltares n.d.) was used 
in this study. The areas affected by heavy precipitation were 
categorized based on land usage. A pre-selection of areas 
that are agriculturally used and affected by heavy precipita-
tion has thus already been made. All these arable land areas 
were inspected on-site for erosion one to two days after the 
event. The croplands were identified and visually inspected 
for signs of erosion (gullies, rills, sedimentation tracks). A 
total of 456 croplands affected by heavy precipitation were 
examined for erosion. For these fields, framework condi-
tions (erosion type, land cover, amount of precipitation, 
slope length and gradient) were collected on-site and/or by 
analyzed geodata.

Linear erosion measurements

When linear erosion occurred, the cropland areas were 
recorded using a UAV. The approach of using UAVs for 
erosion recording was suggested by the German Association 
for Water, Wastewater, and Waste (DWA) (DWA 2020) and 
has been performed in previous studies (see Introduction). 
In this study, croplands with linear erosion were investi-
gated using the DJI Phantom 4 RTK (real-time kinematic) 
(P4RTK) UAV. Preliminary tests were conducted using the 
UAV to investigate accuracy. Comparisons of P4RTK with 
manual measurements using a measuring stick at linear ero-
sion tracks show good correspondence for the rill width, 
with an Root Mean Square Error (RMSE) of 10.7 cm for rills 
that were up to 350 cm wide. For the rill depth, the erosion 
tracks in the UAV measurements were underestimated. Here, 
the RMSE was 2.11 cm for rills up to 20 cm. For the follow-
ing study, errors in this range of values must be considered.

Aerial surveys were conducted one or two days after 
heavy precipitation events at the hillslope scale. Photographs 
taken by the UAV were aligned, and a dense point cloud 
was built before generating a DEM (hereinafter referred 
to as rill DEM) and an orthoimage with the structure from 
motion technique using the Agisoft Metashape Professional 

software (Agisoft LLC, St. Petersburg, Russia) (Agisoft LLC 
n.d.). All UAV- and event-related information is listed in 
Table 1.

In addition, two undisturbed soil samples were taken in 
from each field at the day of the aerial survey using pre-
defined cylinders. These soil samples were examined in 
laboratory tests in accordance with DIN 18125–2 (2020) 
to determine the bulk density of the croplands. Besides, 
a few months after the event, 5 disturbed soil samples per 
field were taken from the upper soil layer (0–20 cm). These 
samples were analyzed regarding particle size distribu-
tion using sieve and sedimentation analyses (DIN EN ISO 
17892-4:2017-04 2017b). The soil types were derived from 
these results.

Analysis of erosion quantity

By recording the surface of fields affected by erosion, high-
quality data were available for reporting the conditions after 
the erosion event. However, heavy precipitation occurs in 
limited areas and has short forecasting times. Consequently, 
prior measurements of the erosion areas and data on the situ-
ation before an erosion event are usually not available due to 
the research approach. A pre-erosion dataset similar to the 
original surface must be available to calculate the groove 
width, depth, and erosion quantity. One possible dataset is a 
DEM with a spatial resolution of 1 × 1 m, which is available 
from regional authorities. However, the accuracy of ± 20 cm, 
stated by the regional authority (LVGL 2019), is higher 
than most of the recorded rill depths, and the resolution of 
1 m is much higher than most of the recorded rill widths. 
Another possibility is to create a pre-erosion dataset from 
the recorded high-resolution rill DEM data. In this study, a 
pre-erosion dataset was created using the volumetric loss 
measurement technique, which is a modified approach pro-
posed by Peter et al. (2014). Erosion tracks were identified 
using the following steps. The rill DEM was converted to a 
mesh, which was modified with the Surface-water Modeling 
System (SMS) (Aquaveo LLC, Provo, UT, United States) 
(Aquaveo n.d.). In this mesh, all points in the erosion area 
were deleted to generate a surface unaffected by erosion. The 
orthoimage and superelevation of the mesh helped identify 
the affected and unaffected field parts. Thereafter, the gap in 
the mesh was retriangulated with the SMS workflow “mesh 
node triangulation.” In this workflow, triangular elements 
were generated between the boundary nodes (Aquaveo n.d.). 
Subsequently, the mesh was converted into a raster. The final 
product was a DEM with smoothed erosion areas, called a 
pre-erosion DEM. Figure 1a shows an example of a rill area 
in Field 6. Figure 1b and c show one rill in the rill DEM and 
smoothed pre-erosion DEM, respectively. The differences 
between the rill and pre-erosion DEM were determined 
using a raster calculator (DEMs of difference). This process 
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provided the groove depth at each grid point. Positive and 
negative values distinguished between erosion and sedimen-
tation. The product of the erosion depth and raster resolution 
was the erosion volume.

A limitation of this approach is the assumption that the 
recorded heavy precipitation event is the only event that led 
to erosion between sowing and the UAV survey.

Erosion models

For the comparison of the calculated natural erosion data 
of this study with existing models, the detachment share 
of the empirical model RUSLE2 was used as well as the 
more physically based model E3D (GeoGnostics, Berlin, 
Germany) (GeoGnostics n.d.).

The RUSLE2 calculates the rill and interrill (sheet) 
erosion based on five basic factors of the USLE that are 
assumed for the day of the event: rainfall erosivity factor 
R, soil erodibility factor K, topographic factors (slope gra-
dient S and length L), crop cover and management factor 
C, and protection factor P (Wischmeier and Smith 1978). 
In this study, rainfall erosivity factor R was derived from 
YW-RADKLIM radar data provided by the German Mete-
orological Service (DWD) for a specific event (Winterrath 
et al. 2018). These data have spatial and temporal resolu-
tions of 1 × 1 km2 and 5 min, respectively and show quasi 
gauge-adjusted five-minute precipitation rates in Germany. 
For the calculation of the RUSLE2, the R factor was cal-
culated using the EI30 index, the product of the kinetic 
energy, E, and the maximum precipitation intensity over 
30 min, I30 (DIN 19708 2017a). Here, E is the sum of all 
periods with a constant intensity. The soil erodibility (K 
factor) was derived from the soil type. The soil types of the 
soil samples taken in this study, were compared with the 
soil types of a soil map [scale: 1:5000 (LVGL n.d.)]. The 
derived K factors were the same for 50% of the samples 
and differed by 0.05 for the other half of the soil samples. 
As soil analyses were not carried out for all fields, the 
soil type from the map was used to derive the K factor for 
reasons of comparability. Both the R and K factors are cal-
culated according to the equations of DIN 19708 (2017a), 
as these are suitable for German conditions. The L and S 
factor were calculated according to the User’s Reference 
Guide of the RUSLE2 (USDA 2008). Here, the ratio of 
rill and interrill erosion β was considered by using the 
slope and land cover that were determined and analyzed 
in the Localization of erosion section. The ration of rill 
and interrill erodibility Kr/Ki and the rill to interrill ration 
for prior land use cpr/cpi were derived from the science 
documentation of the RUSLE2 (USDA 2013). As not all 
information were available for the latter parameters, worst 
case parameters were used. As the fields show, in general, Ta

bl
e 

1  
In

fo
rm

at
io

n 
on

 in
ve

sti
ga

te
d 

ar
ea

s a
nd

 fl
ig

ht
 m

et
ric

s f
or

 F
ie

ld
s 1

–9

Fi
el

d
U

AV
 m

od
e

D
EM

 e
xt

en
t [

ha
]

Fl
ig

ht
 d

at
e

Fl
ig

ht
 

he
ig

ht
 

[m
]

N
um

be
r o

f 
pi

ct
ur

es
O

ve
rla

pp
in

g 
[%

]
Sp

ee
d 

[m
/s

]
O

bt
ai

ne
d 

re
so

-
lu

tio
n 

[c
m

/p
x]

Pr
ec

ip
ita

-
tio

n 
in

te
ns

ity
 

[m
m

/h
]

G
eo

gr
ap

hi
ca

l p
os

iti
on

 (L
on

/L
at

)

H
or

iz
on

ta
l

Ve
rti

ca
l

1
2D

8.
29

21
 M

ay
, 2

02
2

40
49

7
70

80
3.

1
2.

7
51

.8
1

7.
28

74
92

 /4
9.

23
50

52
2

2D
8.

24
23

 Ju
ne

, 2
02

1
50

23
0

70
80

3.
9

3.
2

19
.1

7.
25

15
85

 /4
9.

20
10

51
3

2D
9.

94
20

 M
ay

, 2
02

2
40

55
2

70
80

3.
1

2.
0

14
.4

2 +
 19

.4
3

7.
19

63
62

 /4
9.

51
70

98
4

2D
7.

37
20

 M
ay

, 2
02

2
40

31
2

70
80

3.
1

3.
0

11
.6

0 +
 19

.3
7

6.
97

61
04

 /4
9.

44
31

17
5

2D
7.

37
20

 M
ay

, 2
02

2
40

31
2

70
80

3.
1

3.
0

11
.6

0 +
 19

.3
7

6.
97

65
87

 /4
9.

44
23

01
6

2D
2.

58
21

 M
ay

, 2
02

2
40

12
0

70
80

3.
1

2.
0

53
.0

5
7.

34
25

72
 /4

9.
27

05
88

7
2D

13
.7

5
21

 M
ay

, 2
02

2
40

55
7

70
80

3.
1

3.
5

66
.9

2
7.

33
96

50
 /4

9.
26

78
32

8
2D

37
.3

0
05

 Ju
ne

, 2
02

1
70

44
9

70
80

4.
5

4.
1

46
.1

9
6.

75
75

93
 /4

9.
52

76
04

9
2D

37
.3

0
05

 Ju
ne

, 2
02

1
70

44
9

70
80

4.
5

4.
1

46
.1

9
6.

75
86

14
 /4

9.
52

54
92

10
2D

14
.0

7
23

 M
ay

, 2
02

3
50

61
4

70
80

3.
9

2.
8

28
.5

9
6.

84
61

49
 /4

9.
55

35
45

11
2D

32
.9

1
18

 M
ay

, 2
02

3
50

1,
01

4
70

80
3.

9
4.

9
23

.8
2

6.
98

16
64

 /4
9.

39
00

56



Environmental Earth Sciences (2024) 83:354	 Page 5 of 13  354

a uniform topography, a differentiated analysis of hillslope 
segments was not carried out. The C factor is considered 
as 1-covering factor and the P factor was neglected.

For the comparison with the natural erosion data of this 
study, only the rill share of the RUSLE2 was considered. 
The amount of RUSLE 2 rill erosion is calculated as differ-
ence between the results of RUSLE2 equation for rill and 
interrill erosion (described above) and the corresponding 
interrill erosion only. The interrill erosion is calculated 
according to the science documentation of the RUSLE2 
(USDA 2013, Eq. 2.11).

For the simulation using E3D, the precipitation load 
was taken into account by the time series of the precipi-
tation intensity based on the YW data of the DWD. The 
soil characteristics were derived from the soil type using 
the guideline by Michael et al. (1996). In the model, vari-
ous parameter, such as the critical momentum flux, are 
derived from the soil input information. The topography 
was considered by the DEM. As the minimum resolution 
for the input data was 1 × 1 m, the DEM available from the 
regional authorities was used.

Results and discussion

All croplands investigated in this study were analyzed 
to determine the factors that are most important for the 
occurrence of linear erosion tracks due to heavy precipi-
tation. For fields where linear erosion was detected, the 
erosion volume was quantified and then compared with 
the results of the RUSLE2 and E3D model applications. 
For fields where no linear erosion or sedimentation tracks 
could be detected, the amount of erosion was considered 
irrelevant.

Influencing factors of erosion

In this study, 456 croplands were investigated after dif-
ferent heavy precipitation events. All fields vary in their 
locations and, consequently, in their framework conditions 
(e.g., slope length, gradient, or land cover). Among these 
fields, 141 were not covered or were covered very little, 

Fig. 1   Example of the triangulation method used to create the pre-erosion surface. a Perimeter of Field 6, erosion area 2; details of b erosion 
area in the recorded rill DEM, and c pre-erosion surface with closed erosion area, obtained using the mesh node triangulation method
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and 315 were fully covered with different agricultural 
crops, for example, different types of grain or grassland. 
Of these 141 bare-soil fields, visible linear and/or sheet 
erosion occurred in 20 (see Sect. Localization of ero-
sion). As a result, erosion occurred only in vegetation-free, 
sparsely covered fields. In one vegetation-covered field, 
only small erosion tracks from previous events (overgrown 
rills) were detected.

For all fields, framework conditions such as slope 
length, gradient, land cover, and precipitation were 

analyzed. However, not all data were available for one 
event. Therefore, 30 fields were excluded and 426 fields 
were used for subsequent analyses. All fields were clas-
sified according to the erosion type to determine which 
factors were relevant and when erosion started. The fields 
were divided into “linear erosion with partly occurring 
sheet erosion” (n = 15), “exclusively sheet erosion” (n = 5), 
and “no erosion” (n = 406). Figure 2 shows four box plots, 
including the influence of different factors on erosion 
types.

Fig. 2   Comparison of a share of land cover, b LS factor, c LSC fac-
tor, and d LSCR factor influencing linear erosion, sheet erosion, and 
no erosion fields. The boxplots display the interquartile range (boxes), 

the median (horizontal gray lines), the 25th and 75th percentiles (hor-
izontal gray lines), and outliers (circles)
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A comparison of the erosion types with respect to land 
cover (Fig. 2a) showed that linear and/or sheet erosion 
occurred only in sparsely covered fields. No erosion could 
be detected on fields with a cover ≥ 25%. This threshold 
corresponds to values reported by Armand et al. (2009). 
They stated that land cover > 30% reduces soil crusting and, 
consequently, overland flow as well as erosion. For the 406 
fields that were assigned to the “no erosion” group, 75% 
showed a land cover of 100% and 25% did not show full 
cover. For these 25%, other impact factors were the decisive 
as to why no erosion had taken place. The analysis of the LS 
factor (Fig. 2b) indicated small differences for all erosion 
types. The interquartile range was lower for the “no erosion” 
type than the range for linear and sheet erosion. However, 
the overall span and number of outliers were higher for fields 
with no erosion. This result indicates an even distribution of 
the LS factor for all 426 investigated fields. By aggregating 
LS and land cover, land cover was transferred to the C factor 
by considering the share of uncovered soil (1 − land cover). 
As the land cover for “no erosion” fields tended to 100%, the 
LSC factor for this group was very low (Fig. 2c). Consider-
ing the precipitation with the R factor, the linear and sheet 
erosion fields showed a high value range (Fig. 2d). For “no 
erosion” type fields, there was still a high number of outliers 
with values as high as those of the linear and sheet erosion 
fields. However, values that seemed very high for the “no 
erosion” category can be explained by one dominant factor, 
e.g., very high precipitation intensity or a very high slope 
gradient. All the factors influenced the different erosion 
categories. Land cover, in particular, exerted a strong influ-
ence on the “no erosion” fields. No difference was apparent 
between linear and sheet erosion.

Analysis of erosion quantity

Of the 426 investigated croplands, 15 fields exhibited linear 
erosion tracks with different rill and gully types. Some fields 
showed many small rills (a few centimeters wide and deep), 
whereas others showed only one gully in the thalweg (sev-
eral decimeters wide and deep). The retriangulation method 
presented in the Materials and methods section was used 
to create the pre-eroded surface. Because the method retri-
angulates the unaffected surface areas, it is only suitable 
for surfaces with low microrelief. Thus, aerial surveys and 
analyses of erosion quantity were conducted for 7 cornfields, 
where 33 rills were analyzed. The spread of the rills ranged 
from 10 to 580 m2.

With the retriangulation method, a pre-erosion surface 
was created, and with the DEMs of difference method, the 
erosion depth was calculated at each grid point. As the dif-
ferences in the DEMs are only located at the rill, all grid 
points should show negative values, which indicate erosion. 
Positive values indicate errors. For 97% of the investigated 

rills, the error was less than 4%, resulting in a standard devi-
ation of 1.13%. One rill showed an error of approximately 
30%. This rill was wide and shallow and contained vehicle 
lanes. Therefore, this rill was excluded from further analysis. 
Overall, no dependence of the error on the rill width, erosive 
slope length, or gradient was identified. Gully depth and 
bulk density were used to calculate the erosion volume of 
each rill. Information regarding the rills and catchment areas 
is presented in Table 2.

For each of the 32 analyzed rills, the mean rill width, LS 
factor for the rill catchment area, and precipitation volume 
for the rill catchment area were calculated. Comparisons 
of these factors with erosion quantity always showed an 
increase in each factor with an increase in erosion quantity.

The preliminary accuracy tests in this study (see Sect. 
Material and methods) showed that the erosion rill depth 
resulting from UAV recordings underestimates the existing 
rill depth. Thus, the erosion rates listed in Table 2 indicate 
the minimum of the expected erosion, which may be up to 
20% higher.

Forecasting erosion using erosion models can be effec-
tive for developing measures to protect human lives, infra-
structure, and valuable soils. In the following sections, two 
erosion models are used to calculate the erosion quantities 
of events recorded in this study: the well-known RUSLE2 as 
an empirical but easy-to-use model and E3D as a physically 
based erosion model that includes simplified flow accumula-
tion processes.

Comparison using existing erosion models

Recent review articles (Andualem et al. 2023; Borelli et al. 
2021) have shown that many erosion and sedimentation 
models are available worldwide. According to Batista et al. 
(2019), such models are not scarce. However, the knowl-
edge and testing of transferability in different application 
cases and areas still require further research. For comparison 
with data from this study (Results Sect. Analysis of erosion 
quantity), the RUSLE2 and E3D models were applied to 
selected fields.

RUSLE2 model at the rill catchment area scale

To compare the RUSLE2 with the rill erosion data of this 
study, the RUSLE2 was applied to all rill catchment areas. 
For this analysis, the RUSLE2 was applied to a single event 
(R factor) for comparability reasons. The erosion quantity 
in this study represents only linear erosion and neglects 
sheet erosion owing to the quantification method (Meth-
ods  Sect.  Analysis of erosion quantity). Therefore, the 
RUSLE2 model was applied to calculate sheet and rill ero-
sion (standard) and only to sheet erosion (interrill area). The 
difference between both values leads to the rill erosion share 
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of the RUSLE2 that was compared to the linear erosion of 
this study. The share of interrill and rill erosion is 15–42% 
and 58–85% respectively. In most cases, the share of rill 
erosion is around 80%.

The comparison of RUSLE2 rill erosion and the natural 
rill erosion is shown in Fig. 3a. Each symbol type repre-
sents one field and each data point one rill. It appears that 
the quality of RUSLE2 model values depends on the field. 
The erosion rate of the natural events was higher than the 
calculated rate using RUSLE2 for most rills. The percent-
age difference ranged from -75% to + 934% and the root 
mean square error (RMSE) is 38.26. An analysis of the rill 
characteristics shows that the rill expansion is decisive for 
the differences. The larger and more pronounced the rill, 
the higher the deviation compared to the RUSLE2. The 
higher the number and the smaller the rills, the lower the 
deviation. Hence, strong erosion leads to a higher error 
of RUSLE2, because larger rill systems are formed. For 
small rills, a correlation between the measured erosion 
and the erosion calculated using the RUSLE2 was appar-
ent (Fig. 3a, Field 5) or RUSLE2 slightly overestimated 
the rill erosion (Fig. 3a, Field 6). This may have been 
because many small rills showed a similar amount of ero-
sion or the erosion type recorded by the calibration data 
of the RUSLE2. In particular, the analysis showed that 
the recorded erosion that best matched the RUSLE2 ero-
sion had a small LS factor compared to other data points. 
Therefore, LS is a significant factor in linear erosion. Ero-
sion rates obtained using the RUSLE2 strongly underesti-
mated the linear erosion quantities because linear erosion 
was not considered. This can be largely attributed to the 
test plots, where linear erosion tracks could not develop 

out of the surface flow. By considering the LS factor in the 
RUSLE2 to be a power, the erosion of the natural event 
approximated the RUSLE2 values better (Fig. 3b). With 
this modification, the percentage difference improves to 
a range from − 75% to + 345%. Here, a RMSE of 33.78 
can be reached. Calculating the RUSLE2 with factor (LS)x 
does not represent an equation for linear erosion quanti-
ties. Rather, this demonstrates the strong influence of LS. 
However, the accuracy of this approach is limited as the 
USLE family models are not suitable for large rill and 
gully erosion.

In contrast, the K factor has a low influence on the 
amount of erosion calculated using the RUSLE2. For the 
rill catchment areas, the K factor ranged from 0.25 to 0.35. 
One outlier shows a value of 0.15. The minor influence of 
the factor becomes clear when K factors of 0.25–0.35 are 
replaced by a constant of 0.3. This modification alters the 
soil erosion using RUSLE2 by − 17% to + 17%.

The quantity of erosion depends on many different fac-
tors such as the volume and intensity of precipitation, slope 
length and gradient, soil, and vegetation cover. The combi-
nation of these factors depends on the site, crop and manage-
ment choices of farmers, and natural events. Furthermore, 
the discharge of a flash flood, which accumulates at different 
velocities along the flow path, is significant for the dynamic 
forces on the soil and depends on specific surfaces. These 
surface conditions, including the gradient, often vary within 
the field, resulting in inaccurate considerations with empir-
ical factors. Considering the flow accumulation and total 
flow, depending on the surface model, these restrictions are 
reduced. This approach was used in the erosion simulations 
using E3D software.

Fig. 3   Comparison of erosion rates from RUSLE2 rill erosion and 
erosion rates of linear erosion from the natural event (a), and the 
same graph with considered (LS)x in RUSLE2 equation for rill and 
interrill erosion (b). Here, x is 2 for Field 3, 1.5 for Field 4, 1 for 
Field 5, 1 for Field 6, 1.25 for Field 7, and 2 for Field 8. Each data 

point represents one rill. Different colors and forms of the points 
represent different fields. The graphs shown are limited to 125 t/ha, 
although one data point has a higher value in each graph. The gray 
line indicates the 1:1 line
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RUSLE2 and E3D at the rill catchment area scale

For this analysis, erosion quantities for single rills calculated 
using RUSLE2, E3D and results of this study were com-
pared. The E3D and RUSLE2 models were applied to natural 
heavy precipitation events on three hillslopes recorded in 
this study. For E3D, the erosion quantity of the whole field, 
shown in Fig. 4, was calculated. For RUSLE2, the calcula-
tion for the rill catchment area remains unchanged compared 
to the previous Sect.. All erosion fields showed different 
rill types: Field 4: two large rills; Field 7: a large field with 
many small and shallow rills and a single large rill (without 
thalweg); Field 8: one rill in the thalweg.

The simulation results for the three fields using E3D are 
shown in Fig. 4. The sediment budget showed pink erosion 
and green sedimentation. Sheet erosion was clearly visible 
in all fields. In addition, more or less pronounced linear ero-
sion tracks were observed. In particular, in Field 8, as shown 
in Fig. 4c, one rill in the thalweg of the field is visible. The 
position of the rill matched that of the natural event. Fields 
4 and 7 show only small rills. In addition, these rills match 
the rills of recorded events. However, specifically in Field 7, 
many rills were not considered in the modeling results. For 
all visible rills, the erosion quantity of E3D was analyzed, 
and the RUSLE2 was applied to these rill catchments. The 
spatial distribution of the rills cannot be determined using 
the manual calculations of the RUSLE2. For the RUSLE 
2, the values in Table 3 are in accordance with the values 
shown in Fig. 3a (change of the unit). The resulting erosion 
quantities are presented in Table 3.

The calculated erosion quantities of the natural events 
were always higher than those calculated using E3D or 
RUSLE2. Notably, the E3D reflects only a fraction of the 
recorded natural erosion, whereas the RUSLE2 simulates 
a higher share. However, it must be considered that E3D 
outputs the net erosion, while RUSLE2 outputs the gross 
erosion (without considering sedimentation). As the record-
ing of the natural event in this study occurred after the event, 
the recorded natural erosion was also net erosion. Further-
more, Schmidt (1996) and von Werner (1995) claim that the 
E3D model calculate the detachment of linear erosion but 
no spatial or temporal initiation of rill erosion is available in 
the model. Thus, the application is limited to sheet erosion.

Conclusions

In the present study, 456 croplands were investigated over 
three years after heavy precipitation events in Saarland, 
Germany, and neighboring states. Analyses of field con-
ditions showed that erosion occurred only in fields with 
bare soil or sparse vegetation. No erosion was detected 
in fields with a cover greater than 25%. Heavy precipi-
tation-induced linear erosion was recorded using a UAV. 
The spatial distributions of the linear erosion tracks and 
erosion quantities were derived from aerial survey data. 
These data are appropriate for providing information on 
erosion quantities and rates based on heavy precipitation 
events and pronounced linear erosion at the hillslope scale. 
The measured erosion rates ranged from 1 to 185 t/ha. 

Fig. 4   Simulation results of sediment budget obtained using E3D for Field 4 (a), Field 7 (b), and Field 8 (c)

Table 3   Linear erosion of rills in E3D and RUSLE2 models compared to calculated rill masses of this study

Field no. Area no. Rill type Measurement 
natural event 
[t]

E3D [t] Share of E3D in 
natural erosion 
[%]

RUSLE2 
rill share 
[t]

Share of RUSLE2 
(rill) in natural erosion 
[%]

4 1 One big rill (slight thalweg in DEM) 11.962 0.022 0.18 1.14 9.53
7 6 One big rill (no visible thalweg in 

DEM)
17.634 1.350 7.66 11.71 66.35

7 8 One big rill (slight thalweg in DEM) 13.472 0.565 4.19 7.81 57.97
8 1 One big rill (thalweg in DEM) 15.907 4.336 27.26 6.11 38.41
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Comparisons of the empirically based erosion data of this 
study with the E3D and RUSLE2 model values indicate 
that the erosion of natural events does not fit the erosion 
quantities obtained using existing models (RUSLE2 and 
E3D). The model applications underestimated naturally 
occurring erosion tracks. The spatial distribution of the 
linear erosion tracks was considered in E3D for erosion 
that occurred in the thalweg. Overall, linear erosion was 
not sufficiently reproduced by the applied erosion models. 
In most existing models, the erosion data used for calibra-
tion are limited to test plots that do not reflect the LS fac-
tors of a hillslope. In this study, it was shown that LS was 
the most significant factor for the occurrence of linear ero-
sion rather than sheet erosion. However, it was also shown 
that the parameter that considers soil properties (K factor) 
does not influence the erosion significantly. To correctly 
simulate the linear erosion caused by heavy precipitation, 
reliable calibration data based on these conditions must be 
considered. The data collected in this study are appropriate 
for this purpose. Further research is required to calibrate 
erosion models using data that is appropriate for heavy 
precipitation-induced erosion and, therefore, for linear ero-
sion. Furthermore, existing models (e.g., E3D) consider 
overland flow using simplified approaches (hydrological 
modeling using GIS). However, the current state-of-the-
art simulation of heavy precipitation events, such as plu-
vial flash floods, is a two-dimensional (2D) hydrodynamic 
numerical model. Using 2D models of flash floods to simu-
late erosion will improve our knowledge of the attacking 
forces of water, thereby increasing the accuracy of heavy 
precipitation-induced erosion modeling.
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