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Summary

Heavy precipitation is a natural and extreme event that has gained public attention in recent
years. The hazards and risks posed by these extreme events present a significant chal-
lenge. An additional concern is soil erosion on cropland, often caused by heavy precipita-
tion. Flash floods transport soil material, posing a risk of soil loss and negative effects on
other ecosystems, such as streams, which are polluted by the influx of sediment. In addition,
the sedimentation of soil material in urban areas increases the damage caused by flash

floods.

German municipalities are increasingly involved in managing the risks of heavy precipita-
tion, which includes assessing the dangers and risks associated with it. Two-dimensional
hydrodynamic numerical models (2D models) are used for this purpose, accurately calcu-
lating the hydraulics of surface runoff. Additionally, erosion models are available to estimate
erosion hazards. However, these models use erosion approaches with simplified hydraulic
calculations. To date, no analysis has been conducted that combines precisely calculated
hydraulic forces acting on the soil with a process-oriented approach to soil erosion. There-
fore, this thesis aims to demonstrate that accurately calculating hydraulics using a 2D model

can enhance soil erosion modeling to a greater degree of accuracy than previously possible.

Various methods were used to test this hypothesis, and corresponding results were ob-
tained. First, the hydraulics of the 2D model were examined independently of the erosion
approach. The flow resistance of the surface, known as roughness, plays a significant role
in the flow process. This was investigated in laboratory experiments to better estimate suit-
able values for surface runoff. The results show that the ratio of vegetation height to water
depth is particularly decisive for the roughness value. The resistance increases with in-
creasing runoff at water depths less than the vegetation height. It reaches a maximum value
when the water depth corresponds to the vegetation height, then decreases until the water
depth exceeds approximately 5 to 7 times the vegetation height. Beyond this point, constant
roughness values can be determined.

For the combined 2D hydraulic and erosion calculation, a suitable approach for calculating
sediment transport capacity in surface runoff was first selected and then coupled with the
existing 2D model HydroAS GS. The transport capacity approach by Govers (1990) was
used, resulting in the new, coupled HydroAS GS—Govers model. Erosion data was collected
over three years to calibrate and validate the new model. In particular, linear erosion that
occurred after a heavy precipitation event was recorded using an unmanned aerial vehicle
(UAV) and analyzed in terms of spatial distribution and the amount of erosion in rills. A total

of 11 fields with 32 rills were examined. The data was used to test the existing erosion



models with simplified hydraulics, RUSLE2 and EROSION-3D, and the new HydroAS GS—-
Govers model. A comparison of the model results showed a significant improvement in rill
erosion, both in terms of rill generation, spatial location, and erosion volumes, compared to

the observed erosion data.

Furthermore, this work examined the accuracy of UAV-generated digital elevation models
(DEMSs) of croplands with erosion to estimate the extent of error in the calibration and vali-
dation data. A key finding was that rill depths were underestimated in the DEMs generated
compared to manual measurements, resulting in an average underestimation of erosion of
10%.

The proposed coupled 2D hydraulic and erosion model, HydroAS GS—-Govers, can be used
for a detailed analysis of erosion on arable land caused by heavy precipitation. This model
allows for the spatial and quantitative determination of rill erosion, which is a significant
contributor to total erosion. Consequently, the model can verify the dangers and damaging
effects of extreme heavy precipitation. Potential applications of the model include using
simulation results as a basis for developing erosion countermeasures and assessing their
effectiveness, as well as estimating sediment-bound nutrient and pollutant inputs from ara-

ble land into neighboring ecosystems.



Zusammenfassung

Starkregen ist ein natirliches, extremes Ereignis, das in den vergangenen Jahren in den
Fokus der Offentlichkeit geriickt ist. Die Gefahren und Risiken dieser Extremereignisse stel-
len eine ernstzunehmende Herausforderung dar. Eine zusatzliche Problematik ergibt sich
durch die haufig mit Starkregen einhergehende Bodenerosion auf Ackerflachen. Sturzfluten
transportieren Bodenmaterial und verursachen dadurch nicht nur ein Risiko flr Bodenver-
luste, sondern auch negative Auswirkungen fir andere Okosysteme, wie FlieRgewasser,
die durch den Eintrag von Sedimenten belastet werden. Gleichzeitig erhdht der Sediment-

eintrag in Siedlungsraume die Schadwirkung von Starkregenereignissen.

Zurzeit wird in deutschen Kommunen vermehrt Starkregenrisikomanagement (SRRM) be-
trieben, wobei die Gefahren und Risiken bei Starkregen bewertet werden. Dazu werden
zweidimensionale hydrodynamisch-numerische Modelle (2D-Modelle) herangezogen, die
die Hydraulik der Oberflachenabfllisse prazise berechnen kénnen. Parallel dazu liegen Ero-
sionsmodelle vor, die zur Abschatzung von Erosionsgefahren angewendet werden. Hierbei
werden allerdings Erosionsansatze mit vereinfachter hydraulischer Berechnung genutzt.
Bisher liegt keine kombinierte Betrachtung von prazise berechneten hydraulischen Kraften,
die auf den Boden wirken, und einem prozess-orientieren Bodenerosionsansatz vor. Daher
soll in dieser Arbeit gezeigt werden, dass durch die akkurate Berechnung der Hydraulik
mittels 2D-Modell auch die Bodenerosion besser abgebildet werden kann als bisher mog-
lich.

Zur Uberpriifung dieser Hypothese wurden verschiedene Methoden angewendet. Zunachst
wurde die Hydraulik des 2D-Modells unabhangig von dem Erosionsansatz untersucht. Eine
signifikante Rolle im FlieRprozess wird durch den FlieSwiderstand der Oberflache darge-
stellt, der sogenannten Rauheit. Diese wurde zur besseren Abschatzung geeigneter Rau-
heitswerte im Labor untersucht. Die Ergebnisse zeigen, dass besonders das Verhaltnis von
Vegetationshohe zu Wassertiefe entscheidend fur die Festlegung des Rauheitswertes ist.
Bei Wassertiefen geringer als die Vegetationshohe nimmt der Widerstand mit steigendem
Abfluss zu. Der Widerstand erreicht einen maximalen Wert, wenn die Wassertiefe der Ve-
getationshdhe entspricht und nimmt wieder ab, bis die Wassertiefe die Vegetationshéhe um
das 5-bis 7-fache Ubersteigt. Danach kann von einem konstanten Rauheitswert ausgegan-
gen werden.

Zur kombinierten 2D-Hydraulik- und Erosionsberechnung wurde zunachst ein geeigneter
Ansatz zur Berechnung der Sedimenttransportkapazitat bei Oberflachenabfluss ausgewahlt

und mit dem bestehenden 2D-Modell HydroAS GS gekoppelt. Hierbei kam der Ansatz nach



Govers (1990) zur Anwendung, wodurch das neue, gekoppelte HydroAS GS—Govers Mo-
dell entstand. Zur Kalibrierung und Validierung des neuen Modells wurden Uber drei Jahre
Erosionsdaten gesammelt. Hierbei wurde insbesondere die lineare Erosion, die nach einem
Starkregenereignis auftrat, mithilfe einer Drohne aufgenommen und im Hinblick auf die
raumliche Verteilung sowie die Erosionsmenge der Rinnen analysiert. Insgesamt konnten
11 Felder mit 32 Rinnen untersucht werden. Die Daten wurden genutzt, um die bereits exis-
tierenden Erosionsmodelle mit vereinfachten hydraulischen Ansatzen, RUSLE2 und ERO-
SION-3D, und das neue HydroAS GS—Govers Modell zu prifen. Ein Vergleich der Modell-
ergebnisse mit den beobachteten Daten zeigte eine signifikante Verbesserung der Rinne-
nerosion, sowohl in der Rinnengenerierung, ihrer raumlicher Lage und der Erosionsmen-

gen.

Weiterhin wurde die Genauigkeit der durch Drohnenaufnahmen generierten, digitalen Ge-
landemodelle (DGM) von Ackerflachen mit Erosion betrachtet, um das Fehlerausmal} der
Kalibrierungs- und Validierungsdaten abzuschatzen. Ein entscheidendes Ergebnis stellte
dabei die Unterschatzung der Rinnentiefe in Drohnen-generierten DGMs im Vergleich zu
handischen Messungen dar. Insgesamt ist im Mittel mit einer Unterschatzung der Erosions-

menge von 10 % zu rechnen.

Das neu erstellte, gekoppelte 2D-Hydraulik- und Erosionsmodell HydroAS GS-Govers
kann zur detaillierten Analyse von Erosion auf Ackerflachen, ausgelést durch Starkregene-
reignisse, genutzt werden. Dadurch kann insbesondere die Rinnenerosion, die einen Grof3-
teil der Gesamterosion ausmacht, raumlich und mengenmaRig bestimmt werden. Die Ge-
fahren und Schadauswirkungen, die ein extremes Starkregenereignis haben kann, kdnnen
dadurch verifiziert werden. Mdgliche Einsatzméglichkeiten des Modells sind die Nutzung
der Simulationsergebnisse als Basis zur Erarbeitung von Gegenmafnahmen von Erosion
und zu deren Wirksamkeitsnachweis sowie die Abschatzung sedimentgebundener Nahr-

und Schadstoffeintrage von Ackerflachen in benachbarte Okosysteme.
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1 Introduction

1.1 Relevance and Motivation

In recent decades, extreme events, such as droughts, floods, and flash floods, have in-
creased, leading to adverse consequences for human settlements, infrastructure, and the
environment. Regarding floods and flash floods in Germany, the events in July 2021, with
persistent and heavy precipitation, resulted in floodings, particular in the federal states of
Rhineland—Palatinate and North Rhine—Westphalia. In addition, several heavy precipitation
events and flash floods have occurred in Germany over the past few years. Media-effective
events occurred in Simbach (Bayern, Germany) and Braunsbach (Baden—Wirttemberg,
Germany) in 2016. In the federal state of Saarland, Germany, which is the area in which
this study was conducted, flash floods occurred in Eppelborn in 2016 and Kleinblittersdorf

in 2018. Figure 1-1 shows the flow path of a flash flood on a road in Eppelborn municipality.

Figure 1-1:  Runoff across a road caused by a heavy precipitation event in Eppelborn in 2016 (Feuerwehr
Eppelborn (n.d.), Photo: Gerd Maron).

Different reasons for the increased occurrence of these events have been proposed in the
literature. CO»-driven climate change could increase the number of heavy precipitation
events (IPCC, 2023; Robinson et al., 2021). An increase in temperature increases the at-
mospheric water-holding capability. Therefore, the amount of water that can potentially be
provided for precipitation also increases (Held and Soden, 2006; Trenberth et al., 2003).
Additionally, framework changes such as land use and soil management can affect the
consequences of these events (Auerswald et al., 2025).

Regardless of the reason for the occurrence, frequent heavy precipitation events with in-
creasing rainfall lead to flash floods that negatively impact the environment, infrastructure

and humans (IPCC, 2021; Nunes & Nearing, 2011). Thus, hydraulic models have been
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used to simulate the water flow in rivers and overland flows to better understand and coun-
teract the risks of flash floods (Al-Fugara et al., 2023; Hu and Song, 2018; Huang et al.,
2015; Liang et al., 2016). There is a wide range of models with low levels of accuracy and
quick results, up to those with higher levels of accuracy, which are associated with longer
computing times. A balanced relationship between accuracy and speed can be achieved
using two-dimensional (2D) state-of-the-art hydrodynamic numerical models for flood and
flash flood simulations. These models solve complete shallow water equations and consider

the turbulence and acceleration terms.

In addition, soil erosion can have negative consequences both on- and off-site. On-site soll
that is eroded from croplands is lost to future cultivation. Erosion rates often exceed the
rates of regeneration and new soil formation many times (Amelung et al., 2018). In addition,
the actual crop yield can be drastically reduced. Off-site, eroded sediments can cause se-
vere damage to infrastructure and buildings and affect adjacent ecosystems, such as rivers,
through pollution, primarily caused by pesticides and eutrophication from nutrients. In par-
ticular, a single heavy precipitation event can cause a high degree of erosion (Parkin et al.,
2008). Soil erosion remains a challenge for both farmers and other ecosystems. Therefore,
predictive models have been developed to forecast and implement measures for reducing
soil erosion. Soil erosion modeling has been conducted for more than 50 years. Empirical
(universal soil loss equation (USLE)) and process-based (Water Erosion Prediction Project
(WEPP) and European Soil Erosion Model (EUROSEM)) models have been developed.
Process-based models use a hydraulic approach to estimate water forces acting on the soil.
As stated by Morgan et al. (1998b), soil erosion predictions are only as accurate as the
hydraulic results. Nevertheless, the aforementioned models use simplified hydraulic ap-
proaches to calculate the forces acting on the soil. Thus, errors are part of the simulation

owing to imprecise hydraulic results.

Currently, the physical bases of the hydraulic and erosion models used are not at the same

level.

1.2 Background and Knowledge Gaps

Water flow and soil erosion are closely related. In this section, the frameworks of these
processes and the potential for their modeling are discussed. Currently, hydraulic models
can be used to simulate water flow, and erosion models are available to simulate the de-
tachment, transport, and deposition of sediments in rivers or on arable land. Based on this

analysis, knowledge gaps are identified.
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1.2.1 Fundamentals of Water Flow and Erosion Processes

1.2.1.1 Fundamentals of Water Flow

Hydrological and hydraulic processes on Earth include precipitation, runoff generation and
concentration, and flood routing. Precipitation leads to surface runoff, in which two primary
flow processes can be distinguished: unchanneled overland flow and channeled stream
flow. Overland flow is characterized by shallow water of a few centimeters and high slopes
of several percent, whereas stream flow or river flow indicates a water depth of decimeters

and low slopes in the range of per mil (%o).

Similar to the different flow processes, a distinction was made between the resulting haz-
ards and risks. Heavy and intense precipitation can lead to strong overland flows and flash
floods, which are particularly hazardous to slopes in catchment areas. Heavy precipitation
events were defined as those with an intensity of at least 15 mm/h (DWA, n.d.). In contrast,
heavy and continuous rain accumulates almost harmlessly in the catchment area, leading
to an increase in the water level of the stream in larger catchments. This can potentially

result in flooding that endangers the known floodplains.

Overland and stream flows are influenced by the surface over which they flow. This factor
is referred to as roughness. For overland flow, land use is a significant factor in determining
roughness, whereas for streams, flume conditions, such as vegetation or concrete, are cru-
cial. Roughness factors cannot be physically described and are therefore empirically de-
rived. However, existing studies have primarily focused on stream flow conditions, and re-
search on transferability is limited. Nevertheless, roughness values based on stream flows
have also been used for flow calculations in flash flood modeling (Costabile et al., 2021;
David and Schmalz, 2020; Zeiger and Hubbart, 2021).

Sediment is a common surface condition that occurs in both overland flows and streams.
These sediments form the surface and are influenced by water forces acting on the soil
surface. The frameworks and consequences of these forces are discussed in the following

sections.

1.2.1.2 Fundamentals of Soil Erosion Processes

Sediment aggregates can be detached, transported by the water flow, and deposited when
the water force decreases. All subprocesses contribute to the complexity of erosion. Erosion
can occur in streams or on arable land. The principles of the forces acting on the soil are
similar for both processes. However, as the focus of this study was soil erosion on arable

land, this topic should be discussed in more detail.
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Figure 1-2 illustrates relevant soil erosion processes (beige boxes) and their influencing

factors (white boxes).
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Figure 1-2:  Processes and influencing factors of the soil erosion processes (Duttmann, 2001; modified)
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In principle, soil detachment occurs when the raindrop or water flow forces exceed the hold-
ing force of the soil. The flow exerts a driving force on the particles in the direction of the
flow, causing them to detach. These forces are counteracted by holding forces, such as

weight, cohesion, and adhesion.

Owing to the impact of raindrops on the soil, soil aggregates disintegrate and are displaced.
This process is often referred to as splash erosion (Prasuhn, 1991). The impact of the
raindrop energy load depends on the amount and intensity of precipitation as well as on the
size of the raindrops. In particular, high-energy loads are caused by heavy precipitation with
high intensity and large raindrops up to 3 mm in diameter. The raindrops disintegrate and
detach soil aggregates and particles. As a result, particles are infiltrated with water, washed
into the pores, and the soil is silted, hindering further infiltration. This silt layer can reduce
the infiltration capacity by 90 %. Consequently, surface runoff increases, leading to addi-
tional forces acting on the soil. The largest portion of the total erosion is contributed by the
accumulated runoff in rills, with erosion due to splash and shallow water accounting for only

20 %, which further decreases with time and slope steepness (Govers and Poesen, 1988).
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The erosion processes and arable land conditions play a significant role in determining ero-
sion characteristics. Erosion can occur broadly in sheets and is concentrated in the rills or

gullies.

The sediments provided by the detachment of raindrops and flows are transported by runoff.
The transport capacity (TC) of a flow determines its ability to transport sediment. This ca-
pacity is the maximum a flow can carry and depends primarily on the grain size and flow
velocity. When the velocity decreases owing to changes in topography or discharge, the
sediments become detached. Sedimentation mostly occurs at the base of hillslopes and in

adjacent areas and ecosystems such as streams.

Given that heavy precipitation events in Europe often occur during early summer (Au-
erswald and v. Perger, 1998), arable lands with specific crops may have little vegetation,
making the soil vulnerable to drying and raindrop exposure. In particular, dry soils are prone
to splash erosion owing to their water-repellent properties and low stability, leading to higher
silting compared to regular precipitation events. The infiltration rates are significantly re-
duced and are less important for the flow process. These fundamentals align with the re-
search of Parkin et al. (2008), which suggests that a few heavy and single events contribute

the most to total erosion over time.

1.2.2 Hydraulic and Erosion Modeling

In general, models are simplified versions of reality. Different model types can be distin-
guished according to different degrees of accuracy and determination, and spatial and tem-
poral distributions (Hebel, 2003; Tugel, 2023).

Degree of determination:

e Empirical models (Blackbox)
The input and output parameters depend only on empirically determined relation-
ships without considering different processes or process dynamics. These models
are easy to use but cannot be transferred to other areas or framework conditions in
which they are found. These models are often the easiest to develop.

e Process-oriented models (Graybox)
Both physically based and empirically derived equations are part of the model. The
validity, regardless of location and time, can be improved compared with empirical
equations. Empirical equations complete these and prevent high parameterization

input in physically based equations.
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¢ Physically based models (Whitebox)
Model in which all parameters are solved using physically based mathematical
equations. These models require a large amount of high-quality input data, which

may limit their practicality.
Spatial distribution

e Lumped
No horizontal distribution of the input and output parameters.
e Distributed

Spatial distribution is defined by sections or mesh elements.
Temporal distribution

e Continuous
Long-term simulation of several events.
e Discrete

Event-based simulation.

The models were developed and used to address various research objectives and practical
questions. Model complexity is often accompanied by change in computational efficiency
(Hu et al., 2019; Wu et al., 2023). Therefore, the cost—benefit ratio is always crucial for

determining an adequate model.

1.2.2.1 Hydraulic Modeling
Hydraulic modeling was conducted for a wide range of questions. Different model ap-

proaches are available depending on the aims of the research or practical questions.

The basis for calculating hydraulics and flow conditions are the conservation laws of mass
and momentum. The conservation of mass is mathematically realized using the continuity
equation, and the conservation of momentum is represented by the Navier—Stokes equa-

tions.

Both the continuity and Navier—Stokes equations describe the flow of compressible, un-
steady, and frictional fluids. However, these equations were simplified. The primary simpli-
fication was the assumption of incompressibility of water, which is reasonable because the

volumetric change in a fluid due to pressure change is negligible.

Further simplifications lead to different equations:
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¢ The Reynolds equations consider a time-related average for flow parameters and
a Reynolds stress term for turbulent fluctuations.

o The depth-averaged shallow water equations contain additional simplifications,
such as neglecting the vertical velocity and acceleration terms and assuming a uni-
form velocity distribution. These are known as 2D models.

e The 1D Saint-Venant equations were further simplified using width averaging,
where the depth-averaged transverse velocity and acceleration terms were zero.
An even greater simplification can be achieved by regressing dynamic, diffuse, and

kinematic wave approximation to normal flow (Maniak, 2016).

In this work, a 2D hydrodynamic numerical model, referred to as the HydroAS model, was
used. According to the HydroAS model manual, the following 2D shallow water equations

were used for the simulation (Hydrotec, 2024a):

with
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where t is the time, and x and y represent the streamwise and transverse directions, re-
spectively. H is the water level above a reference level; h is the water depth; u and v are
components of the flow velocity in x and y directions, respectively; g is gravitational accel-
eration; and Greek letter nu (v) is the viscosity. The source term s contains the friction (/r)

and bed (/s) slopes.

This model provides water depths and flow velocities at each model node and time step.
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Currently, this model is used to simulate both overland and stream flow. However, the math-
ematical alignment and simplifications require a limitation of the slope to < 0.01 (Maniak,
2016; Yoruk, 2008). This value can be exceeded in overland flow modeling. The study area

was partially affected by this limitation.

Hydraulic modeling can be conducted to simulate runoff, or rain-on-grid modeling. For runoff
simulations, the flow amount must be provided as an input parameter and can be derived
from hydrological models or statistical values (such as recurrence intervals, for example,
100 years). By contrast, the rain-on-grid model simulates runoff generation from precipita-
tion inputs. This is particularly useful in flash flood modeling. The amount of precipitation

can be reduced using the initial losses and discharge coefficients for effective precipitation.
Calibrating these models using gauges in streams is advisable.

1.2.2.2 Soil Erosion Modeling

Similar to hydraulic models, erosion models have a wide range of scopes and accuracies.
Over the last six decades, erosion modeling has continuously evolved. Wischmeier and
Smith (1978) developed the Universal Soil Loss Equation (USLE) as an empirical model
using 10,000 trial years of soil erosion observations at 50 locations in the United States
between 1930 and 1952. From the observed erosion data, the USLE equation (Equation

(1-6)) was derived based on six influencing factors.

A=R*K+LS*C*P (1-6)
where A is the soil loss, R is the rainfall erosivity factor, K is the soil erodibility factor, L and
S are topographic factors (slope length and gradient, respectively), C is the cover and man-

agement factor, and P is the support practice factor.

The USLE was adapted to German conditions by Schwertmann et al. (1987), and is referred
to as the “Allgemeine Bodenabtragsgleichung” (ABAG). These parameters were defined
according to DIN 19708 (2017).

In addition, the USLE serves as the basis for several subsequent revised versions, such as
the MUSLE (Modified USLE), RUSLE (Revised USLE), and RUSLEZ2, for single events.
Models within the USLE family are commonly used in many research projects because of

their ease of use (Batista, 2025).

Process-based models have been developed to provide more precise and comprehensive

analyses.
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Various approaches have been developed for sediment detachment, transport, and depo-
sition. When considering soil detachment approaches, it is important to consider detach-
ment from channeled flow in rills, and from raindrops and sheet flow in interrill areas. In their
review, Knapen et al. (2007) distinguished three primary approaches to flow detachment: i)

simple hydraulic indicators, ii) TC deficit approaches, and iii) probability density functions.

The simplified hydraulic indicators include excess shear stress and stream power models.
Flow detachment capacity is calculated based on the excess of hydraulic shear stress (1)
and the critical shear stress (tc), or the stream power (w) and the critical stream power
(wer)- The excess shear stress model is used in models such as WEPP (Laflen et al., 1991)
and Chemical Runoff and Erosion from Agricultural Management Systems (CREAMS)
(Knisel, 1980). To determine the soil detachment rate, the calculated detachment capacity

must be considered in relation to the sediment load and TC.

Models such as EUROSEM (Morgan et al., 1998a), Limburg Soil Erosion Model (LISEM)
(De Roo et al., 1994), and Kineros (Woolhiser et al., 1990) use TC deficit approaches. In
these models, the detachment and transportation processes are linked, with detachment
being dependent on the sediment load in the flow. Multiple TC approaches are available.
Commonly used and well-established TC approaches are empirically derived from flume
experiments such as those of Meyer—Peter and Miller (Meyer—Peter and Mdller, 1948),
Engelund—Hansen (Engelund and Hansen, 1967) and Yalin (Yalin, 1963). Wainwright et al.

(2015) reviewed the existing geomorphological TC concepts.

In Germany, EROSION-3D (E3D) (Schmidt, 1996) is widely used to predict soil erosion.
The detachment approach implemented in the E3D model is based on comparing the hold-
ing forces of a critical momentum flux and momentum fluxes transmitted by the flow and
raindrops. The E3D model requires a relatively large input for parameterization. Michael

(2000) provides an extensive parameter catalog that determines the input parameters.

Review articles such as those by Andualem et al. (2023) and Borelli et al. (2021) provide

detailed lists of existing erosion models for various purposes.

Regardless of the soil erosion approaches used in the presented models, all models calcu-
late the hydraulic factors that affect the soil and are responsible for detachment, transport,
and sedimentation. In these models, hydraulic calculations were simplified to various de-
grees. For the LISEM (Hessel et al., 2011), WEPP (Stone et al., 1995) and EUROSEM

(Morgan et al., 1998b) models, overland flow calculation is primarily based on the kinematic
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wave equation (Section 1.2.2.1). E3D uses normal flow calculation in a geoinformation sys-
tem (GIS) in the regular version and a kinematic wave approach in an add-on module (Ge-

oGnostics, n.d., a).

1.2.3 Knowledge Gaps

Currently, hydraulic and erosion models coexist. Hydraulic models are used to calculate the
water flow, whereas erosion models are used to calculate soil detachment, transport, and
deposition. Hydraulic parameters play a crucial role in calculating erosion parameters be-
cause erosion calculations rely significantly on water forces acting on the soil (Morgan et
al., 1998b; Smith et al., 1999). Therefore, accurately calculated hydraulics are essential for

accurate erosion modeling.

Given that this study focuses on soil erosion caused by heavy precipitation events and flash
floods, two areas of research emerged from this assessment: combining hydraulic models

with known erosion processes.

First, hydraulic models must calculate the parameters used for soil erosion modeling pre-
cisely and with reasonable effort. As mentioned in the background section, hydraulic models
are used for flood and flash flood modeling. In practice, some input data, such as the mesh
resolution, differ between the two simulation bases. However, one parameter that was used
independently of the model's purpose was the surface roughness. This parameter influ-
ences the flow behavior and, thus, the hydraulic parameters acting on the soil. Roughness
is an empirically derived parameter, and many studies have investigated the roughness of
different surfaces using the framework conditions of stream flow, that is, high water depth
and low slope. As flash flood models consider overland flow, these conditions are not met.
This results in the first knowledge gap regarding the transferability of roughness param-

eters from stream to overland flow.

Second, existing erosion models use simplified hydraulic approaches to calculate the water
forces acting on the soil (Section 1.2.2.2). Most soil erosion models use kinematic wave
equations. However, when modeling flash floods, the use of depth-averaged shallow water
equations in 2D models is state-of-the-art in Germany and involves a reasonable computa-
tional effort. Thus, a combination of 2D hydraulic and soil erosion models can improve the
accuracy of the hydraulic input for erosion calculations. To date, the influence of improved
hydraulics on soil erosion prediction has not been investigated. Rill erosion accounts for
most of the total erosion. Understanding the location and extent of soil erosion caused by

rills is essential for implementing effective preventive measures.
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1.3 Objectives

The objective of this work was to combine the simulation of erosion on arable land and
overland flow caused by flash floods. The existing soil erosion models consider simplified
hydraulics. However, a detailed hydraulic approach using a 2D model is essential for the
accurate calculation of hydraulic parameters. This thesis aimed to accurately model heavy

precipitation-induced linear and sheet erosion.

To ensure the accuracy of hydraulic modeling, roughness parameters that influence the
flow conditions were investigated for flash flood modeling. The hypothesis was that overland
flow conditions, such as shallow water depth and steep slopes, affect the roughness value
assumptions. Laboratory experiments were conducted to test this hypothesis by varying the
degree of discharge, slope, and bed roughness. The aim of these experiments was to de-

termine appropriate roughness values for overland flow modeling.
The following research questions (RQ) were raised:

¢ RQ1: How do water depth and slope influence roughness parameters for
hydraulic modeling?

e RQ2: Which roughness values are most suitable for an accurate calculation?

To combine erosion and hydraulic modeling, appropriate approaches for both components
must be selected. The state-of-the-art hydraulic modeling for flash floods is a 2D model that
calculates shallow water equations, and there are various approaches available for erosion

modeling, as outlined in Section 1.2.2.2, which led to the following research question:

¢ RQ3: Which erosion approach is suitable for heavy precipitation

framework conditions?

After selection and implementation of the combined model, it was calibrated and validated
to evaluate its suitability. Therefore, data on soil erosion caused by heavy precipitation is
appropriate in this context. One objective of this thesis was to collect and analyze soil ero-
sion data caused by heavy precipitation at the field scale using an unmanned aerial vehicle
(UAV). The new model and two existing erosion models were applied to erosion fields.

These objectives led to the following research questions.

e RQ4: How accurately can soil erosion be recorded using a UAV?

e RQ5: How well can existing erosion models using simplified hydraulics
simulate erosion caused by heavy precipitation?

¢ RQ6: Can the use of an improved hydraulic approach also enhance soil erosion

predictions compared with existing erosion models?
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e RQ7: Can rills be simulated in terms of their location and quantity without

differentiating between rill and interrill areas, as in existing models?

1.4 Approach and Thesis Outline

This thesis is organized into six sections. The introduction provides an overview of the thesis
topic and outlines the objectives and research questions of this thesis, representing Sec-
tion 1. Following the introduction, the primary components of this work are described in
Sections 2 to 5, which are divided into four journal articles. Three of these articles have

already been published, and one is accepted for publication in peer-reviewed, international,
and scientific journals.

Figure 1-3 shows a schematic overview of the thesis sections.
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Section 2 addresses the knowledge gap regarding the transferability of roughness param-
eters from literature to flash flood conditions. Research questions RQ1 and RQ2 were in-
vestigated. This section includes laboratory experiments on roughness under overland flow

conditions, specifically shallow water depths and steep slopes.

Section 3 examines the accuracy of soil erosion data generated by the UAV ‘Phantom 4
RTK’, that were used for the generation of calibration data in this study. This assessment

aims to evaluate recording errors, as outlined in RQ4.

Section 4 explains the approach and analysis method for generating calibration data
caused by heavy precipitation and provides the results of the spatial distribution and quan-
tity of rill erosion. In addition, two existing soil erosion models, RUSLE2 and EROSION-3D,
were applied to three previously recorded and analyzed erosion fields to evaluate the quality

of these models using simplified hydraulic approaches, addressing RQ5.

Section 5 presents the combined soil erosion and 2D hydraulic model. This new model was
used to analyze the recorded soil erosion fields, and the results were compared with those
obtained from RUSLE2 and EROSION-3D. This section addresses RQ3, RQ6, and RQ7.

Section 6 summarizes the key findings, assesses these findings, clarifies limitations, and

offers practical applications and an outlook for further research.
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2 Influence of Water Depth and Slope on Roughness — Experi-

ments and Roughness Approach for Rain-on-Grid Modeling

Two-dimensional (2D) models have become a well-established tool for channel flow, as well
as rain-induced overland flow simulations. In channel flow simulations, slopes are usually
less than a few percent and water depths are over several meters, while overland flow sim-
ulations show steep slopes and flow of a few centimeters. Despite these discrepancies,
modelers transfer roughness coefficients, validated for channel flow, to overland flow. One
purpose of this study is to verify whether roughness values from the literature are also valid
for overland flow simulations. Laboratory experiments with different degrees of bed rough-
ness, various discharges and a range of experimental flume slopes were carried out. For a
given discharge, water depth was measured, and bed roughness was derived. Experimental
results reveal that roughness shows no clear dependence on slope but is strongly depend-
ent on water depth for vegetated surfaces. To verify the influence of different roughness
approaches, they were implemented in a 2D model. A comparison of different simulation
results indicates differences in the hydrograph. Here, consideration of water depth-related
roughness coefficients leads to retention and translation effects. With the results of the fol-
lowing study, modelers may enhance the precision of the hydraulic component in overland

flow simulations.

Rebecca Hinsberger, Andreas Biehler and Alpaslan Yoruk

Water, 2022, 14(24), 4017

Special Issue: Hydraulics and Hydrodynamics of Overland Flow — Catchment,
Subcatchment, Plot Scale and Experimental Approach
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2.1 Introduction

211 Modeling Extreme Events

Due to the excessive human impact on the environment, the global temperature has steadily
increased. In the recent past, natural disasters, such as drought, storms, flooding or heavy
precipitation have become more frequent. According to the IPCC Report (2021), these ex-
treme events are a consequence of climate change, and their frequencies will rise in the

future.

Fluvial flooding are events that occur on every stream in different periods and intensities.
Therefore, maps were created to show areas at risk and to make provisions against extreme
events. To identify affected areas, parts of the examined stream are built in a model and
loaded with a certain discharge. Simulations are often carried out with two-dimensional hy-
drodynamic numerical models (2D models). This approach has been state of the art in Ger-

many for several years (Yoérik and Sachen, 2014).

In contrast to fluvial flooding, where water rises in streams, flash floods lead to overland
flow. Surface conditions vary from mountain areas to lowlands, and therefore, there is an
enormous range in slope, bed roughness and discharge. In the last few years, 2D models
that were and are used for fluvial flooding have also been used for pluvial and flash flood
simulations (Bellos et al., 2020; Caviedes-Vouilleme et al., 2012). With these models, vul-
nerable areas can be identified, and corresponding safety precautions can be installed. In
contrast to fluvial flooding models, which only rebuild specific channel sections and river
forelands, flash flood models have to rebuild the entire catchment area to generate overland
flow due to precipitation. The approach for assessing pluvial and flash floods is well-known
as “Direct Rainfall Modeling” or “Rain-on-Grid” (RoG). RoG simulations combine hydrologi-

cal and hydrodynamic flood processes.

Previous studies have simulated RoG using 2D models to investigate the impact of uniform
and non-uniform, triangular and quadrilateral meshes (Gibson et al., 2016), the influence of
different mesh resolutions (Caviedes-Vouilléme et al., 2012), flow velocity (Barbero et al.,
2022; Taccone et al., 2020), and comparisons of experimental data and simulations (Tac-
cone et al., 2020). Several studies have focused on the influence of resistance coefficients.
Abderrezzak et al. (2009) simulated two events and examine the influence of different
Strickler roughness coefficients. They conclude that a sufficient roughness parameter is a
relevant issue to improve the model. A sensitivity analyses by Huang et al. (2015) also
shows a considerable impact of roughness on hydrographs. The mentioned literature along

with other studies (Costabile et al., 2021; Zeiger and Hubbart, 2021) have assumed uniform
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and constant roughness coefficients for their simulations, and sometimes with spatial distri-
bution. Garcia-Pintado et al. (2009) considered time-varying roughness coefficients in chan-
nels. David and Schmalz (2020) revealed that the RoG approach provides realistic infor-
mation on overland flows. However, they indicated that constant roughness values, which
were selected for natural channels and floodplains, did not fit and needed to be increased,
to provide higher friction (David and Schmalz, 2020). Currently, modelers of RoG transfer
roughness values, valid for channels, to overland flow simulations, irrespective of the differ-
ences in water depth and slope conditions. Rain induced overland flow is characterized by
shallow sheets of water (Abrahams et al., 1990) and steep slopes as opposed to channel
flow with water depths up to several meters and low slopes of a few per mill. However, the
consideration of friction is the main factor affecting the calculation of water depth, flow ve-
locity, and the overall catchment response (Barbero et al., 2022). Cea et al. (2014) asserted
that the accuracy of a hydrograph does not ensure the correct determination of the hydrau-
lics in the entire model. Therefore, a correct approach for friction is essential for obtaining

precise results at each point in the model.

2.1.2 Aim of the Study

The present study addresses two aims. For the first part, laboratory experiments were car-
ried out to study the influence of water depth and bottom slope on bed roughness. Water
sheets with shallow depths, up to 10 cm, are of particular interest. A 2D simulation of an
existing RoG model shows that the largest percentage of area is covered with water depths
lower than 10 cm, so areas with these water depths are essential for modeling overland
flow until water reaches channels. Steep slope could be another influencing factor for rough-
ness coefficients. In the conducted experiments, the range of the bottom slope reaches
40%, which represents very steep hills. The objective of these experiments is to determine
whether existing values for roughness, which are based on channels and the given condi-
tions, are also suitable for overland flow. A wide range of different bed roughness values,
from solid and smooth to dense vegetation with a high resistance, were used to represent

different conditions.

Previous studies point out the considerable impact of roughness in 2D models. Therefore,
some results of the laboratory experiments are used for the second part of this study, which
focuses on roughness in 2D models. Simulations of a 2D model quantify the effect of ap-
plying different roughness approaches on a hydrograph in the catchment area. These re-
sults can provide insight into the sensitivity and influence of roughness on the response
time. With a more accurate approach for roughness, the quality of the simulated water depth

and flow velocity at each point in the model could be improved.
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Common flow equations are presented in Section 2.2. As mentioned in previous studies,
roughness parameters are important impact factors and calibration parameters (Abrahams
et al., 1990; Augustijn et al., 2008; Garcia-Pintado et al., 2009). Therefore, a literature re-
view on approaches to consider roughness and studies on vegetation resistance is pre-
sented, as well as studies on overland flow conditions. All Materials and Methods for the
experimental study are presented in Section 2.3. The Results and Discussion on experi-
ments and 2D modeling for submerged vegetation are part of Section 2.4.1; the Results
and Discussion for emergent vegetation and solid surfaces are parts of Sections 2.4.2 and

2.4.3, respectively. The Conclusion is provided in Section 2.5.
2.2 Background

2.21 Flow Equations

For water flow calculations and simulations, there are a few fundamental and well known
equations, such as the Gauckler—-Manning—Strickler equation (Manning’s equation) or the
Darcy—Weisbach equation. Typically, different materials and surfaces in the course and the
bank of a stream are considered with roughness coefficients, such as the Darcy—Weisbach
friction factor f, Nikuradse’s equivalent sand—grain roughness ky or the Strickler roughness
coefficient ks. In principle, these coefficients consider the total resistance. The only dimen-
sionless factor is Darcy—Weisbach'’s friction factor f, which is the most general and valid for
all states of flow (Abrahams et al., 1994; Huthoff and Augistijn, 2006). The friction factor f is

part of the following Darcy—Weisbach equation:

_ |89 RuS
Q= /TA (2-1)

Here, Q is the discharge, g is the gravitational acceleration, Ry is the hydraulic radius, S is
the channel slope and A is the cross-sectional area. There are different possibilities to cal-
culate the friction factor f. According to Prandtl (2009), the friction factor depends on the
Reynolds number Re for hydraulically smooth areas and laminar flow, and according to
Nikuradse (1933), it depends on the relative roughness kn/Dn (hydraulic diameter) for the
hydraulically rough flow regime. For the experiments conducted in this study, only the hy-
draulically rough flow regime is valid (see Reynolds numbers in Table 2-1). In addition to
the friction factor f, another coefficient to analyze roughness is used here, the equivalent

sand—grain roughness ky, by Nikuradse.

1 2] ( ky )
1
I\& Ry, (2-2)
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Here, the parameter py is influenced by channel shape. For surface runoff with the assump-
tion of an infinitely wide channel bed, the parameter can be estimated to be p, = 3.05 (Aigner
and Bollrich, 2015).

To calculate roughness, extensive experimental work was performed. Roughness values
for specific bed or surface materials (Aigner and Bollrich, 2015; Chow, 1959; Zanke, 2013)
and approaches to calculate Manning’s n (Abood et al., 2006), Darcy—Weisbach’s friction
factor f (Ferro, 2019) or Nikuradse’s kn (Gualtieri et al., 2018; Huthoff, 2012) are available.
The influence of roughness on the flow differs depending on the surface and bed conditions.
There is resistance due to bed roughness, such as concrete in channels, and vegetation
resistance, where vegetation is either emergent or submerged. In the literature, roughness
for solid surfaces is assumed to be a constant, empirically calculated coefficient, whereas

the consideration of vegetation depends on the submergence of vegetation structures.

2.2.2 Vegetation Resistance

Vegetation resistance was investigated in several studies with field and laboratory flumes
and different conditions: artificial plants (Nepf and Vivoni, 2000), real vegetation (Abood et
al., 2006), vegetation surrogates (Gualtieri et al., 2018; Tang et al., 2018; Wang et al.,
2019b), and rigid and flexible vegetation (Huthoff et al., 2007; Jarveld, 2004). From the
existing experiments, equations and approaches were derived. An overview of possibilities
to model vegetation effects is given by Vargas-Luna et al. (2015). According to Ferguson
(2021a), there are two ways to specify roughness in existing models: roughness as a con-
stant or roughness as a function of relative submergence (h/h.eg). This submergence ratio
depends on the water depth h and vegetation height h.eg. Other studies state that conven-
tional flow resistance equations with constant values are not valid for vegetated flow (Au-
gustijn et al., 2008; Gualtieri et al., 2018) because vegetation resistance depends on vege-
tation type and water depth (Huthoff et al., 2007). By analyzing the performance of different
models in vegetated channels, Vargas-Luna et al. (2015) concluded that a separate con-
sideration of emergent and submerged conditions offers the best results. One possibility to
describe different resistance conditions is a distinction in a resistance layer (flow through
vegetation) and a surface layer (flow above vegetation) (Augustijn et al., 2008; Huthoff et
al., 2007). This two-layer approach has been proposed by several studies (Baptist et al.,
2007; Huthoff et al., 2007; Van Velzen et al., 2003).

For submerged vegetation, researchers have explored Nikuradse’s roughness coefficient
and derived equations depending, for example, on the height, shape and/or density of ob-
stacles. Schroder (1990) published a summary of information connected to roughness. He

describes the dependence of ky on a shape parameter, the roughness density and the
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height for selective roughness. Huthoff (2012) presents an equation for ky that is based on
a resistance coefficient, the ratio of the frontal cylinder area and the specific volume be-
tween roughness elements (product of the specific bed surface area and the height of
roughness elements). Another approach for ky was proposed by Gualtieri et al. (2018). To
formulate a constant roughness coefficient kn, roughness height and density are used.
Gualtieri et al.’s approach is valid for submergence ratios (water depth/obstacle height) of
5 and higher and therefore represents strongly inundated vegetation. Another approach is
provided by Ferro and Guida (2022). They used a new resistance approach for the friction
factor f and validated it with experimental data by Bond et al. (2020) for grassland. This
approach has a calibration parameter for different types and properties of grass and de-
pends on slope, Reynolds number and Froude number. For experiments by Bond et al.
(2020), the calibration parameter ranges from 0.273 to 0.314. Conversely, solving the equa-

tion yields a very similar form of the Darcy—Weisbach equation (Equation (2-1)).

All listed literature limits the utilization to submerged vegetation. The approaches mentioned
above are used for comparisons with the experimental results in the section “Consideration

of Roughness for Submerged Vegetation”.

To consider emergent vegetation, bed roughness and drag effects of vegetation must be
taken into account (Huthoff et al., 2007). In addition to the friction of the flow and channel
bottom, the resistance of a rigid object or vegetation can be included in the equation. Then,
the total friction factor f is the sum of f' for the frictional resistance of the bottom and f" for
the object or vegetation cover, the form drag. Here, f' is a solid surface, usually without
vegetation, and can be assumed with a constant roughness kn and Equation (2-2). f* can
be calculated with Equation (2-3); in the following “vegetation approach” (Aigner and Boll-
rich, 2015; Baptist et al., 2007):

fl’: 4*CD*RH*dveg*Dveg (2_3)

where Cp is the bulk drag coefficient. Factors dveg (diameter of vegetation) and Dveg (density
of vegetation or roughness elements [pieces per area]) represent the specific frontal area

of the vegetation in the x-direction, the roughness density (Nepf, 2012).

The hydraulic response shows differences for emergent and submerged conditions in chan-
nels. For emergent flow, Manning’s n increases with increasing water depth, whereas for
submerged flow, Manning’s n decreases with increasing water depth (Nepf, 2012). This
phenomenon is also presented by Abrahams et al. (1990, 1994) for overland flow. They
observe 2 types of shapes for the relationship between the Reynolds number Re and

Darcy—Weisbach’s friction factor f: (a) a convex-upward function for progressive inundation
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of roughness and therefore an increase in roughness with increasing water depth and (b) a
negatively sloping function for progressive increase in water depth over inundated parts of
the bed and therefore a decrease in roughness. An increase in roughness with increasing
water depth results from a domination of form resistance instead of bed roughness. The
individual function depends on surface and vegetation properties (Abrahams et al., 1994).
When inundation and therefore the submergence ratio is high (h/hvweg >5), resistance will
transform to conventional equations, which are not dependent on water depth but are con-
stant in their values (Augustijn et al., 2008; Gualtieri et al., 2018; Huthoff et al., 2007).

2.2.3 Conditions for Overland Flow

While roughness in channel flow has been investigated extensively, information on rough-
ness related to overland flow is limited (Ferro and Guida, 2022). Existing rainfall simulations
and overland flow experiments were carried out with grassland and shrubland on deserted
hillslopes (Abrahams et al., 1990, 1994), brush and grassland areas (Polyakov et al., 2018)
and grass to different seasonal conditions (Bond et al., 2020). Recently, a novel open chan-
nel flow equation for the Darcy—Weisbach friction factor was proposed (Ferro, 2017, 2019).
Subsequent studies estimate a surface-dependent coefficient I" with different experiments
for smooth beds (Nicosia et al., 2020), grass-like vegetation in channels (Ferro, 2019), dif-
ferent soil textures (Carollo et al., 2021; Palmeri et al., 2018), erosion rills (Di Stefano et al.,
2019a, 2019b, 2021; Nicosia et al., 2019), vegetated beds (Nicosia et al., 2021) and grass-
land habitats (Ferro and Guida, 2022).

As a consequence of less common hillslope measurements (Bond et al., 2020), empirical
roughness values are derived from laboratory and field experiments with bottom slopes in
the range of per mill or a few percent (Cheng, 2011; Dunn et al., 1996; Murphy et al., 2007).
Experiments in steep river channels or flumes with high slopes are rare. Comiti et al. (2007)
investigated steep slopes in predominantly step-pool channels. However, due to the per-
sisting lack of experimental data on overland flow, modelers of pluvial and flash floods cur-
rently use roughness coefficients based on stream experiments (Schubert et al., 2008;
Tyrna et al., 2018). Although the influence of water depth and submergence on vegetation
resistance is well known in the literature, modelers of flash floods transferred constant
roughness values from channel flow with mostly high submergence to overland flow. For
only a few years, a guideline for flash flood modelers published by a federal state of Ger-
many (LUBW, 2020) have suggested roughness coefficients influenced by water depth for
some bed roughness. Regarding what has been discussed in the literature about vegeta-

tion, this approach is reasonable.
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2.3 Materials and Methods

To investigate different degrees of bed roughness depending on the water depth and bottom
slope, laboratory experiments were carried out. All experiments were conducted at the la-
boratory of hydraulic engineering at the University of Applied Sciences in Saarbriicken,
Germany. Figure 2-1 shows a sketch of the closed water circuit that proceeds with the ex-
periments; 70 m* water is stored in an underground reservoir (Figure 2-1, no. 1) and is
transported by two pumps through a pipe system to an inlet reservoir and the experimental
setup. The channel (Figure 2-1, no. 7) is 10 m long and contains a cross-section of 1 x 1 m
without any slope. At the transition of the inlet reservoir to the channel, a flood protection
system is installed to separate both elements. This system is composed of several beams

to dam the water in the reservoir to different heights.

@ Underground reservoir (70 m? of water)

@ 2 pumps (typ: Amarex KRTK 150-315/224 UEG-S IE3)
@ Gate valve DN 250

@ Magnetic-inductive flow meter

@ Gate valve DN 350 (typ: KSB Ecoline GT40)

@ Inlet reservoir (max. 9 m® of water)

@ Channel (WxHxL: 1x1x10m)

Experimental flume (WxHxL: 0.5%x0.35x4 m)

(@ Outlet of the channel to the underground reservoir

Figure 2-1:  Sketch of the experimental setup.

For the experiments of this study, a second, smaller channel, the experimental flume (Figure
2-1, no. 8), was installed. The experimental flume has a length of 4 m and a cross-section
of 0.5 x 0.35 m. Its bottom is a coated plywood plate, and the walls are made of aluminum.
For the roughness experiments, the whole bottom was covered with insets. The experi-
mental flume is stabilized at the upstream end of the flume to a handle at the topmost beam
of the flood protection system and can therefore align the slope. With the help of a mobile
crane at the downstream end of the flume, the slope can be further adjusted. A digital cli-
nometer is supposed to measure the flume’s slope with a precision of 1%. For the entire

setup, a range of slopes from 0% to a maximum of 40% (21.8°) is possible (see Figure 2-2f).
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The flume is charged by the inlet reservoir, which reduces the turbulence of the flow. A

perforated plate evenly conducts the water stream over the whole width of the flume.

Figure 2-2:  Photos of the experimental flume with different surfaces: (a) artificial grass, (b) wheat, (c) cement-
based coating, (d) asphaltic emulsion, (e) exposed aggregate concrete, and (f) aluminum.

In the experimental procedures, the discharge was controlled by gate valves (Figure 2-1,
no. 3 and no. 5) and measured by a magnetic-inductive flow meter (Figure 2-1, no. 4). The
measurements of the water depth were conducted with a point gauge that signals (visually
and acoustically) contact with water (Richter Deformationsmesstechnik GmbH, Frauen-
stein, Germany). A frame with the point gauge was positioned in the middle of the flume to
avoid an influence from the inlet and outlet areas. The position was determined by prelimi-
nary tests. Water depths were measured in a longitudinal section of the experimental flume,
and areas influenced by inlet and outlet were detected. For the final experiments, water
depth values are single measurements. When vegetation stalks were higher than the flume
walls (Figure 2-2b), the stalks were slightly bent at the top to fit through openings of the
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frame. Then, the water depth was measured as in previous experiments using the acoustics

of the point gauge when water was touched.

As the objective of this study was to investigate different degrees of bed roughness, the
sidewall influence of the flume must be considered. As a preliminary test, aluminum plates
were used as insets (Figure 2-2f). Hence, in addition to the flume walls, the whole experi-
mental flume is covered with aluminum so the material specific roughness can be deter-
mined to take the wall roughness for all subsequent experiments into consideration. For the
results of bed roughness, wall roughness is considered via the wetted perimeter to use only
the specific bottom friction for analyses. All bed roughness and surfaces used in this study

are illustrated in Figure 2-2.

In the present study, flow above solid surfaces as well as flow through and above vegetation
is investigated. Artificial grass represents submerged vegetation with a flow above the veg-
etational layer. For experiments with wheat, the water flows through the wheat stalks, so it
is defined as emergent vegetation. Further surfaces are described as “solid”. For each sur-
face, a short description of the configuration details, flow conditions and the range of dis-

charges, water depths and bottom slopes are given in Table 2-1.
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Table 2-1: Experimental configurations.

e Cement- . Exposed
Reference Artificial Wheat Based Coat- Aspha_ltlc Aggregate Aluminum
Grass . Emulsion
ing Concrete
Dried wheat
height: 0.5 m
500 pc/m?
Nubby . fixedin 3 cm Mixture of
blade of grass: .
. Styrodur and masonry mortal .. Texture: gravel
o length: 2.5 cm . . Grain size: L Plates
Description 2 on top: and tile grain size: .
height: 1.5 cm ) 0-8 mm 2 mm thick
. 2 cm cement- adhesive 5-20 mm
predominantly . L
- based coating  (ratio 1:2)
rigid .
predominantly
rigid (bending
was avoided)
Sticked and 4 pieces
. tightenedtoa 4 separate 4 separate 4 separate . pieces
Installation 4 pieces  sealed with sili-
coated plywood boxes boxes boxes
cone
plate
Submerged
Flow condition vegetation Emergent Submerged Submerged Submerged Submerged
Submergence: vegetation  Solid surface Solid surface Solid surface Solid surface
21-7.5
Total number 149 77 168 119 119 08
of experiments
Q [I/s] 5-70 5-35 5-70 5-70 5-70 5-70
h [cm] 3.1-11.2 1.2-143 1.0-9.5 1.1-71 1.3-7.5 0.9-8.0
Re 248 x 10~  2.75x10% 278x10*- 265x10*— 2.63x10%- 2.92x10%-
3.31 x 10° 1.76 x 10° 3.75 x 10° 3.64 x 10° 3.60 x 10° 3.74 x 10°
1 X X X X X X
2 X X X
3 X X X
4 X X X
5 X X X X X X
S 10 X X X X X X
[%] 15 X X X X X X
20 X X X X X X
25 X X X X X
30 X X X X X X
35 X X X X X
40 X X X X X

2.4 Results and Discussion

For the analysis of experiments, Darcy—Weisbach’s friction factor f was used because it is
the only dimensionless resistance coefficient and valid for all states of flow (Abrahams et
al., 1994; Huthoff and Augistijn, 2006). With the results of the measured discharge, water
depth and slope and given boundary conditions of the experimental flume, all parameters
are available to calculate f with Equation (2-1) and kn of each experiment with calculated f
and Equation (2-2). Figure 2-3 summarizes the data of all types of bed roughness in this
study with slopes from 1% to 20%. For this first overview, no distinction is made between
solid or vegetation bed roughness, and for every experiment, coefficient ky is considered
as bed roughness to show the range of values. For further analyses, the friction factor f or
coefficient kn is used, depending on the surface. The plot depicts the dependence of water

depth on roughness kn. With a split y-axis, the range of data points for low ky values can be
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better recognized. For submerged vegetation (artificial grass), roughness decreases with
increasing water depth and submergence. In contrast, for emergent vegetation (wheat),
roughness increases with increasing water depth. These results of change in roughness
depending on submergence are plausible regarding results from the literature for vegetation
in the channel (Nepf, 2012) and for overland flow (Abrahams et al., 1990, 1994). Solid sur-
faces (cement-based coating, asphaltic emulsion, exposed aggregate concrete and alumi-
num) show a much smoother roughness with a reasonable constant roughness coefficient
KN.

By conducting experiments with 1% (independent of bed roughness), discharge losses were
noticed at the inlet of the experimental flume. These losses could not be completely avoided,
and quantity could only be approximated. Therefore, the measured discharge for all exper-
imental data of slopes = 1% was reduced by 10%. In addition to the investigation of water
depth, the second part of this experimental study was to investigate if and how roughness
is influenced by bottom slope. For each bed roughness, a range of different slopes was
used as the experimental setup. A list of slope configurations for each experiment is con-
tained in Table 2-1.

241 Consideration of Roughness for Submerged Vegetation

2.4.1.1 Analyses and Evaluation of Experimental Results

Figure 2-3 shows that submerged vegetation, in this study artificial grass, leads to a rougher
surface with decreasing water depths. Thus, roughness decreases with higher submerg-
ence. Previous studies have investigated (artificial) grass with different blade heights and
slopes. A comparison of data from this study with data from previous studies is illustrated
in Figure 2-4. All data are shown in terms of relative submergence (h/h.eg). The experiments
of Ruiz Rodriguez and Trost (2017) and Oberle et al. (2021) with artificial grass are compa-
rable to the surface used in this study. Accordingly, the data points largely agree with the
measurements of this study. Scheres et al. (2020) observed a smoother surface for a “spe-
cies-poor grass-dominated mixture” with a vegetation coverage of 82%. The friction factor
for these experiments deviates widely from the results of this study. Here, friction factors
are constant for all submergence ratios, and in total, values are lower. Experiments by Wil-
son and Horritt (2002) were carried out in a flume with a bottom slope of 1% and grass
blades of 7 cm height. A curve of friction factors for different submergence is given, although
data points show lower friction factors for a given submergence than data from the literature.
In a study by Karantounias (1972), he used a grass mat with blades, which were 8 cm long
and bent to the ground. Unfortunately, the height of the vegetation layer was not reported,
but one photo was presented. For comparison in Figure 2-4, a height of 1 cm was assumed

to calculate submergence. With this assumption, the results of this study also fit the results
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of the present study. By increasing the assumed vegetation height, the data points slide to
the left. For all data, friction factors are highest for minimum submergence. Reports by Nepf
(2012) and Abrahams et al. (1990, 1994) and the results of wheat in this study indicate that
the curve changes with a submergence of 1 (change from submerged to emergent). Hence,
the maximum roughness is reached with submerged vegetation (submergence = 1). With
this knowledge, an assumption of a vegetation height of 1 cm for experiments by Karan-

tounias seems plausible because a submergence of 1 is not exceeded.
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Figure 2-3:  Relationship between water depth h and equivalent sand—grain roughness kN for different bed
roughnesses. Ordinate was split to better show data points with low kN.

According to Augustijn et al. (2008), Gualtieri et al. (2018) and Huthoff et al. (2007), rough-
ness approaches a constant value when water depth is much higher than vegetation height.

In the mentioned literature, a submergence higher than 5 is stated. The results of the pre-

sent study indicate constant roughness from a submergence higher than 6 or 7.
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Apart from Scheres et al. (2020), all experimental data of submerged vegetation from the
literature show a similar dependence of submergence on roughness. This result is also
mentioned by Scheres et al. (2020), who state that, contrary to other data from the literature,
the friction factor of their study seems independent of submergence. In the comparison
shown in Figure 2-4, the shape of the functions and submergence deviate because of dif-
ferent vegetation properties (density, shape, ...). For a given submergence, data from Wil-
son and Horritt (2002) show lower resistance than the compared data. Against the sub-
mergence ratios for constant hydraulic resistance stated by Augustijn et al. (2008), Gualtieri
et al. (2018) and Huthoff et al. (2007), data from Wilson and Horritt (2002) seem to reach a
constant value from a submergence of 3. This phenomenon, which does not fit with other
literature data, is also mentioned by Wilson and Horritt themselves. One possible explana-

tion is the flexibility of 7 cm high grass compared to heights of 1 or 2 cm.
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Figure 2-4:  Relationship between relative submergence (h/hveg) and friction factor f. Measured values of this
study (black dots) are compared to data from the literature.

Figure 2-4 shows that the dependence of water depth and roughness for submerged vege-
tation is known in the literature and thus, these data validate our experiments. In addition to
the water depth, the dependence of the bottom slope was investigated. These results are

shown and discussed at the end of Section 2.4.1, subsection Novel Approach.

To reproduce measured values with a model, different approaches that consider vegeta-
tional properties are available.
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2.4.1.2 Existing Models

There are several experiments and analyses to consider submerged vegetation, mentioned
in the Background section. With vegetation properties of artificial grass used in the present
study, approaches lead to the following constant kn values: Gualtieri et al. (2018): 0.205 m;
Huthoff (2012): 0.017 m; Schroéder (1990): several meters. The ky value from the approach
by Schroder (1990) strongly deviates from the experimental results of this study, whereas
values from the approaches by Gualtieri et al. (2018) and Huthoff (2012) reproduce the
mean values of the experimental data (see Figure 2-3 and Figure 2-5a). However, the ky
value resulting from the approach by Gualtieri et al. (2018) should be valid for submergence
=5 when hydraulic resistance reaches a constant value. In this study, a constant value of

kn = 0.1 m is reached for high submergence (see Figure 2-5a).

According to the approach by Ferro and Guida (2022), by choosing the right calibration
parameter (0.21 for artificial grass in this study; selected according to the lowest RMSE),
measurements fit quite perfectly with this approach because the “measured” friction factor
is calculated with the Darcy-Weisbach equation. However, by using water depth and flow

velocity in this equation, an initial value problem appears.

Different approaches suggested in the literature, and data from the literature were com-
pared to the experimental data from this study. In Figure 2-5, water depth is plotted against
kn (Figure 2-5a) and submergence against f (Figure 2-5b) for different approaches in com-
parison to the experimental data. In Figure 2-5a, experimental data are shown separately
for each slope condition, and in Figure 2-5b, data from this study are shown as black point
clouds for better clarity compared to other data. Both plots show a constant ky, f values
obtained with a constant k (gray, dashed line), as suggested in the literature, and kn/f val-
ues obtained with a constant ks (black, dotted line), as it is state of the art in 2D models
(LfU, 2018). All ks values are transformed to f with a combination of the Gauckler—Manning—
Strickler equation and Darcy—Weisbach equation (Equation (2-5)) in the following para-
graph); conversion of f to kx and backward is carried out with Equation (2-2). Constant ky
and constant ks were chosen as values for high submergence, as these values are listed in
the literature for channel flow (see paragraph “Vegetation Resistance”) and therefore fit high
water depth. For that, the values of ky = 100 mm and ks = 25 m"?/s represent these condi-
tions. Mean values for kny and ks could fit the experimental data better as a whole, but over-
and underestimate specific ranges of values. The influence of water depth for ks in Figure
2-5a and for kn in Figure 2-5b arises from the factor of hydraulic radius R4 in both transfor-
mation equations. The plot depicts that a constant ky as well as a constant ks merely applies
with experiments with high water depths (submergence >6 to 7), although constant ky val-

ues can represent the quality of the curve progression in Figure 2-5b. In Figure 2-5b, it can
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be seen that data from Scheres et al. (2020) fit with a constant ks and data from Wilson and
Horritt (2002) fit with a constant kn. Furthermore, Wilson and Horritt conducted experiments
with grass blades of 7 cm. If these blades bend, submergence rises, and the curve of data
points from Wilson and Horritt approximates the data curve from this study. Properties, es-
pecially the density of vegetation, deviate in each experiment, so different values for hy-

draulic resistance are reasonable.

In the literature, the dependence of vegetation bed roughness and water depth has been
reported. However, the friction factor f always depends on the water depth because of the
factor Ry in Equation (2-2). Nevertheless, an additional dependence of ky and water depth
is shown in Figure 2-5a. According to these findings, a novel approach for ky depending on

water depth is introduced.
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Figure 2-5:  Relationship between water depth or submergence and roughness parameters: (a) water depth
h against equivalent sand—grain roughness kn with courses of the novel approach (Equation
(2-4)), a constant kn and a constant ks in comparison to measured values of this study (dots,
separately for each slope condition) and (b) submergence against friction factor f with courses of
the novel approach (Equation (2-4)), a constant kn and a constant ks in comparison to measured
values of this study (black dots) and data from the literature.
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2.4.1.3 Novel Approach

As shown in Figure 2-5a, roughness coefficient ky is dependent on water depth. This de-
pendence can be described with a linear approach (Figure 2-5, blue, solid line) in Equation
(2-4).

Equation (2-4) for kn consists of three parts: (a) a part for submergence <1, (b) a part for
high submergence and (c) a part for the intermediate area. For submergence <1 (h < hyeg),
the conditions change to emergent, and the hydraulic response is different. To simplify the
novel approach, the roughness coefficient ky for h < hyeg is assumed to be constant (kn-s1).
For water depths with high submergence (h >> hyeq Or submergence 25), a constant value
(kn) can be assumed as well (Augustijn et al., 2008; Barbero et al., 2022; Huthoff et al.,
2007). For the intermediate area, kn will be changed approximately linearly between kn-s1
and kn. This valid range of values is constrained by the minimum ky for high submergence
and the maximum kn.s1 for low submergence. The change in roughness for 1 < h/hyeg <5 to

7 depends on the gradient Akn/ A submergence and therefore on the water depth.

p
kyn-s1 for <1
hveg
ky—s1— k h
KN,coRR =\ ky_s; — NC““_ T Ny <h - 1> for1l< <c( (2-4)
veg veg
k for =cC
N hveg J

Here, c is the coefficient for high submergence in a value range of 5 and 7 (Huang et al.,
2015; Zeiger and Hubbart, 2021).

The experimental setup of this study was limited to a minimum discharge of 5 L per second,
which led to a water depth >3 cm. With a vegetation height of 1.5 cm, a submergence of 1
could not be reached. Due to the lack of knowledge in this range of values, a constant ky
for water depths <3 cm was assumed for all the following analyses (as shown in Figure
2-5a, blue line).

In addition to the evaluation of the appropriate course with water depth vs. ky and submerg-
ence vs. f (Figure 2-5), a comparison of the predicted velocity to the measured velocity
(calculated with measured discharge and water depth) for all approaches is shown in Figure
2-6a—c. For ks = 25 m'®/s = constant (a) and kn = 0.1 m = constant (b), approaches ap-
proximate measured values for high velocities and therefore for high water depths. For data
with high bottom slopes, the approaches fit less well. The root mean square error (RMSE)

of flow velocity v is 0.463 for ky = constant and 0.604 for ks = constant. Altogether, both
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approaches lead to velocities that are too high. In the right column of Figure 2-6d—f, the plot
Reynolds number Re against friction factor f indicates the same trend. Accordingly, both
approaches cause friction factors that are too small for the predicted scenario (dashed
lines). For the novel approach (bottom row), the velocity fits well for small values; for higher
velocities, the values scatter (Figure 2-6¢). The RMSE of velocity v is 0.138 for all meas-
urements and 0.094 for v < 1 m/s. The friction factor f can be predicted more precisely than
with constant approaches (Figure 2-6f). Here, an RMSE of 0.57 can be reached for all

measurements.

Apart from the influence of water depth on roughness, the bottom slope was investigated.
For artificial grass, slopes from 1% to 40% were set. Comparisons of roughness (f/kn) with
water depth or submergence do not show clear dependence. From Figure 2-5a, it can be
assumed that roughness increases with decreasing slope for a given water depth. However,
some slopes deviate, e.g., 1% and 25% to 40%. The plot of Re vs. f (Figure 2-6f) shows
that the friction factor can be predicted adequately with kn depending on the water depth,
and an additional dependence on the bottom slope is not necessary. As described in the
“Modeling Extreme Events” section, considering roughness is an important input and cali-
bration factor for 2D models to calculate water depth and flow velocity and thus to simulate
the intensity and temporal course of flood waves at certain points of interest. Therefore,
consideration of the correct roughness coefficient is essential. In the following, approaches
ks = constant, ky = constant and the novel approach were used in a flash flood simulation

to evaluate their effects in a real catchment area

2.4.1.4 Implementation in a 2D Model

As one objective of this study is the usage and influence of roughness in simulations, the
consideration of roughness in the HydroAS model (Hydrotec, Aachen, Germany), which is
standard software for flood simulation in Germany and neighboring countries, should be

introduced.

HydroAS is a two-dimensional hydrodynamic numerical model for simulations of channel
flows and flash floods. In contrast to 1D calculations, which include merely the flow velocity
and acceleration in the flow direction (x-direction), two-dimensional models calculate the
upstream-downstream and transverse direction of the stream (x- and y-direction). The fun-
damental principle of this model is the utilization of shallow water equations (Hydrotec,
2021).

The simulations of the HydroAS models are influenced by roughness coefficients for every
compiled land usage. Modelers can input the value as Strickler roughness ks, either as a

constant value or a value depending on the water depth. The programming code of the
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model converts the Strickler roughness coefficient ks into the friction factor f by merging the
Gauckler—Manning—Strickler equation and Darcy—Weisbach equation into the following

equation (Hydrotec, 2021):

2g

f=634—————
ks® * Dy*/3 (2-5)

In this case, Du represents the hydraulic diameter, with Dy = 4 x Ry. According to Hydrotec

(2021), the factor R can be replaced by water depth for 2D shallow water equations.

By using approaches for submerged vegetation with the Darcy—Weisbach equation, as pre-
sented in the previous paragraph (Figure 2-6), water depth is the only factor used to calcu-
late kn and derive the friction factor f and flow velocity. Thus, appropriate discharge for water
depth and velocity is not considered. However, in 2D modeling, discharge or precipitation
are initial parameters for simulations. To estimate the influence of this condition, the exper-
imental flume was rebuilt as a 2D model, approaches were applied, and discharge from
experiments was used as the initial condition. In Figure 2-7, measured flow velocities are
compared to velocities from manually calculated approaches (a—c) and to velocities from
simulations (d—f). Figure 2-7a—c are extracts from Figure 2-6a—c. For this comparison, ex-
emplary slopes of 3%, 5%, 15% and 40% were used. This selection represents the total

range of values for scattering.

By using a 2D model with roughness approaches and given discharge from measurements,
flow velocity is calculated more accurately than manually calculated velocities, and scatter-
ing can be reduced. As a result, RMSE improves. For selected data (3, 5, 15 and 40%),
RMSE for v predicted (manually) is 0.61 compared to 0.30 for the 2D model with ks = con-
stant; with kny = constant 0.47 against 0.19 and with novel approach, 0.16 against 0.06.
Experimental runs with slopes of 40% and low discharge do not bring plausible results with
the 2D model and are therefore excluded from Figure 2-7. Water depth and flow velocity
seem unstable. The reason for this is the usage of shallow water equations in 2D simula-
tions. As presented in the introduction of the HydroAS model, only the x- and y-directions
are considered for simulation, and the z-direction is not calculated. For very high slopes,
such as 40% in experimental runs, conditions of high slopes and low water depth could
result in resilient simulation values. However, the analysis of slopes with SRTM1 data (shut-
tle radar topography mission) shows a share of less than 2% for slopes of 40% and higher

for the area of Germany. Consequently, a combination of the mentioned conditions is rare.
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By simulating the experimental flume and comparing the results of the simulated and meas-
ured flow velocities, the plausibility check shows improvement compared to the manual cal-
culation. To evaluate the effect of different approaches in a real catchment area, a 2D model
was built with a DEM (Figure 2-8a).

The model used for the following enquiry comprises an area of 1.1 km?, and the elevation
varies from 288.13 m to 371.61 m above sea level. In the model, there is no deviation in
different land uses, so grassland approaches were applied for the entire model. This method
was selected to avoid interactions with different roughness values and other processes.
Hence, the discharge curve only results from different grassland approaches to evaluate
their effects. Precipitation was considered with an intensity of 60 mm/h for a duration of one
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hour, and initial losses were taken into account at 2.5 mm. For all scenarios, the total runoff

volume is equal.

With the described model, four simulations with different roughness approaches for grass-

land were carried out:

e An approach with a constant ks of 25 m'?/s was applied. This is a plausible value
for 2D flooding models (Aigner and Bollrich, 2015; Chow, 1959).

¢ An approach with a constant ky of 100 mm was applied. A constant ky is proposed
by Gualtieri et al. (2018), Huthoff (2012), and Schroder (1990).

e The novel approach of this study (Equation (2-4)) with ky as a function of water depth
was applied.

e The approach of Ferro and Guida (2022) with friction factor f as a function of slope,
Reynolds number and Froude number was applied. Here, the calibration factor was

0.21, which fits best to the measured values of high water depth in this study.

At the main outlet of the model, different discharge curves are reached. Figure 2-8b illus-
trates all scenarios mentioned above. Simulation with ks = constant leads to the earliest and
highest discharge peak. The approach with ky = constant results in a similar curve but
shows translational motion. Due to a higher friction factor for ky = constant, which is pre-
sented in Figure 2-6, overland flow slows down, and a delayed discharge is plausible. By
using the novel approach with even higher roughness, translation and retention effects are
clearly visible in the discharge curve. For the roughness approach by Ferro and Guida
(2022), the 2D model has to use water depth and velocity to calculate roughness in every
time step. However, these variables should be calculated in the model with existing default
roughness. Consequently, the discharge curve shows strong oscillation, and the model
seems unstable. Discharge approximates the shown curves and becomes more stable due
to the limitation of different equation parameters, such as Re and Fr. Nevertheless, the

range of limitations is difficult to define.

A higher friction value for constant ks and kn would lead to an intensified retention and
translation of the discharge curve. However, these values over- or underestimate specific
areas in the catchment. The accuracy of the hydrograph does not ensure the correct deter-
mination of the hydraulics in the entire model (Cea et al., 2014). Therefore, the correct ap-

proach for friction is essential for obtaining precise results at each point in the model.
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Figure 2-8:  Model area and 2D results: (a) DEM of the model and location of the main outlet, (b) hydrograph
for different scenarios at the main outlet.

2.4.2 Consideration of Roughness for Emergent Vegetation

For experiments with emergent vegetation, wheat boxes were constructed. They contain
wheat stalks that are 0.5 m high and therefore tower above water depth for each experi-
ment. Each box consists of a bottom layer of Styrodur and a mixture of masonry mortal and
tile adhesive to fix wheat stalks. The mortal-adhesive mixture is the same material and
therefore has the same surface as the solid surface “cement-based coating” in the “Consid-
eration of Roughness for Solid Surfaces” section.
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For the analysis of roughness, total friction must be considered for the bottom layer of the
cement-based coating (f') and further for the vegetation layer of wheat stalks (f’), as de-
scribed in the “Vegetational Resistance” section. To calculate friction, the results of the ex-
periments with cement-based coating are suitable considering the bottom friction . Wheat
stalks are considered with a separate vegetation approach for f* (Equation (2-3)). The sum

of both roughness parts leads to the total resistance f.

The vegetation approach (Equation (2-3)) considers two parameters that depend on specific
vegetational properties. The first is the drag coefficient Cp, which is an empirically deter-
mined value. In this study, the shape of a cylinder is assumed for wheat stalks, and there-
fore, a value for Cp of 1.2 is selected (Aigner and Bollrich, 2015). The second parameter is
the specific frontal area of the vegetation in the x-direction. Due to the experimental setup
of this study, a mean diameter of wheat stalks of 3.7 mm and a density of vegetation of 500

pieces/m? were used for calculation.

To compare the vegetation approach and data from experiments, the experimental results
must be adjusted. For each experiment, a total f can be derived from the measured dis-
charge, water depth and slope with the Darcy-Weisbach equation (Equation (2-1)). Part of
the bottom resistance f was calculated with Equation (2-2) in combination with a constant
kn derived from experiments with a cement-based coating. Here, the approach was simpli-
fied by an assumption of ky = 0.006 m as a uniform value for each experiment. Scattering
of results from experiments with cement-based coating was not considered. However, the
influence of the bottom friction f' is almost insignificant because the values for ky vary from
2.3 mm to 10.2 mm (see section “Consideration of Roughness for Solid Surfaces”) and
therefore f' varies from 0.05 to 0.1. However, ' varies from 0.1 to 0.8 (Figure 2-9). Part of

the vegetational resistance f' was calculated by subtracting f and f'.

Figure 2-9 shows the share of f' for the measured data of wheat in comparison to the veg-
etation approach (Equation (2-3)) from the literature. For data points with slopes from 1%
to 15%, the friction factor f* increases with increasing submergence. According to Nepf
(2012) and Abrahams et al. (1990, 1994), this behavior is plausible for emergent vegetation.
In contrast, the data points of high bottom slopes (20-35%) vary widely. To reproduce the
measured values, a vegetation approach was used. For slopes up to 15%, the curve of this
approach lies in the mean range of data scatter. For low submergence with values <0.10,
the vegetational approach represents the measured data well. Here, the RMSE of " is
0.045. The higher the submergence is, the higher the scattering. For all data of slopes 1-
15%, RMSE is 0.112. Data scatters for high velocities and water depth. This is possibly

caused by measurement errors due to turbulence. For slopes >15%, the data points do not
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show an increase in f" with an increase in submergence. Scattering is strong and results in
a total RMSE for f* of 0.488.
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Figure 2-9:  Relationship between submergence (h/hvweg) and friction factor f* for measured values of
experiments with wheat (dots) in comparison to the vegetation approach (blue, solid line, Equation

(2-3).

By examining all results regarding slope, no clear dependence can be established. For
slopes from 1% to 5%, for a given submergence, the friction factor increases with slope.
However, slopes of 10% and 15% do not continue this trend. In total, for experiments of this
study with slopes up to 15%, a mean value can be reproduced with a vegetation approach

and can be used for the consideration of emergent vegetation in model-based simulations.

2.4.3 Consideration of Roughness for Solid Surfaces

For the category “solid surfaces”, cement-based coating, asphaltic emulsion, exposed ag-
gregate concrete and aluminum were used. Figure 2-10 shows four plots, one for each
material used. Here, water depth is plotted against sand—grain roughness kn to describe
bed roughness. In all plots, a similar phenomenon can be perceived. For data of slopes up
to 15/20%, the sand-grain roughness kn is an almost constant value for all water depths.
This suggests that the roughness coefficient ky does not depend on the water depth. Com-
pared to a condition of constant kn for h >> heg for submerged vegetation, in this case,
water depth is much higher than roughness height ky and therefore, it could be seen as a

very high submergence. Against this background, constant ky values seem plausible. For
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higher slopes, kn scatters or increases with increasing water depth. Similar to the experi-
mental data of the wheat, scattering increases with both bottom slope and water depth. The
range of values for the derived ky are listed in Table 2-2. Here, the mean values for different

slope conditions are presented.

Table 2-2: Derived, mean kn values from experiments of this study and literature references.

Range of Mean kn Values

Surface (For S = 2%-S = 20%) Literature (Albert, 2020)
Cement-based coating 2.3-10.3 mm Concrete, smooth:
(Figure 2-10a) (for slope = 1%: kn = 1.4 mm) kn = 1-6 mm
Asphaltic emulsion 8.3-9.7 mm Asphaltic concrete or mastic as-
(Figure 2-10b) (for slope = 1%: kn = 2.3 mm) phalt: kn = 1.5-2.2 mm
Exposed aggregate concrete 12.4-18.4 mm Concrete smooth—rough:
(Figure 2-10c) (for slope = 1%: kn = 8.3 mm) kn = 1-20 mm
Aluminum 1.3-4.6 mm L
(Figure 2-10d) (for slope = 1%: kn = 0.4 mm) Steel: kn =0.04-0.1 mm

The derived kn values of this study are higher than the orders of magnitude listed in the
literature. By comparing measured data with data from the literature, it is noticeable that
values from the literature often fit within the range of data with slope = 1%. Two explanations
are possible: (a) despite the assumption of 90% discharge (see paragraph “Outline”), some
data with 1% slope scatter and deviate from the expected curve; perhaps even more dis-
charge was lost, or (b) data from the literature fit with data of 1% slope because literature
values are derived from channel conditions with low slopes. Overall, it could be seen that
for a given water depth, kn rises with slope. However, this conclusion is weakened by con-
sidering scatter due to measurement inaccuracies. By changing the measured water depth
by £ 3 mm, ky varies widely by =39 to —60% or rather +53 to +100% (for slopes up to 20%).
For comparison of plots shown for submerged vegetation, here, a plot of Re and friction
factor (logarithmic display) shows negatively sloping functions with low slopes. This result

seems reasonable to what has been reported in the literature (Abrahams et al., 1990, 1994).
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Figure 2-10: Relationship between water depth h and equivalent sand—grain roughness kn for measured
values of (a) cement-based coating, (b) asphalt emulsion, (c) exposed aggregate concrete, and
(d) aluminum.

2.5 Conclusions

In this study, laboratory experiments with submerged and emergent vegetation as well as
solid surfaces were carried out. As a result of these measurements, different roughness
coefficients were derived and analyzed to estimate the influence of water depth and slope

on roughness.

For submerged vegetation (artificial grass), the influence of water depth on roughness
shows a decrease in roughness with an increase in submergence. The opposite result was
observed for emergent vegetation (wheat). Here, a rising submergence leads to a higher
roughness. Both results are plausible regarding results from the literature. Due to the sub-
mergence of roughness structures, such as vegetation, roughness increases until a sub-
mergence of 1, and therefore, its highest roughness is reached. For higher submergence,
roughness decreases to a constant value. Analyses of solid surfaces show no dependence
of water depth on roughness kn. However, by calculating the friction factor f with the Prandtl—
Colebrook equation and a constant ky, the water depth is an influencing factor. Investiga-
tions regarding the influence of the bottom slope on roughness show uniform results. In a
plot of water depth and roughness ku, the influence of slope could be seen for some data
points. Due to scattering, this trend is vague for high slopes and high water depths. How-

ever, when considering the friction factor f, the influence disappears or is only slightly visible.
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Comparing the results of solid surfaces with results from the literature, constant ky values
are reasonable, although the measurements of this study lead, in total, to a slightly higher
roughness than presented in the literature. The results of emergent vegetation show that
the existing vegetation approach depicts the mean curve for measured values. Scattering
rises with increasing water depth and slope. In contrast, the consideration of submerged
vegetation is not fully applicable to existing approaches. Consequently, a novel approach
appropriate for measured data has been introduced to consider water depth-related rough-
ness. Simulations of an RoG model with different approaches clearly show visible changes
in discharge curves. The decision of the roughness approach to correctly calculate water
depth and flow velocity has a very high impact on the catchment response. Thus, this re-
sponse depends on the consideration of the correct roughness value at each point in the
entire catchment. To evaluate the quality and decision about the most reasonable approach,
real measurements of water level gauges at several points in the catchment area are nec-
essary. For the best model performance, a simple approach is recommended. Calibrated
RoG models can be used to simulate specific precipitations and investigate precautions for

real flash floods.

The bed roughness investigated in this study was always based on specific surfaces. Other
surface structures or vegetational properties lead to different values and approaches. For
the vegetation approach of emergent vegetation, properties are considered. For the usage
of the proposed, novel approach, the factor A kn/ A submergence should be derived by
vegetation properties with data from this study and data from the literature. Thus, further

research is needed.

In general, one challenge for modeling flash floods is the knowledge about land use. For
given information about, for example, arable land, used roughness is always just a scenario.
The surface can be bare soil, or in contrast, fields of wheat, with different stalk heights,
depending on the culture and season. Differences in roughness can be immense. At the
moment, no increase in roughness with increasing water depth for emergent vegetation is
considered in the guidelines (LUBW, 2020). With this approach, wheat fields, as an example

of emergent vegetation, could slow overland flow more than currently assumed.
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Data Availability Statement

All  experimental data of this study are provided at a data repository
(doi.org/10.6084/m9.figshare.17142440). The software HydroAS is commercially available
from Hydrotec GmbH, Aachen, Germany (2021b). The simulation model is available as part

of a previous project of flash flood simulations in the municipality of Eppelborn.

Limitations

Even though laboratory experiments show, in general, scale invariances to overland flow
(Ferguson, 2021a), laboratory experiments offer the possibility of using one bed roughness
with different slope settings. In on-site setups, it is nearly impossible to perform experiments
with the same bed roughness on different slope sections with slopes ranging from 1% to
40%. During the performance of laboratory experiments, especially for setups with low
slopes, some water was leaked after the flow measurement. Although the junction between
the reservoir and flume was sealed with foil and duct tape, some loss of flow cannot be

ruled out. For slopes = 1%, discharge was adapted to 90% of the measured value.
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3 Accuracy of Recording Linear Erosion using an Unmanned
Aerial Vehicle (UAV)

Soil erosion is an ongoing environmental problem. To address this issue, calibrated erosion
models are used to forecast areas vulnerable to erosion and to determine appropriate pre-
ventive measures. Model calibrations are based on erosion data recorded using different
techniques such as photogrammetry from an unmanned aerial vehicle (UAV). In the follow-
ing study, the accuracy of the DJI P4 RTK UAV data was estimated for cropland boundary
conditions. Ground heights of tilled and untilled arable land and standing water surfaces
were determined using aerial surveys and compared to terrestrial surveys conducted on
site. The results revealed that untilled soils can be accurately detected using a UAV,
whereas the detection error rates of tilled soils were 2—3 folds higher. Additionally, the width
and height of linear erosion tracks were measured and compared using aerial surveys and
manual on-site measurements. The erosion width of the linear tracks was accurately rec-
orded using a UAV whereas the erosion depth was underestimated by the digital elevation
model (DEM) generated from UAV data.

Rebecca Hinsberger and Alpaslan Yo6rik

PLoS One, 2025, 20(9): 0329286
DOI: 10.1371/journal.pone.0329286
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3.1 Introduction

Erosion of agricultural land is an ongoing and highly discussed research topic. The collec-
tion of erosion data is important to calibrate and validate erosion models and to estimate
the influence of erosion events on the environment (Malinowski et al., 2022; Pineux et al.,
2017). To derive the spatial distribution and the volumetric quantity of erosion, erosion can
be measured with direct contact techniques or with indirect non-contact techniques (Bacova
et al., 2018; Di Stefano et al., 2019c). The direct method uses tools such as a metric ruler
or rill meter. Especially in the early stages of erosion measuring, studies used mechanical
profile meters to measure rill and gully cross-sections (Casali et al., 1999, 2006). These
tools are time-consuming due to intensive field work and expensive due to personnel costs
(Khanal et al., 2020). According to Bacova et al. (2018), the major disadvantage is the de-
formation of the soil surface during measurements and the limited resolution. The indirect
method uses tools such as terrestrial laser scanners or photogrammetric methods that lead
to fast data acquisition (Bacova et al., 2018). These methods require specific environmental
and boundary conditions, such as weather and surface conditions. To evaluate the accuracy
of these indirect methods, direct measurements were used for comparison in previous stud-
ies (Khanal et al., 2020; Pourali et al., 2014; Soininen et al., 2024). In addition, terrestrial
laser data was compared to photogrammetric data (Castillo et al., 2012; Glendell et al.,
2017; Gomez-Gutiérrez et al., 2014; Kaiser et al., 2014) and the studies assume that pho-

togrammetry is less costly but produces similar results in terms of accuracy.

Accuracy investigations of photogrammetry using UAVs were conducted in several studies.
For the UAV ‘DJI P4 RTK’ used in this study, DJI (2021) stated that the photogrammetry of
the UAV can record surfaces with a vertical variance of £1.5 cm (+1 ppm) and a horizontal
variance of £1 cm (+1 ppm). To achieve these values, optimal satellite configurations and
optimal reception of real-time correction data are required (Przybilla et al., 2020). For the
accuracy of the UAV data, studies indicate variances of 2—3 cm for asphalt and grassland
(Przybilla et al., 2020), observed vertical variances of 2 cm and horizontal variances of
1.2 cm on a solid surface (DroneDeploy et al., 2019), and suggested maximum vertical and
horizontal variances of 4-5 cm for a facade (Taddia et al., 2020). To improve accuracy,
some studies have focused on the usage of ground control points (GCP) (Forlani et al.,
2018; Martinez-Carricondo et al., 2018; Stroner et al., 2020). These are linked in UAV im-
ages for additional georeferencing. Stroner et al. (2020) indicate that horizontal measure-
ments are adequate, but vertical variances are insufficient without GCP. Consequently, a
combination of RTK (real-time kinematic) and GCPs provides the best results (Stroner et
al., 2020). Martinez-Carricondo et al. (2018) suggest one GCP at each edge of the investi-

gation area to minimize altitude errors. For the evaluation of the errors, the root mean
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square error (RMSE) and the mean absolute error (MAE) are widely used statistical values.
The RMSE is better for (normal) Gaussian errors and the MAE for Laplacian errors (Hodson,
2022). However, it is common to present both values and leave it up to the reader to choose

which error value to use.

UAV-based photogrammetry presents a balance of resolution and efficiency and, conse-
quently, a good compromise between field measurements and satellite-based remote sens-
ing (Liu et al., 2016; D’Oleire-Oltmanns et al., 2012). The photogrammetric method results
in digital elevation models (DEM) and orthophotos with a high resolution of a few centime-
ters (Liu et al., 2016) and provides a good opportunity to measure soil surface changes
(Eltner et al., 2014).

Erosion structures have been investigated using different indirect methods, such as specif-
ically designed kites (Giménez et al., 2009), fixed-wing aircrafts (D’Oleire-Oltmanns et al.,
2012; Peter et al., 2014), and UAVs (Di Stefano et al., 2019; Eltner et al., 2014). These
observation data were used to detect and monitor (gully) erosion (Liu et al., 2016; Maugnard
et al., 2014; Zhang et al., 2015). Giménez et al. (2009) recorded different gully geomorphol-
ogy and pointed out that the shadow of gullies negatively influences photogrammetric meth-
ods. Another study reported inaccuracies due to vegetation, water, and small-scale textures
(Cook, 2017). A study on the Chinese Loess Plateau (Liu et al., 2016) indicated the influ-

ence of different terrain characteristics on the accuracy of the UAV data.

This study focuses on evaluating the accuracy of the DEM derived from photogrammetric
data collected by the DJI P4 RTK UAYV for erosion surface conditions, specifically bare soil
of croplands and linear erosion tracks. In order to apply the observed erosion quantity data
in erosion model calibration or validation, it is crucial to estimate the errors present in the
observational data. The surface structure is particularly important for this estimation (Liu et
al., 2016), so the focus was on erosion surface conditions, such as bare soil with tilled and
untilled surfaces. Both tilled and untilled surfaces are potentially present in the case of an
erosion event. The use of UAV-based photogrammetry was considered suitable due to its
capability to generate high-resolution DEMs necessary for studying soil microrelief. Aerial
surveys were conducted on three bare soil fields with tilled and untilled soils as well as in
an area with standing water and steep slopes. The latter test was used to assess how re-
maining water from a previous heavy precipitation event might affect the accuracy of erosion
extent estimated by photogrammetry. The quality of these surveys was validated by com-
paring them to terrestrial measurements, as previously done in other studies (Khanal et al.,
2020; Pourali et al., 2014; Soininen et al., 2024). The high geospatial accuracy of the se-

lected UAV made it ideal for these comparisons.
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Furthermore, the study aimed to examine the accuracy of linear erosion width and depth in
UAV-based DEMSs. Croplands spanning several hectares with erosion tracks were recorded
using the UAV and the erosion tracks were measured using the direct method. By compar-
ing the UAV-derived measurements of linear erosion tracks to those obtained with a metric
ruler, the study assessed the accuracy of the UAV-generated DEM for erosion tracks, in
particular. The objective of this part of the study was to investigate the accuracy and usa-
bility of the DJI P4 RTK for erosion investigations and identify potential uncertainties in ero-

sion recording.

3.2 Materials and Methods

In this study, the accuracy of a UAV-generated DEM was investigated for tilled and untilled
soil, as well as linear erosion tracks. Direct measurements were used as a benchmark. All
investigated fields are located in southwestern Germany, in the federal state of Saarland.
Two measurement series were conducted: i) To analyze the accuracy of the UAV-generated
DEM due to tillage and water, four investigation areas were selected. These croplands were
known by municipalities to experience erosion and are marked as Fields A-D in Figure 3-1;
i) To analyze linear erosion, six fields were selected. These fields were affected by real
erosion events occurring over a period of two years and are marked as Fields 1-8 in Figure
3-1. Field 5 and 7 were excluded from this study because no manual measurements were

conducted on these fields.

Prior to the surveys, permissions for the investigations were obtained from the tenant of

each individual field.
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Figure 3-1:  Overview of investigation areas. All areas are located in southwestern Germany, in the federal
state of Saarland. Fields marked with green dots and labeled A-D are used for the investigations
of different tillage and water surfaces (Section 3.2.2); Fields marked with purple stars and
numbered 1-8 are used for linear erosion measurements (Section 3.2.3). Basemap: Reprinted
from BKG under a CC BY license, with permission from BKG, original copyright 2025. ©
GeoBasis-DE/ BKG (2025) CC BY 4.0.

3.21 General Evaluation Method

The UAV used in this study was a DJI Phantom 4 with real time kinematic (P4 RTK). The
UAV is equipped with a built-in camera (1-inch CMOS sensor, effective pixel of 20 M, 24
mm wide-angle lens) and an RTK system for improved geospatial data (DJI, 2021). The
positioning precision was further enhanced by using a combination of the UAV and DJI D-
RTK 2 mobile station. The output coordinate system for all aerial surveys was WGS84 with
ellipsoidal heights. Since terrestrial surveys were conducted in the DHDN 3, Gauss-Kruger
Zone 2 coordinate system (EPSG: 31466), the aerial surveys were transformed to this co-

ordinate system and the German height system, DHHN2016.

All aerial surveys in this study were conducted in 2D mode, where images are recorded
perpendicular to the ground. For the study on the water surface (Section 3.2.2), an addi-
tional survey in 3D mode was conducted. In 3D (multi-oriented) mode, the UAV initially
records images in 2D mode and then takes additional images by rotating the camera gimbal

by 30°. These additional images are recorded from four sides of the investigation area.
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In the post-processing of the aerial surveys, the structure from motion (SfM) technique using
Agisoft Metashape Professional software (Agisoft LLC, St. Petersburg, Russia) (Agisoft,
n.d.) was used. The photos taken by the UAV were aligned, and a dense cloud was built.
From this dense cloud, a digital elevation model (DEM; referred to as UAV DEM) and an
orthoimage were generated. The software settings were configured based on Agisoft's
specifications, matching those used in previous studies (Stroner et al., 2020), and are pre-
sented in Table 3-1.

Table 3-1: Agisoft Metashape software settings used for the generation of the UAV DEM and orthoimages.

Setting Value

Align Photos

Accuracy High

Key point limit 40,000

Tie point limit 8,000

Optimize Camera Alignment Fit f, cx, cy, k1-4, p1-2
Build Dense Cloud

Quality High

Depth filtering Aggressive

Build DEM

Projection Geographic

Source data Depth maps

Quality High

Interpolation Enabled

Build Orthomosaic

Surface DEM

Blending mode Mosaic (enable hole filling)

3.2.2 UAV Accuracy due to Tillage and Water Surfaces

To estimate the accuracy of elevation measurements using the UAV, aerial (indirect
method) and terrestrial (direct method) surveys were carried out at different investigation
fields. Elevation measurements were compared and analyzed to evaluate the UAV DEM
accuracy. Three croplands with bare soil (Fields A—C in Figure 3-1 and Figure 3-2A—C) and
one flood control reservoir with standing water (Field D in Figure 3-1 and Figure 3-2D) were

selected for the study.
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Figure 3-2:  Investigation areas for the analysis of the influence of tillage and water surfaces. Investigated
croplands (A, B, and C) and flood protection system (D) marked with the respective investigation
area (red outline). Terrestrial measured points are marked as blue dots and the cross sections in
Field D as blue dashed lines. Ground control points (GCP) used for the positioning of the UAV
are marked as green diamonds. The orthophotos that serve as background map are the results
of the aerial surveys.

All fields were investigated in the spring. Field A was tilled (Figure 3-2A), Field B was half
tilled/half untilled (Figure 3-2B), and Field C was completely untilled (Figure 3-2C). Vegeta-
tion was absent, except for a thin moss layer on parts of Field C. The fields ranged from 3

to 5 hectares in size, with steep slopes, in average between 12 and 18.5%.

To reduce errors caused by vegetation in neighboring areas, the perimeter of all investi-
gated fields was buffered inside (outlined in red in Figure 3-2A-C).

An important quality factor for aerial surveys is reproducibility. Thus, the UAV investigations
on cropland were performed twice consecutively in each field to examine reproducibility.
Both flights were carried out in the 2D mode, with consistent settings and the usage of an
RTK-fix throughout the entire flight. Further analyses, independent of reproducibility, were

conducted using the data from the second aerial survey.

Additionally, 2—-3 GCPs per hectare (marked with green diamonds in Figure 3-2) were rec-
orded using the Global Navigation Satellite System (GNSS) receiver ‘Trimble R6’. This re-
ceiver achieved standard deviations of 1.4 cm in position in preliminary tests. According to
literature (see Section 3.1), these GCPs can enhance UAV accuracy. To confirm this and
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analyze the impact, the post-processing of the aerial survey was conducted with GCPs to

enhance accuracy in one analysis and without GCPs in another analysis.

Parallel to the aerial survey, all fields were surveyed terrestrially with the total station “Trim-
ble S7’ approximately in a 5 m grid. In Figure 3-2, these terrestrial survey points are marked

by blue dots in each investigation field and serve as a reference.

To verify the UAV DEM accuracy, the survey points from the total station were compared
with corresponding points in the UAV DEM, with a total of 3470 points (1619 and 1851
points for untilled and tilled soil, respectively). Elevation data from the UAV DEM was ex-
tracted at the total station survey points using the point sampling tool in the geo-information
system QGIS (QGIS, n.d.). This method was also used in literature (Khanal et al., 2020)

and, therefore, used for all comparisons of point and DEM elevations.

The flood control reservoir area (Figure 3-2D) has an extension of 0.2 ha. The surface con-
sists of grassland with varying slopes, as well as stagnant and turbid water areas. The grass
was cut the day before the surveys to minimize vegetation interference. Some vegetation
in the water areas was not removed, resulting in localized measurement errors in this area.
Similar to the investigations on arable land, aerial and terrestrial surveys were conducted
concurrently. UAV flights were conducted in both 2D and 3D modes. The data collected
was used to compare the different flight modes. For this terrestrial survey, the total station
‘Trimble M3’ was used to measure points across the entire area at significant locations,
around the water level, and at the ground of the water reservoir. Two cross-sections (indi-
cated by blue dashed lines in Figure 3-2D) at the steep slope and water area of the reservoir

were used to compare the terrestrial and aerial measurements in 2D and 3D modes.

Details of all study areas and flight metrics are provided in Table 3-2.
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Table 3-2: Details of study areas and flight metrics for Fields A-D.

Field A B C D
Mode 2D 2D 2D 2D 3D
DEM extent [ha] 10.35 12.58 8.5 3.57 5.57
Investigated area [ha] 1.92 3.09 3.05 0.2
Investigated measuring points 893 1308 1269 182
Flight date 19 March, 2021 02 March, 2021 22 March, 2021 25 June, 2021
Flight height [m] 50 50 50 50
Number of pictures 300 311 228 168 399
Overlapping [%]

Horizontal 70 70 70 70 70
Vertical 80 80 80 80 80
Speed [m/s] 3.9 3.0 3.9 3.9 3.9
Obtained resolution UAV DEM

femipx] 3.3 3.8 3.6 4.1 4.7

3.2.3 Analysis of Linear Erosion Measurements
Measurements of eroded croplands are crucial for achieving the main objective of using
erosion data from natural events for model calibration. In this study, six eroded croplands

without vegetation were investigated over a period of two years.

Aerial surveys were conducted using the DJI P4 RTK. The survey and photogrammetry
processes in Agisoft Metashape Professional resulted in the generation of a DEM and or-
thoimage of the investigated area (see Section 3.2.1). Both grids have a resolution of a few
centimeters that allows the clear visibility of linear erosion on both the orthoimage and the
DEM (Figure 3-3).

Groove depth and width are essential measurements for accurately calculating erosion vol-
ume. To ensure quality control of these measurements, manual on-site measurements us-
ing a measuring stick were compared to the depth and width of grooves in the UAV DEM
and orthoimage. The measuring points were located in six fields, with Field 1 being a potato
field with bare soil and Fields 2, 3, 4, 6, and 8 being cornfields with bare soil or sparse
vegetation. In total, 48 and 44 points for groove depth and width, respectively, were rec-
orded. The precise location of the measuring points is essential due to the partly immense
heterogeneity in different parts of the grooves. Thus, the positions of the on-site measure-
ments were recorded using the GNSS receiver ‘Trimble R6’. As mentioned before, an ac-
curacy of 1.4 cm of the position was possible. With the RTK system of the UAV, this point
can be accurately represented in the UAV DEM with erosion. The groove width and depth
were determined from cross sections in the DEM at the measuring points of the manual

measurements.
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L Bl v 307 43 m ASL
Figure 3-3:  Recorded linear erosion track on Field 8. The erosion track is clearly visible on the orthoimage
(A) and the DEM (B) generated using photogrammetric UAV data.

3.3 Results and Discussion

3.3.1 UAV-generated DEM Accuracy due to Tillage and Water Surfaces

The analysis of investigations on arable land with bare soil (Fields A—C) produced results
regarding the i) reproducibility of UAV flights, ii) accuracy of the UAV DEM with and without
GCPs, and iii) influence of tillage. Investigations of standing water in Field D produced re-
sults regarding iv) accuracy of recorded water surfaces and vegetation, and v) accuracy of
photogrammetry in 2D and 3D modes.

Reproducibility

For each of the investigation areas A-C, two consecutive flights were conducted and the
photos from the UAV were used to create two DEMs without the use of GCPs. In Field A,
the elevations in the DEM from the second flight are lower than those from the first flight. In
Field C, the opposite is true, while in Field B, there are clusters where the elevations from
either the first or second flight are higher. There is no discernible pattern, and tillage does
not seem to have any influence. A comparison of all DEM grid cells (Field A: 21,044,504
Field B: 16,774,663; Field C: 20,115,771) shows a RMSE of 0.96 cm indicating a low scat-
tering effect. Additional statistical values are available in Table 3-3, under the ‘reproducibil-

ity’ row. This error could potentially occur in all flights.

Accuracy with and without GCPs

To analyze the influence of GCPs on the accuracy of the DEM, post-processing of the sec-
ond aerial survey was conducted with and without GCPs. For the DEM without GCPs, the
same DEM used for the reproducibility analysis was used. A new DEM was processed for
the DEM with GCPs. At the locations of the terrestrial survey points, both the UAV with and

without GCPs were scanned for their elevations and compared to the directly measured
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terrestrial elevations. The results indicate that the DEM with GCPs aligns better with manual
measurements compared to the DEM without GCPs. For untilled and tilled soil, the RMSE
improved from 4.99 cm to 1.91 cm and from 7.52 cm to 4.63 cm, respectively. Additional
statistical values are available in Table 3-3, under the ‘Accuracy UAV DEM'’ rows. The neg-
ative mean value suggests that the elevations in the generated DEM tend to be higher than
the directly measured elevations. Measurements with GCPs demonstrated the best perfor-
mance in these investigations and were used for further analysis. This result is consistent
with findings from previous studies (Martinez-Carricondo et al., 2018; Stroner et al., 2020).
In a study by Liu et al. (2016), vertical RMSE values of 24.5 cm and 33.9 cm were observed
for different locations using a microdrone md4-1000 and GCPs, which are higher than the
values in this study. However, the mean values are 2 cm and 3 cm and show less deviation
compared to the RMSE. The errors indicate that the mean value is similar and the values
show a higher scatter in the study of Liu et al. (2016). The discrepancies may be attributed
to the UAV used, study area, and flight height. In another study (Martinez-Carricondo et al.,
2018), the influence of the amount and distribution of GCPs was investigated using an oc-
tocopter. For a comparable stratified distribution with 2 GCPs/ha, they obtained a vertical
RMSE of 4.3 cm. This value aligns with the results of this study. By using the DJI P4 RTK
UAV that was also used in this study, Stroner et al. (2020) observed mean deviations of
-1.8 cm and standard deviations of 2.8 cm for vertical checkpoints in a rural area, further
confirming the results of this study. The consideration of GCPs is very time-consuming (Liu
et al., 2016), both for recording and marking the GCPs in the UAV photos. However, GCPs

are important to consider when evaluating the accuracy of the UAV DEM.
The influence of tillage is analyzed in the following section.

Table 3-3: Statistics of vertical error values for different accuracy analyses. Min = Minimum, Max = Maximum,
Mean = Mean value, MAE = Mean Absolute Error, RMSE = Root Mean Square Error (all values in

meter).

Min Max Mean MAE RMSE
Reproducibility -0.7704 0.2346 0.0015 0.0119 0.0096
(Flight 1 — Flight 2, without GCP)
Accuracy UAV DEM
Untilled — with GCP -0.0664 0.0461 -0.0074 0.0145 0.0191
Untilled — without GCP -1.1847 0.0325 -0.0161 0.0224 0.0499
Tilled — with GCP -0.3367 0.0875 -0.0358 0.0390 0.0463
Tilled — without GCP -0.2315 0.0540 -0.0645 0.0655 0.0752
Accuracy DEM1 (reg. authorities)
Untilled -0.4660 0.0940 -0.0785 0.0818 0.0980

Tilled -0.2400 0.1080 -0.0587 0.0662 0.0817
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Influence of tillage

Significant differences in accuracy were determined for measurements on tilled and untilled
soils, indicating that the accuracy of UAV DEMs depends on tillage (Table 3-3, under the
‘Accuracy UAV DEM’ row). Figure 3-4A shows the differences between terrestrial survey
elevations and UAV DEM elevations (with GCPs). The average absolute errors (MAE) were
1.45 cm and 3.90 cm, while the root mean square error (RMSE) values, indicating scatter-
ing, were 1.91 cm and 4.63 cm for untilled and tilled soils, respectively. For even and more
solid surfaces, deviations suggested in the literature (see Introduction) were confirmed. The
results are consistent with Khanal et al. (2020), who used a DJI P4 (without RTK) and indi-
cated varying accuracy for road and non-road surfaces, with a RMSE of 4.4 cm on even
road surfaces and 19.7 cm on other areas. Uneven, soft soil surfaces led to lower quality
results. These differences could be attributed to shades of field grooves, as observed in a
previous study (Giménez et al., 2009), and modifications in soft soil during manual total
station measurements in the field. This modification can affect aerial surveys and lead to
errors between aerial and terrestrial surveys. This main disadvantage of the direct method
(Castillo et al., 2012) could not be avoided. For accurately recording erosion on bare soil,

better results can be expected when erosion tracks occur on untilled and even soil surfaces.

A 15 B 30
25
10 20
(o] 15
5 0 fo}
i i 1 : 2

deviation [cm]
o

-10

=15

7

untilled soil

tilled soil

deviation [cm]

—10F}

=15

-20

-25

=30

8

untilled soil

tilled soil

Figure 3-4:  Calculated difference between terrestrial survey elevations and pursuant elevations from (A) UAV
DEMs and (B) 1 m DEM provided by reg. authorities. There is a separate analysis for untilled
(blue) and tilled (pink) soils. Negative values represent DEM elevations that are higher than
terrestrial elevations.

Furthermore, comparisons of survey points with pursuant points from a 1 m grid DEM pro-
vided by regional authorities were conducted (Table 3-3, under the ‘Accuracy DEM1, reg.
authorities’ row, and Figure 3-4B). The 1 m DEM is often the only data available as a basis
for modeling. This DEM was situated predominantly higher than the terrestrial survey points.

In total, the differences between terrestrial survey points and the 1 m DEM are higher than
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the differences between terrestrial survey points and UAV DEM. One reason is the lower
resolution of the 1 m DEM. This raster cannot display specific points or centimeter resolu-
tions. Another important reason is the temporal gap between recording operations in 2016
for the 1 m DEM and March 2021 for Fields A—C. The tillage of arable land had less influ-
ence on accuracy differences from the 1 m DEM compared to the UAV DEM. Comparisons
correspond better for tilled soil than untilled soil, but caps and fliers in the boxplots are
similar (Figure 3-4B). Differences of up to 20 cm were observed, consistent with the accu-

racy statement of the regional authority (LVGL, 2019).

Accuracy of water surfaces and vegetation

During the aerial survey of the flood control reservoir, the river water was stagnant, dark,
and turbid. Comparisons of aerial and terrestrial survey points revealed that the UAV sur-
veys of turbid water only captured the water surface. Vegetation on banks and foreland
could cause measurement errors because only the surface of the vegetation was recorded.
Figure 3-5 shows two examples of cross sections in the flood control reservoir. The position
of the cross sections is shown in Figure 3-2D. Both cross sections show terrestrial survey
points (black) and the water level height (blue line) on the day of the investigation. Aerial
surveys in 2D (purple, dashed line) and 3D mode (orange line) are shown as well. In the
middle of the water surface, aerial survey elevations align with the water surface. However,
at the edges of the water surface, aerial survey elevations are influenced by vegetation. In
the transition zone between the water and the bank, grass that could not be mowed resulted
in measurement inaccuracies. These inaccuracies, caused by vegetation and water, are

consistent with the results of previous studies (Cook, 2017).

In the context of erosion measurement, water surfaces, resulting from a precipitation event,
can lead to errors. Depending on the water depth in erosion tracks, the erosion depth can
be underestimated, because water surfaces are recorded during the aerial survey. As this
circumstance can be a disadvantage of the method, it is recommended to conduct an aerial
survey for the erosion record one day after the event to avoid any water residues. According

to DWA (2020), a maximum of 3 days should not be exceeded.

Accuracy 2D and 3D UAV mode

For flat and lightly vegetated surfaces, the measurements of flights in 2D and 3D modes
aligned well (Figure 3-5). There were no significant differences in slope changes observed
in either mode. However, dense vegetation in the water area resulted in different elevations
in 2D and 3D mode measurements. In the 3D mode, measurements often displayed envel-
oping lines for the tallest vegetation, while the 2D mode showed fluctuations in vegetation

heights. This discrepancy can be attributed to the number of images and different camera
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angles in the 3D mode. Therefore, the 2D mode is only suitable for soil surfaces lacking
vegetation. The comparability of results between 2D and 3D modes is an advantage, as
aerial surveys in 2D mode are less time-consuming for recording and post-processing when
using GCPs.
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Figure 3-5: Comparison of measurements at cross sections in Field D. Measurements with the UAV in 2D
mode are shown with a purple, dashed line, 3D mode with an orange line, and terrestrial survey
points with black dots. Blue lines indicate the water level on the day of the surveys.

The investigations and analyses conducted showed that using the DJI P4 RTK represents
a good option for investigating arable land with centimeter accuracy. However, potential
errors arising from water and vegetation must be excluded. Erosion typically occurs on bare
soils without any vegetation to protect them from rainfall. Therefore, the negative influence
of vegetation on accuracy may often be neglected. For bare and untilled soils, as they may
occur during heavy precipitation periods, the study reveals an average absolute deviation
of 1.5 cm. For a 20 m long and 1 m wide gully, this equates to an erosion volume of £ 0.3

m? of soil and a mass of 390 kg (assuming a density of 1,300 kg/m?).

3.3.2 Analysis of Linear Erosion Measurements

For the quality assessment of erosion tracks, erosion fields were surveyed using the UAV
one or two days after the heavy precipitation event. The groove width and depth were meas-
ured in the generated UAV DEM and manually with a measuring stick. Figure 3-6 shows a
comparison of groove width (A) and depth (B) measurements obtained from the UAV DEM
and the measuring stick (manual). The groove width is often easily recognizable in or-
thoimages and aligns well with manual measurements. Deviations in Field 3 occur because
groove boundaries were washed out at the foot of the slope and partly covered with sedi-
ment. Thus, clear boundaries are difficult to define on the orthoimage. The manual rill width
measurements range from 17 to 350 cm. In total, the indirect measurements correspond
well for the rill width, with an RMSE of 10.8 cm for rills that are up to 350 cm wide. Additional
statistical values are available in Table 3-4. The manual rill depth measurements range from

4 to 20 cm. A comparison of depth measurements shows that the UAV DEM underestimates
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groove depth with an RMSE of 2.13 cm for rills up to 20 cm (Table 3-4). However, Field 1
shows several measuring points that overestimated the groove depth. A possible reason
for this discrepancy is the instability of the surface caused by furrows in the potato field.
Measuring points on other fields also overestimated groove depth when the groove was
washed out at the foot of the slope. In this case, the derivation depends on the individual.
The narrower the groove, the greater the likelihood that the measuring points of the DEM
would underestimate the groove depth. This could be caused by the shadowing of the
groove (Giménez et al., 2009). Additionally, the reflection of gullies can be affected by their
deep location and small terrain openness (Liu et al., 2016). Aerial surveys have produced
lower depth values, leading to an underestimation of the total groove depth and erosion

volume, ultimately resulting in @ minimum volume.
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Figure 3-6:  Comparison of DEM and manual measurements for (A) groove width and (B) groove depth.

Table 3-4: Statistics for the difference between UAV and manual measurements of groove width and depth.
Min = Minimum, Max = Maximum, Mean = Mean value, MAE = Mean Absolute Error, RMSE = Root
Mean Square Error (all values in meter).

Min Max Mean MAE RMSE
Rill width -0.50 0.40 0.0037 0.0521 0.1083
Rill depth -0.0490 0.0360 -0.0074 0.0170 0.0213

3.4 Conclusions

In this study, accuracy investigations were conducted using the DJI Phantom 4 RTK UAV.
The results showed centimeter accuracy of the UAV-generated DEM for even surfaces and
less accurate measurements for tilled soils. As erosion often occurs due to poor vegetation
on arable land, vegetation does not adversely affect aerial measurements. Thus, aerial sur-
veys of erosion using a UAV and photogrammetry are a useful method. For erosion meas-

urements, the lack of shadowing and even surfaces without harrowed and plowed soil are
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advantageous. Comparisons of groove measurements showed that DEMs derived from re-
cordings using a UAV reproduced groove width well. However, groove depth was underes-

timated compared to on-site direct measurements.

Collecting and recording natural erosion provides a foundation for the calibration of erosion
models. With these models, appropriate simulations can be achieved to obtain information

on areas at risk of erosion, which can be the basis for implementing countermeasures.

Data Availability Statement
Datasets (DEMs, orthoimages, and terrestrial surveys) generated during this study are pro-
vided in a data repository at the following DOI: doi.org/10.6084/m9.figshare.27325518.

Limitations

There are limitations in the application of UAVs for recording arable land that must be taken
into account. UAV positions may have been adversely affected by wind gusts in some meas-
urements. In addition, erosion often occurs during heavy precipitation. Recording erosion
tracks is weather-dependent and can only be performed once the precipitation has stopped.
It cannot be ruled out that changes in the fields were made between the erosion event and
the measurements. The consideration of GCPs is very time-consuming (Liu et al., 2016);
both for recording and marking the GCPs in the UAV photos. Linear erosion can be affected
by shadowing (Giménez et al., 2009), deep location, and small terrain openness (Liu et al.,
2016) (see Section 3.3.2). This study also demonstrated the impact of water and vegetation

surfaces on aerial survey outcomes (see Section 3.3.1).
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4 Analysis of Heavy Precipitation-Induced Rill Erosion

Erosion is an ongoing environmental problem that leads to soil loss and damages ecosys-
tems downstream of agriculture. Increasingly frequent heavy precipitation causes single
erosion events with potentially high erosion rates owing to gully erosion. In this study, anal-
yses 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 the following 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.

Rebecca Hinsberger

Environmental Earth Sciences, 2024, 83:354
DOI: 10.1007/s12665-024-11671-6
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4.1 Introduction

Terrestrial ecosystems and especially soils are the fundamental 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, competi-
tion for use between food, fodder, and energy production or nature preservation. The pro-
cess that damages soil is erosion. The Intergovernmental 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 precipita-

tion 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, depending 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) (Wischmeyer 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., 1998a) 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
EUROSEM, which are based on a large amount of input information. However, data acqui-
sition 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 quantity. Two main types of erosion can be distinguished: sheet and
linear erosion. Sheet erosion occurs over the entire surface 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 by Candido
et al. (2020) and Pineux et al. (2017), whereas Eltner et al. (2014) and Kou et al. (2020)
recorded multi-temporal soil surface changes. Linear erosion can be identified visually (as
opposed to sheet erosion) and has been investigated using different indirect methods, such
as specifically 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),
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rainfall simulators (Aksoy et al., 2013; Polyakov et al., 2018; Rdmkens et al., 2001; Zhang
et al., 2021), and overland flow (Di Stefano et al., 2017). In addition to the mere recording
of erosion, post-processing the detection of erosion 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 erosion 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-erosion). D’Oleire-Oltmanns et al. (2012) and Peter et al. (2014) derived a 3D polygon
from rill edges, whereas Bacova et al. (2018) presented an algorithm and Python imple-
mentation for automatic volume calculations in a geo-information system (GIS). In recent
decades, several studies have focused on the continuous development and forecasting of
erosion (Boardman and Favis-Mortlock, 1998; Borselli 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 ex-
treme 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; Rémkens 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 precipitation-induced overland flow. The
decision for model usability 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; Wischmeyer and Smith, 1978). In the EROSION-3D (E3D) model, the test plots were
0.64 x 0.24 m for experiments to derive the erosion quantity (Schmidt, 1984; Schmidt, 1988)
and 22 m long and 2 m or 4 m wide (USLE unit plots) for experiments 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 cor-
respond to heavy precipitation events [intensity 215 mm/h (DWA, n.d.)] or are sometimes
neglected in erosion meta data. Investigations of the USLE, for example, include various
events in different years (Schwertmann et al., 1987; Wischmeyer and Smith, 1978),
whereas E3D uses erosion quantities based on laboratory experiments with rainfall simula-
tors with intensities up to 54 mm/h (Michael, 2000; Schmidt, 1988).
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This study focused on linear erosion based on single heavy precipitation events at the
hillslope scale. For croplands affected by heavy precipitation, framework conditions 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 affordable 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.

4.2 Materials and Methods

Measurements of eroded croplands are important for addressing the overarching objective
of using erosion quantities from natural events for model calibration. To achieve this objec-
tive, several steps are necessary: a) localization of erosion due to local heavy precipitation
events, b) on-site recording of erosion, c) photogrammetric analysis of erosion to generate
a digital elevation model (DEM) of arable land, and d) analysis of the DEM as a basis for
quantifying erosion and delineating the spatial distribution of erosion tracks. For three years,
heavy precipitation events that occurred in Saarland, Germany (federal state with 2,500
km?) and neighboring states, were investigated with respect to the occurrence and extent

of erosion.

4.21 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 precipitation as having at least 15 mm/h intensity
as heavy precipitation. A challenge in this localization is the local limitation and occurrence
of extreme events. One method of delimiting potential areas is to use radar data. The RY
RADOLAN data from the DWD show precipitation intensities and have a temporal resolution
of 5 minutes and a spatial resolution of 1 km? (DWD, 2004, 2017). These data are provided
online shortly after their occurrence. To display precipitation intensities, 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 pre-

cipitation has thus already been made. All these arable land areas were inspected on-site
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for erosion one to two days after the event. The croplands were identified and visually in-
spected 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 con-
ditions (erosion type, land cover, amount of precipitation, slope length and gradient) were

collected on-site and/or by analyzed geodata.

4.2.2 Linear Erosion Measurements

When linear erosion occurred, the cropland areas were recorded using a UAV. The ap-
proach 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 investigated us-
ing the DJI Phantom 4 RTK (real-time kinematic) (P4RTK) UAV. Preliminary tests were
conducted using the UAV to investigate accuracy. Comparisons of PARTK with manual
measurements using a measuring stick at linear erosion 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 un-
derestimated. Here, the RMSE was 2.11 cm for rills up to 20 cm. For the following 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 infor-

mation is listed in Table 4-1.




84

Table 4-1: Information on investigated areas and flight metrics for Fields 1—-11.

NUm- Overlap- Ob- Precipi- Geo-
. H 0, i i
. UAV DEM Flight Fllght ber of ping [%] Speed tained .tatlon graphical
Field extent height . . resolu- inten- s
mode date pic-  Horizontal/  [m/s] . ; position
[ha] M tures  Vertical tlon sty (Lon/Lat)
[em/px]  [mm/h]
21

70/ 7.287492

1 2D 829 May, 40 497 80 3.1 27 5181 4o aeosn
2022

23 20/ 7.251585 /

2 2D 824 June, 50 230 80 3.9 3.2 191 o 1051
2021

20 70/ 14.42 + 7196362/

3 2D 994 May, 40 552 80 3.1 20 1943 49517008
2022

20 70/ 1160+ 6.976104 /

4 20 737 May, 40 312 80 3.1 30 4937 49.443117
2022

20 70/ 1160+ 6.976587 /

5 2D 737 May, 40 312 80 3.1 3.0 19.37  49.442301
2022

21 70/ 7.342572

6 2D 258 May, 40 120 %0 3.1 2.0 53.05 0 0sss
2022

21 70/ 7.339650 /

7 2D 1375 May, 40 557 80 3.1 3.5 66.92 o ons
2022

05 70/ 6.757593 /

8 2D 3730 June, 70 449 80 45 4.1 4619 o e
2021

05 70/ 6.758614 /

9 2D 3730 June, 70 449 80 45 4.1 4619 0 oraon
2021

23 70/ 6.846149 /

10 2D 1407 May, 50 614 80 39 28 2839 49553545
2023

18 20/ 6.981664 /

11 2D 3291 2%22 50 1,014 80 3.9 4.9 2382 oo oes

In addition, two undisturbed soil samples were taken in from each field at the day of the
aerial survey using predefined 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 distri-
bution using sieve and sedimentation analyses (DIN EN ISO 17892-4:2017-04). The soil

types were derived from these results.
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4.2.3 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 lim-
ited areas and has short forecasting times. Consequently, prior measurements of the ero-
sion areas and data on the situation 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 x 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 rec-
orded 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 proposed 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 prod-
uct was a DEM with smoothed erosion areas, called a pre-erosion DEM. Figure 4-1a shows
an example of a rill area in Field 6. Figure 4-1b and Figure 4-1c 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
provided the groove depth at each grid point. Positive and negative values distinguished
between erosion and sedimentation. The product of the erosion depth and raster resolution

was the erosion volume.
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[ Lo 0.5 m

Figure 4-1:  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.

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.

4.2.4 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 phys-

ically based model E3D (GeoGnostics, Berlin, Germany) (GeoGnostics, n.d., b).

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 gradient S and length L), crop cover and management
factor C, and protection factor P (Wischmeyer and Smith, 1978). In this study, rainfall ero-
sivity factor R was derived from YW-RADKLIM radar data provided by the German Meteor-
ological Service (DWD) for a specific event (Winterrath et al., 2018). These data have spa-
tial and temporal resolutions of 1 x 1 km? and 5 min, respectively and show quasi gauge-
adjusted five-minute precipitation rates in Germany. For the calculation of the RUSLEZ2, the
R factor was calculated using the EI30 index, the product of the kinetic energy, E, and the
maximum precipitation intensity over 30 minutes, 130 (DIN 19708 2017). Here, E is the sum

of all periods with a constant intensity. The soil erodibility (K factor) was derived from the



Section 4: Analysis of Heavy Precipitation-Induced Rill Erosion 87

soil type. The soil types of the soil samples taken in this study, were compared with the soil
types of a soil map [scale: 1:5,000 (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 soill
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 calculated according
to the equations of DIN 19708 (2017), 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 3 was considered by using the slope
and land cover that were determined and analyzed in Section 4.2.1. The ration of rill and
interrill erodibility K/K; and the rill to interrill ratio for prior land use c,/c, were derived from
the Science documentation of the RUSLE2 (USDA, 2013). As not all information were avail-
able for the latter parameters, worst case parameters were used. As the fields show, in
general, a uniform topography, a differentiated analysis of hillslope segments was not car-

ried 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 difference
between the results of RUSLEZ2 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, equ. 2.11).

For the simulation using E3D, the precipitation load was taken into account by the time
series of the precipitation intensity based on the YW data of the DWD. The soil character-
istics were derived from the soil type using the guideline by Michael et al. (1996). In the
model, various 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 x 1 m, the DEM available from the regional authorities was used.

4.3 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 precipitation. 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.

4.3.1 Influencing Factors of Erosion
In this study, 456 croplands were investigated after different heavy precipitation events. All

fields vary in their locations and, consequently, in their framework conditions (e.g., slope
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length, gradient, or land cover). Among these fields, 141 were not covered or were covered
very little, 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 Section 4.2.1). As a result, erosion occurred only in vegetation-free,
sparsely covered fields. In one vegetation-covered field, only small erosion tracks from pre-

vious events (overgrown rills) were detected.

For all fields, framework conditions such as slope length, gradient, land cover, and precipi-
tation 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
classified 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 ero-
sion” (n =15), “exclusively sheet erosion” (n =5), and “no erosion” (n =406). Figure 4-2

shows four box plots, including the influence of different factors on erosion types.

A comparison of the erosion types with respect to land cover (Figure 4-2a) showed that
linear and/or sheet erosion occurred only in sparsely covered fields. No erosion could be
detected on fields with a cover 225 %. This threshold corresponds to values reported by
Armand et al. (2009). They stated that land cover >30 % reduces soil crusting and, conse-
quently, 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 (Figure 4-2b) 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 (Figure 4-2c). Considering
the precipitation with the R factor, the linear and sheet erosion fields showed a high value
range (Figure 4-2d). 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 influence on the

“no erosion” fields. No difference was apparent between linear and sheet erosion.
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Figure 4-2:  Comparison of (a) share of land cover, (b) LS factor, (c) LSC factor, 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
(horizontal gray lines), and outliers (circles).

4.3.2 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 (several 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 retriangulates 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 m? to 580 m=2.
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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 differences
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 deviation 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 catch-

ment areas is presented in Table 4-2.

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 Materials and Methods section) showed
that the erosion rill depth resulting from UAV recordings underestimates the existing rill
depth. Thus, the erosion rates listed in Table 4-2 indicate the minimum of the expected

erosion, which may be up to 20 % higher.

Forecasting erosion using erosion models can be effective for developing measures to pro-
tect human lives, infrastructure, 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 RUSLEZ2 as an empirical but easy-to-use model and E3D as a physically based

erosion model that includes simplified flow accumulation processes.
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Table 4-2: Results of erosion analyses.

Reference  Max. Erosion Bulk Erosion Error [%] Rill Average Average Erosion
Field Area erosion area[m?] density volume catch-  slope (rill length  rate [t/ha]
no. no. depth [m] [kg/m?®*] [m?] ment catch-  (rill
area [ha] ment catch-
area) [%] ment
area) [m]
1 0.181 578.99 1,190 23970 1.18 0.601 10.95 185 47.461
2 0.148 184.18 1,190 5.174 1.99 0.341 10.97 160 18.056
3 0.136 128.91 1,190 3.236 1.42 0.138 10.66 151 27.905
3 4 0.097 24.45 1,190 0.519 0.96 0.071 9.22 66 8.699
5 0.189 20.39 1,190 0.699 0.72 0.043 13.11 46 19.344
6 0.152 23.04 1,190 0.791 0.76 0.093 10.95 121 10.121
7 0.195 16.39 1,190 0.673 0.30 0.041 11.78 112 19.533
1 0.410 236.90 1,120 10.680 0.78 0.111 16.51 93 107.762
2 0.185 239.87 1,120 7.302 1.68 0.126 16.13 100 64.907
4 3 0.115 61.77 1,120 1.318 2.43 0.065 16.62 79 22.710
4 0.129 63.60 1,120 1.289 1.86 0.088 16.20 90 16.405
5 0.127 167.04 1,120 4.026 1.19 0.180 16.07 88 25.051
5 1 0.145 48.26 1,120 0.987 2.23 0.051 9.68 73 21.675
2 0.810 9.39 1,120 0.141 3.55 0.147 11.64 73 1.074
1 0.130 96.01 1,200 2.563 2.30 0.218 10.91 118 14.108
2 0.120 85.57 1,200 2.070 2.32 0.076 14.43 118 32.684
3 0.124 113.2 1,200 2.675 3.55 0.165 12.68 135 19.455
6 4 0.157 61.72 1,200 1.384 2.82 0.102 12.03 130 16.282
5 0.118 35.32 1,200 0.938 1.60 0.051 14.84 73 22.071
6 0.137 92.51 1,200 2.776 1.01 0.142 12.34 115 23.459
7 0.124 17.96 1,200 0.509 0.79 0.056 13.84 94 10.907
1 0.089 32.75 1,420 0.416 3.61 0.028 14.28 31 21.097
2 0.105 148.31 1,420 1.826 1.75 0.183 14.72 44 14.169
3 0.156 80.94 1,420 1.552 0.64 0.050 13.60 59 44.077
4 0.096 50.80 1,420 1.366 0.88 0.047 14.18 73 41.271
7 5 0.109 79.97 1,420 2.214 1.04 0.061 12.55 108 51.539
6 0.383 448.49 1,420 12418 2.65 0.095 11.21 193 185.616
7 0.175 267.89 1,420 10.481 1.10 0.411 11.47 245 36.212
8 0.262 352.72 1,420 9.487 1.45 0.205 11.60 222 65.715
9 0.116 99.93 1,420 2.503 1.12 0.241 11.84 235 14.748
10 0.456 148.31 1,420 4.078 1.64 0.167 11.98 218 34.675

oo
-

0.294 230.84 1,310 12143  1.25 0.818 8.87 175 19.447
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4.3.3 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 knowledge and testing of transferability
in different application cases and areas still require further research. For comparison with
data from this study (Section 4.3.2), the RUSLE2 and E3D models were applied to selected
fields.

4.3.3.1 RUSLEZ2 model at the rill catchment area scale

To compare the RUSLEZ2 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 (Section 4.2.3).
Therefore, the RUSLE2 model was applied to calculate sheet and rill erosion (standard)
and only to sheet erosion (interrill area). The difference between both values leads to the
rill erosion share of the RUSLE2 that was compared to the linear erosion of this study. The
share of interrill and rill erosion is 15 to 42 % and 58 to 85 % respectively. In most cases,

the share of rill erosion is around 80 %.

The comparison of RUSLEZ rill erosion and the natural rill erosion is shown in Figure 4-3a.
Each symbol type represents one field and each data point onerrill. 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 percentage 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 smallrills, a
correlation between the measured erosion and the erosion calculated using the RUSLE2
was apparent (Figure 4-3a, Field 5) or RUSLEZ slightly overestimated the rill erosion (Figure
4-3a, Field 6). This may have been because many small rills showed a similar amount of
erosion or the erosion type recorded by the calibration data of the RUSLEZ2. In particular,
the analysis showed that the recorded erosion that best matched the RUSLE2 erosion had
a small LS factor compared to other data points. Therefore, LS is a significant factor in linear
erosion. Erosion rates obtained using the RUSLEZ2 strongly underestimated the linear ero-
sion 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 RUSLEZ2 to be a power, the erosion of the natural event
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approximated the RUSLE?2 values better (Figure 4-3b). With this modification, the percent-
age difference improves to a range from -75 % to +345 %. Here, a RMSE of 33.78 can be
reached. Calculating the RUSLE?2 with factor (LS)* does not represent an equation for linear
erosion quantities. Rather, this demonstrates the strong influence of LS. However, the ac-
curacy of this approach is limited as the USLE family models are not suitable for large rill

and gully erosion.
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Figure 4-3:  Comparison of erosion rates from RUSLEZ2 rill erosion and erosion rates of linear erosion from
the natural event (a), and the same graph with considered (LS)* 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.

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 to 0.35 are replaced by a constant of 0.3. This modification alters the soil erosion using
RUSLEZ2 by -17 % to +17 %.

The quantity of erosion depends on many different factors such as the volume and intensity
of precipitation, slope length and gradient, soil, and vegetation cover. The combination of
these factors depends on the site, crop and management 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, result-
ing in inaccurate considerations with empirical factors. Considering the flow accumulation
and total flow, depending on the surface model, these restrictions are reduced. This ap-

proach was used in the erosion simulations using E3D software.
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4.3.3.2 RUSLEZ2 and E3D at the rill catchment area scale

For this analysis, erosion quantities for single rills calculated using RUSLE2, E3D and re-
sults of this study were compared. 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 Figure 4-4 was calculated. For RUSLEZ2, the calculation
for the rill catchment area remains unchanged compared to Section 4.3.3.1. 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 Figure 4-4. The sediment
budget showed pink erosion and green sedimentation. Sheet erosion was clearly visible in
all fields. In addition, more or less pronounced linear erosion tracks were observed. In par-
ticular, in Field 8, as shown in Figure 4-4c, 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 RUSLEZ2 was applied to these rill catchments. The spatial dis-
tribution of the rills cannot be determined using the manual calculations of the RUSLE2. For
the RUSLE 2, the values in Table 4-3 are in accordance with the values shown in Figure
4-3a (change of the unit). The resulting erosion quantities are presented in Table 4-3.

Sediment budget [kg]

H < -2000

B -2000 - -25
25=-2.5
25025
-0.25 — -0.001
-0.001 — 0.001
0.001-0.25
025-25

; 25-25

=4 [l 25 - 2000

Figure 4-4: (Si)mulation results of sediment budget obtained using E3D for Field 4 (a), Field 7 (b), and Field 8
C).
The calculated erosion quantities of the natural events were always higher than those cal-
culated using E3D or RUSLEZ2. Notably, the E3D reflects only a fraction of the recorded
natural erosion, whereas the RUSLEZ2 simulates a higher share. However, it must be con-
sidered that E3D outputs the net erosion, while RUSLEZ2 outputs the gross erosion (without
considering sedimentation). As the recording of the natural events in this study occurred
after the event, the recorded natural erosion was also net erosion. Furthermore, Schmidt
(1996) and von Werner (1995) claim that the E3D model calculates 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.
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Table 4-3: Linear erosion of rills in E3D and RUSLE2 models compared to calculated rill masses of this study.

M Share of Share of
Field Area (:l:::e EaDin
Rill type E3D [t] natural rill share (rill) in
no. no. natural .
£ It erosion [t] natural
event [t] [%] erosion
[%]
One big rill
4 1 ~ne D9 11.962 0.022 0.18 1.14 9.53
(slight thalweg in
DEM)
One big rill
7 6 . 17.634 1.350 7.66 11.71 66.35
(no visible thalweg
in DEM)
One big rill
7 8 ~nenignt 13.472 0.565 419 7.81 57.97
(slight thalweg in
DEM)
8 1 One big rill 15.907 4.336 27.26 6.11 38.41

(thalweg in DEM)

4.4 Conclusions

In the present study, 456 croplands were investigated over three years after heavy precipi-
tation events in Saarland, Germany, and neighboring states. Analyses of field conditions
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 precipitation-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 t/ha to 185 t/ha. Comparisons of the empirically based erosion data of this study with
the E3D and RUSLEZ2 model values indicate that the erosion of natural events does not fit
the erosion quantities obtained using existing models (RUSLE2 and E3D). The model ap-
plications underestimated naturally occurring erosion tracks. The spatial distribution of the
linear erosion tracks was considered in E3D for erosion that occurred in the thalweg. Over-
all, linear erosion was not sufficiently reproduced by the applied erosion models. In most
existing models, the erosion data used for calibration are limited to test plots that do not
reflect the LS factors of a hillslope. In this study, it was shown that LS was the most signifi-
cant factor for the occurrence of linear erosion 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 precipi-

tation, reliable calibration data based on these conditions must be considered. The data
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collected in this study are appropriate for this purpose. Further research is required to cali-
brate erosion models using data that is appropriate for heavy precipitation-induced erosion
and, therefore, for linear erosion. Furthermore, existing models (e.g., E3D) consider over-
land flow using simplified approaches (hydrological modeling using GIS). However, the cur-
rent state-of-the-art simulation of heavy precipitation events, such as pluvial flash floods, is
a two-dimensional (2D) hydrodynamic numerical model. Using 2D models of flash floods to
simulate erosion will improve our knowledge of the attacking forces of water, thereby in-

creasing the accuracy of heavy precipitation-induced erosion modeling.

Data Availability Statement
The datasets (DEMs and orthoimages) generated during this study are provided in a data
repository (https://doi.org/10.6084/m9.figshare.24592338.v1).
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5 Application of a 2D Hydrodynamic Numerical Model for Heavy

Precipitation-Induced Soil Erosion

Soil erosion, particularly when intensified by heavy precipitation, is a natural process and a
persistent challenge in agricultural management. To date, this problem has been addressed
using existing erosion models. However, these models often rely on simplified hydraulic
approaches, whereas two-dimensional (2D) hydrodynamic numerical models are state-of-
the-art for overland flow simulations. In the following study, the combination of a 2D model
and a soil erosion approach allowed for a more precise consideration of the hydraulics. The
Govers approach was used with the 2D HydroAS model and evaluated using experimental
plot data and naturally occurring field-scale erosion data, sourced from the literature. Re-
sults indicate that the combined model simulated sheet erosion and produced reasonable
estimates for small rills using the Govers transport capacity approach. However, larger rills
require calibration of this method. Additionally, the resolution of the digital elevation model
(0.25 m) used as the basis for the simulation was of great importance to avoid overestimat-
ing smaller rills. Sensitivity analysis revealed that these smaller rills were particularly influ-
enced by the input grain diameter and surface roughness. Comparisons with other erosion
models underscore that incorporating an improved hydraulic approach and adapting the
topography at each simulation time step enhances estimation of the spatial distribution and
quantity of erosion of the rills. Knowledge about the occurrence and quantification of rill

erosion can help planners develop geoecological solutions for flooding and erosion.
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5.1 Introduction

Heavy precipitation events with increasing rainfall erosivity occur frequently, leading to flash
floods that adversely affect human settlements and infrastructure (IPCC, 2021; Nunes and
Nearing, 2011). Beyond the risk of water damage, soil loss can cause on-site and off-site
damage. According to Parkin et al. (2008), a few heavy precipitation events account for the
majority of erosion. Flash floods are defined as overland flow with shallow water depths and
steep slopes. On these slopes, there is high sediment concentration resulting from soil ero-
sion (Dugan et al., 2024; Govers, 1990; Semwal et al., 2017).

Several models are currently available to simulate overland flow and erosion. These range
from empirical models, such as the Universal Soil Loss Equation (USLE) (Wischmeier and
Smith, 1978), to process-oriented models like the Water Erosion Prediction Project (WEPP)
(Laflen et al., 1991), the European Soil Erosion Model (EUROSEM) (Morgan et al., 1998a),
the Areal Nonpoint Source Watershed Environment Response Simulation (ANSWERS)
(Beasley et al., 1980), and the Limburg Soil Erosion Model (LISEM) (De Roo et al., 1994).
Reviews of the existing models have been reported in previous studies (Andualem et al.,
2023; Borelli et al., 2021). Sediment transport capacity (TC) is a key component for describ-
ing the potential of water flow to transport detached materials. However, interpretations of
the TC concept may vary. In models like WEPP and EUROSEM, detachment is constrained
by the TC and the current sediment load. According to Wainwright et al. (2015), this ap-
proach lacks justification and may be unsuitable. Alternative approaches, such as the
Meyer-Peter-Muller (MPM) approach (Meyer-Peter and Miller, 1948), represent the actual
bedload transport rate (Wainwright et al., 2015). Furthermore, contrasting perspectives re-
garding the use of capacity (equilibrium) and non-capacity (non-equilibrium) approaches
exist (Biswas et al., 2021, Hu et al., 2025). However, since this study focused on bedload,
a capacity-based approach was adopted. Different TC approaches have been applied into
existing erosion models. Empirical approaches developed from stream data, such as MPM,
Ackers-White (Ackers and White, 1973), Engelund-Hansen (Engelund and Hansen, 1967),
and Yalin (Yalin, 1963), are widely used in the context of rivers. Although these were devel-
oped for stream erosion conditions with low slopes and water depths of several decimeters,
some models have applied them to soil erosion. For example, WEPP uses a simplified Yalin
approach to calculate TC. In contrast, EUROSEM uses the Govers (1990) approach, which
is based on experimental data on overland flow conditions, with steep slopes up to 21%,

and shallow water depths.

Because the accuracy of erosion simulations depends on the hydraulic simulation precision,

proper consideration and calibration of hydraulics are essential (Morgan et al., 1998b; Smith
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et al., 1999). However, existing soil erosion models continue to use simplified hydraulic

approaches to calculate water forces acting on the soil (Huang et al., 2022).

In addition to erosion models, hydraulic models have also been used to simulate floods and
flash floods (Al-Fugara et al., 2023; Hu and Song, 2018; Huang et al., 2015; Liang et al.,
2016). These vary in accuracy and detail. For example, HEC-RAS (U.S. Army Corps of
Engineers, CA, USA) employ a one-dimensional (1D) energy equation, whereas HydroAS
(Hydrotec, Aachen, Germany) solves complete shallow—water equations, including turbu-
lence and acceleration terms. As the level of accuracy affects computational efficiency, pre-
vious studies have explored the acceleration of two-dimensional (2D) models using the LTS
method or GPU acceleration (Hu et al., 2019; Wu et al., 2023). Other studies have focused
on the combined modeling of 2D hydraulics and sediment transport during floods. Huang et
al. (2022) investigated the impact of sediment on the simulated peak discharge. Existing
hydraulic models, such as HydroAS GS/ST (Hydrotec, 2025b) and Iber+ (Costabile et al.,
2024; Garcia-Feal et al., 2018), support river erosion modeling in combination with hydraulic
simulations. Past research has mainly focused on sediment in fluvial flows. Studies on the
combination of 2D hydraulics and soil erosion caused by pluvial flows remain scarce. Jia et
al. (2023) demonstrated the advantage of a 2D hydraulic approach for simulating soil ero-
sion by comparing observed and simulated data. However, they did not compare these

results with existing models that considered simplified hydraulics.

This study focuses on arable land erosion and flash floods that occur as overland flows,
unified in one model. In existing soil erosion models, simplified hydraulics are considered,

which underestimate rill erosion (Hinsberger, 2024).

The core hypothesis is that a detailed hydraulic approach—through a 2D hydrodynamic
numerical model that solves complete shallow water equations—is essential for soil erosion
modeling. Such models are currently state-of-the-art for flash flood simulations in Germany.
This study aims to simulate soil erosion from a single heavy precipitation event. This was
achieved by using a 2D approach, which dynamically updated the topography of the model
according to progressive erosion and sedimentation. The TC approach of Govers (1990)
was implemented for the required conditions and evaluated using laboratory and plot ex-
periments under heavy precipitation framework conditions. The experiments were chosen
to be partially outside Govers’ validity range, in order to investigate their influence and pro-
vide insight into the applicability and limitations of this approach. Accordingly, a suitable
approach for simulating the soil erosion caused by heavy precipitation should be identified.
To calibrate the field-scale event data, a sensitivity analysis was performed on different

parameters and one influential parameter was selected. Observed natural erosion data from
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the literature were compared with the simulated results of the combined approach, and ex-
isting models demonstrated the improved performance of the combined 2D hydraulic and
erosion model. Using a soil erosion model with advanced hydraulics, rill erosion can be
accurately simulated in terms of quantitative variation and spatial distribution. Comparing
the simulation results of the model used in this study with those of existing models that use
simplified hydraulics, demonstrates the benefits of utilizing 2D hydraulics, particularly in the
generation of rills. Knowledge of these rills, which contribute significantly to soil erosion, is

valuable for erosion management.

5.2 Materials and Methods

In this study, a combination of a soil erosion approach and a 2D hydrodynamic numerical
model was used. The HydroAS model, which is suitable for 2D hydraulic simulations, was
selected to represent hydraulic processes (Section 5.2.1). The Govers approach was se-
lected and confirmed as the TC approach to represent soil erosion because of its suitability
for overland flow conditions (Section 5.2.2). This approach was implemented within the Hy-
droAS model and applied to experimental plots and field data from the literature (Sections
5.2.3 and 5.2.4).

5.2.1 Selection of 2D Model

The 2D HydroAS model, which is widely used in Germany for flood and flash flood simula-
tions, was selected for this study (Huber et al., 2021; Lavoie and Mahdi, 2017; Yéruk and
Sacher, 2014). To simulate surface runoff, HydroAS solves the complete shallow-water
equations and includes the acceleration term, thereby meeting the requirements of this
study for accurately simulating erosion driven by overland flow and flash floods. The model
can simulate both discharge and rain-on-grid conditions. Infiltration can be considered
through sink terms at each mesh node. In this study, heavy precipitation events occurring
in early summer were simulated, under the assumption that the soil was dry, water-repel-
lent, and silted due to splash erosion (see Section 5.2.4). As a result, soil processes are
negligible, effective precipitation is used as an input parameter for the simulations, and in-
filtration is excluded. The runoff simulation (both overland and channel flows) was based on
Equations (5-1)—(5-5). Approaches to the roughness, viscosity, and other details can be
found in the HydroAS Model Manual (Hydrotec, 2025a).

ow of 0g (5-1)
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where tis the time [s], and x and y represent the streamwise and transverse directions [m],
respectively. H is the water level above a reference level [m]; h is the water depth [m]; u
and v are components of the flow velocity in x and y directions [m s™'], respectively; g is
gravitational acceleration [m s?]; and Greek letter nu (v) is the viscosity. The source term s

contains the friction slope /r and bed slope Is.

5.2.2 Governing Erosion Equations

As noted in the Introduction, the HydroAS model can simulate river erosion using its add-
on module, GS, which simulates the total sediment load. At each mesh node, the model
calculates the driving forces acting on the soil based on hydraulic parameters. Depending
on the selected sediment transport equation, such as MPM or Ackers-White, the TC repre-
sents the actual transport rate, and sediment is transported to the following mesh node,
where the calculation is repeated. In the existing program, it is possible to specify different
particle sizes to consider the layer management. This study used the median grain diameter
as a uniform particle size. Soil exchange with the surface (detachment or sedimentation),
which leads to changes in topography, was calculated using the Exner equation (Hydrotec,
2025b):

0Z
(1=np)ps 5 +5=0 (5-6)

where n, is the porosity of the sediment, ps is sediment density [kg m™], Z the bed elevation
[m], tis the time [s], and S is the balance of sedimentation and erosion [kg m= s™']. The soil
mass S, for erosion was calculated as the product of the sink velocity ws [m s], the TC

approach, and sediment density ps [kg m™]:
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S, =w, TC pg (5-7)

Mass conservation was maintained, as soil mass S was redistributed only among neighbor-
ing mesh nodes. However, soil masses can either increase or decrease at the model bound-
aries. To represent TC, the MPM, Ackers-White, and Engelund-Hansen approaches are
pre-integrated into HydroAS GS as the bedload transport rate. In this study, the Govers

approach was implemented and is defined as:
TCovers = ¢ * (w — wcrit)d (5-8)

where ¢ and d are parameters dependent on grain diameter. The unit stream power w
[kg m? s7¥] is the mathematical product of the slope and the mean flow velocity. The critical
unit stream power has a threshold value of 0.004 m/s (Govers, 1990). Here, TCgovers also
serves as the bedload transport rate. The combined simulation using HydroAS and the
Govers approach is referred to as HydroAS GS—Govers. In the HydroAS GS-Govers
model, no distinction was made between rill and interrill erosion. Rill formation was driven
purely by hydraulics.

Initially, the MPM, Ackers-White, and Engelund-Hansen approaches were evaluated for
their suitability for soil erosion modeling and compared to the Govers approach (Section
5.3.1).

5.2.3 Application of the HydroAS GS—Govers Model on Experimental Plots

To evaluate the HydroAS GS—Govers model for soil erosion under heavy precipitation, ex-
perimental data were used to compare simulation results with measured observations.
These experiments provided clear and traceable boundary conditions and were used as the
first validation of the model. The framework conditions of the experimental data were as-
sumed to represent rainfall as heavy precipitation (=15 mm/h according to DWD, n.d.) and
slope gradients that fit the overland flow conditions. Therefore, a minimum gradient of 5 %
was determined. Three experimental studies were selected: Quan et al. (2020), Scherer et
al. (2012), and Kilinc and Richardson (1973).

Kilinc and Richardson (1973) conducted flume experiments with various slope gradients,
rainfall intensities, and one soil type (Table 5-1). Six runs were selected for this study and
named according to their original identifiers (Kil I-1V, Kil IX and Kil X). The 2D model was
constructed as a rectangular mesh with 12 elements across the flume width and an aspect
ratio of 1:2, following Hydrotec (2025c) guidelines, which suggests a ratio of 1:2 to 1:3. The
model was calibrated using runoff and flow velocity values reported by Kilinc and Richard-

son (1973), with adjustments for surface roughness and rainfall intensity.
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Quan et al. (2020) conducted laboratory rainfall experiments on two soils (AS from the Ansai
Agricultural Experiment Station, and SD from the Suide Soil and Water Conservation Ex-
periment Station), with a rainfall intensity of 60 mm/h over one hour and flume gradients of
5°,10°, 15°, and 20° (Table 5-1). Although gradients of 15° and 20° exceeded the validity
range of the Govers approach (slope <0.21; see Section 5.3.1), simulations were still per-
formed. To simulate these experiments, a 2D model was built containing eight elements
across the flume width, with an aspect ratio of 1:2. Simulations were named according to
soil type and gradient (AS5°-AS20°, SD5°-SD20°). Quan et al. (2020) provided the grain
size distribution used to derive dso and measured the total runoff. However, no discharge or
flow velocity was provided. Therefore, the amount of rainfall in the simulation was adjusted
using a discharge coefficient to determine the indicated total runoff. These coefficients
ranged from 0.18 to 0.32 and were used to calibrate the models. The roughness coefficient
was not reported in the study; therefore, Manning’s n was assumed to be 0.033, based on
values stated by Kilinc and Richardson (1973), Scherer et al. (2012), and other studies (e.g.,
LUBW, 2020).

Table 5-1:  Experimental conditions/information and data input / parametrization for the 2D model of plot mod-

els.
Kilinc and Richard- Quan et al. (2020) Scherer et al.
son (1973) (2012)
Name Kil I-IV, IX, X AS5°-AS20° S33-34
SD5°-SD20° S36-37
S40-41
Plot: L x W [m] 4.88 x 1.52 5x1 12 x 2
Slope [%] 5.7 8.75-36.4 14.7-17.8
15
Rainfall intensity [mm/h] 31.75-116.84 60 50.4 - 64.8
Rainfall duration [min] 60 60 68 - 75
Simulation duration [min] 70 70 120
Simulation time interval [min] 1 1 1
Roughness coefficient 0.033 0.033* 0.02-0.04
(Mannings’s n)
Median grain diameter (dso) 0.35 0.04 —0.044 0.0216 — 0.0245**
Bulk density [kg/m?] 1500 1300 — 1350 1670*

* Values are assumptions; **Values derived by Gerlinger (1997)

Scherer et al. (2012) reported the field studies conducted in various loess soil areas in Ger-
many by Gerlinger (1997), with 58 experiments on rainfall amount, intensity, and slope. Six
experiments were selected (Table 5-1) to reflect heavy precipitation and erosion conditions
in early summer with bare soil, with rainfall intensities of 50.4—-64.8 mm/h over 68—75 min,
and slopes of 14.7-17.8 %. The experiments were grouped into three pairs of plots, and
each pair was used to examine the reproducibility and variability of similarly spaced plots

(Gerlinger, 1997). The 2D model contained eight elements across the flume width, with an
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aspect ratio of 1:3. The simulations were named according to their original experimental
numbers (S33—34: pair 1; S36-37: pair 2; S40-S41: pair 3). Despite rainfall data, no flow
data was available. Therefore, the rainfall was not reduced by any factor in the simulation.
Calibration was not performed for the hydraulics. Roughness coefficients used were re-
ported by Scherer et al. (2012). The dso value was derived from the grain-size distribution
provided by Gerlinger (1997).

All experimental data were sourced from the literature. Missing values were plausibly esti-
mated. All the values used are presented in Table 5-1.

All flumes or plots described were designed as 2D models based on the framework condi-
tions outlined in the literature and were simulated using the HydroAS GS—Govers model. In
all simulations, the median diameter (dso) was the only fraction used to calculate TCcgovers.
The simulated sediment transport rates at the flume outlets were compared with the values

observed from the literature.

5.2.4 Application of the HydroAS GS—Govers Model for Field Scale Event Data
Owing to the limitations of laboratory and small-scale field experiments in capturing the full
extent of rill erosion, further evaluation of the model was conducted. The model was applied
to natural erosion events that occurred in croplands following heavy precipitation.

For this application, three fields presented by Hinsberger (2024) were selected: Fields #4,
#7, and #8, where natural erosion was detected and analyzed. These fields were selected
because Hinsberger (2024) provided rill erosion estimations and simulation results using
the RUSLE2 (Revised USLE 2) and EROSION-3D soil erosion models, which were dis-
cussed in this study. The data from Hinsberger (2024) included: i) orthophotos for the com-
parison of rill distribution, ii) measured erosion quantities fromrills, iii) RUSLEZ total erosion,
and iv) EROSION-3D simulation results. The results of the RUSLE2 and EROSION-3D
(E3D) models used in this study are presented in Table 5-2.

Table 5-2: Results of measurements, RUSLE2 and EROSION-3D (E3D) models from Hinsberger (2024 ) used
in this study. When no results were provided, - is shown in the Table.

Total erosion [t/ha] Rill erosion [t]
RUSLE2 E3D measured RUSLE2 E3D
#4 13.14 0.30
Rill #4.1 11.75 1.14 0.02
Rill #4.2 8.03 1.32 -
#7 65.15 10.45
Rill #7.6 17.39 11.71 1.35
Rill #7.7 14.67 6.93 -
Rill #7.8 13.28 7.81 0.57
Rill #7.10 5.71 5.76 -
#8 12.32 4.84

Rill #8 15.79 6.11 4.34
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For the simulation, precipitation rates were derived from YW radar data provided by the
German Meteorological Service (Deutscher Wetterdienst DWD). As Hinsberger (2024) did
not specify any effective precipitation or discharge data, the total precipitation was assumed
for the simulations. In Europe, this neglect of infiltration is partially justified, as heavy pre-
cipitation often occurs in early summer, when soils are dried out and silted. As recorded rill
erosion occurred in June (Hinsberger, 2024), these assumptions were supported.

Digital elevation models (DEM) provided by Hinsberger (2024) served as the simulation

basis. Pre-erosion DEMs with centimeter-level resolutions were resampled to grid sizes of
0.25 m (DEMO0.25) and 1 m (DEM1). Therefore, the model was built as a mesh using square

elements of 0.25 x 0.25mand 1 x 1 m.

Different calibration parameters for the models are possible, including surface roughness,
grain diameter, and a factor for the transport capacity (k * TCgovers). A sensitivity analysis of
the surface roughness parameter (Manning’s n) and median grain diameter (dso) was con-
ducted. Manning’s n was selected as a parameter to examine the influence on runoff, as it
is state-of-the-art in flood modeling (e.g., Ferguson, 2021b). Grain size was selected be-
cause it is the only input parameter in the Govers equation suitable for sensitivity analysis.
Both parameters were reduced and increased for each simulation. Manning’s n was ad-
justed to a plausible range for the surface roughness for croplands (Aigner and Bollrich,
2015; Chow, 1959). Although studies have indicated that Manning’s n is higher for overland
flow (Sanz-Ramos et al., 2021) and that roughness depends on shallow-water depth
(Hinsberger et al., 2022), this sensitivity analysis was reduced to the essential influence of
roughness. Grain diameter was adjusted in a range of + 30—40%. As a change in the grain
diameter leads to a change in the surface roughness, this relationship was disregarded.
Simulations were conducted using the original TCgovers (EQ. (5-8)). As TCcgovers is the most
uncertain calibration parameter, the models were calibrated to the measured rill quantities
from the literature using a factor named ‘Cali’ (Table 5-3). Calibration was conducted for
DEM1, which was more commonly available.

Table 5-3 presents an overview of the simulations and corresponding framework conditions.
The simulation names consist of the DEM basis (1 m or 0.25 m grid) and the adapted pa-
rameter for the sensitivity analysis. The experiments were conducted in Fields #4, #7, and
#8. Experiments Exp. DEM1 and Exp. DEM1 (Cali) were used for comparison with the
measured data and results from RUSLE2 and E3D. Other simulations were used for sensi-
tivity analysis. Table 5-4 presents basic information on field and event data and hydrody-
namic model parameterization.

In many models, such as WEPP and EUROSEM, the erosion calculation is separated into

interrill and rill shares or raindrop-induced and overland flow erosion (as in E3D). As the
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contribution of splash erosion is less impactful than that of the rill share (Govers and
Poesen, 1988), the splash erosion share was neglected.

The simulation results, including a modified topography (see Section 5.2.2), can be con-
verted into a DEM with the same resolution as the input of the simulation. The difference
between the original surface height (DEMO0.25 or DEM1) and surface height at the final time
step produces the erosion depth at each grid point, which can be converted to erosion
quantities using bulk density. In addition, predefined cross sections provide information on

the sediment load for each time step.

Table 5-3: Overview of simulations and sensitivity parameters for the fields #4, #7, and #8.

Experiment Manning’s n [s/m'?] Median grain diameter dso [mm]
#4 #7 #8 #4 #7 #8

Exp. DEM1 0.033 0.033 0.033 0.060 0.050 0.306

Exp. DEM1 (Cali) 0.033 0.033 0.033 0.060 0.050 0.306

Exp. DEM 0.25 0.033 0.033 0.033 0.060 0.050 0.306

Exp. DEM 1 0.025 0.025 0.025 0.060 0.050 0.306
n reduced

Exp. DEM 1 0.050 0.050 0.050 0.060 0.050 0.306
n increased

Exp. DEM 0.25 0.025 0.025 0.025 0.060 0.050 0.306
n reduced

Exp. DEM 0.25 0.050 0.050 0.050 0.060 0.050 0.306
n increased

Exp. DEM 1 0.033 0.033 0.033 0.040 0.030 0.200
d reduced

Exp. DEM 1 0.033 0.033 0.033 0.080 0.070 0.400
d increased

Exp. DEM 0.25 0.033 0.033 0.033 0.040 0.030 0.200
d reduced

Exp. DEM 0.25 0.033 0.033 0.033 0.080 0.070 0.400
d increased

Table 5-4: Experimental conditions/information and data input/parametrization for the 2D model of field-scale

models.

Name #4 #7 #8
Field extension [hectare] 1.10 6.61 4.37
Max. Rainfall intensity [mm/h] 20.35 48.23 33.01
Rainfall duration [min] 55 90 90
Simulation duration [min] 120 120 120
Time interval [min] 5 5 5
Roughness coefficient 0.033 0.033 0.033

(Mannings’s n)
Median grain diameter (dso) 0.060 0.053 0.306

Bulk density [kg/m?] 1120 1420 1300
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5.3 Results and Discussion

This study employed the Govers approach as the TC approach for soil erosion modeling, in
combination with the 2D HydroAS model. The model was applied to experimental plots and
real-world field conditions. Section 5.3.1 evaluates the suitability of this approach by exam-
ining the validity ranges of different TC approaches. The simulation results of the HydroAS
GS—Govers model for experimental flumes/plots and naturally occurring erosion are pre-

sented and analyzed in Sections 5.3.2 and 5.3.3, respectively.

5.3.1 Suitability of Govers (1990) Approach for Soil Erosion Modeling

Various TC approaches are available for erosion modeling. However, these approaches
have been empirically calibrated from experiments using specific setups and soil properties.
Therefore, each approach is only applicable to experiments within the specific validity range
for which it was developed (Brazier et al., 2011). Figure 5-1 compares the validity ranges of
the MPM, Ackers-White, Engelund-Hansen, and Govers TC approaches for the grain diam-
eter and slope parameters. The MPM, Ackers-White, and Engelund-Hansen approaches
have already been implemented into HydroAS GS, and the Govers approach is a part of
the well-known EUROSEM (Morgan et al., 1998a) and LISEM (De Roo et al., 1994) models.
The ranges for MPM, Ackers-White, and Engelund-Hansen were obtained from a compila-
tion by BMLFUW and OWAV (2011), and the range for Govers was derived from Govers
(1990). Notably, the slope parameter indicates different conditions: MPM, Ackers-White,
and Engelund-Hansen showed validity for small slopes (<4 %) indicating river conditions
and a wide range of grain diameters. In contrast, Govers exhibited validity for a wide range
of slopes (<21 %), including overland flow conditions, and a more limited range of grain
diameters.

In addition, Figure 5-1 shows the grain diameter and slope characteristics for the experi-
mental plots and fields with naturally occurring erosion due to heavy precipitation. Due to
the inclusion of the experiments used for the evaluation in this study, the validity range of
Govers is significantly more appropriate than that of the comparative approaches. All ex-
periments fall within Govers’ validity range for slope. Regarding the grain diameter, the se-
lected experiments were conducted outside Govers’ approach. However, the experimental
soil properties were similar to those used in the study by Govers (1990). In addition to the
slope and grain diameter, the boundary conditions for erosion due to heavy precipitation
events were of primary importance when selecting the experiments (see Section 5.2.3).
This perception and selection of the approach agree with those of Wang et al. (2019a), who

stated that the Govers approach was the best for cropland soil.
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Figure 5-1:  Validity range of different transport capacity approaches. For the grain diameter, the range of
experimental sediments used are shown for Ackers-White and MPM, the range of the mean
diameter (dm) for Engelund-Hansen, and the range of the median diameter (dso) for Govers. The
x symbols, dots, triangles, and diamonds indicate the median grain size dso and mean slope of
investigations by Hinsberger (2024), Scherer et al. (2012), Quan et al. (2020), and Kilinc and
Richardson (1973), respectively. Each symbol represents an erosion field or an experimental run.

5.3.2 Evaluation of the HydroAS GS-Govers Model for Experimental Plots

Data from Kilinc and Richardson (1973), Scherer et al. (2012), and Quan et al. (2020) were
used to simulate rainfall in the experimental plots, using the HydroAS GS—Govers model.
The framework conditions (median grain diameter and slope) are illustrated in Figure 5-1.
The experiments conducted by Kilinc and Richardson, Scherer et al., and Quan et al. are
highlighted by blue diamonds, orange dots, and green triangles, respectively. The figure
indicates that the slope values fall within the validity range of the Govers approach. How-
ever, the median grain diameter dso of the soil used by Kilinc and Richardson was coarser
than that used by Govers, whereas the soils used by Scherer et al. and Quan et al. had
finer median grain diameters.

The simulated results were compared with measurements from the literature to evaluate
model suitability. To ensure comparability, as Scherer et al. (2012) and Quan et al. (2020)
merely reported total detachment, the results of this study were adjusted by considering the
total sediment that reached the outlet of the model during the simulation. The same proce-
dure was followed for the results presented by Kilinc and Richardson. The observed data

from the literature and the results of the HydroAS GS—Govers model are listed in Table 5-5.
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Table 5-5: Total detachment [kg] presented or derived from the literature (Quan et al. 2020, Scherer et al.
2012, Kilinc and Richardson 1973) and HydroAS GS—-Govers simulation results of experimental
flumes/plots.

Experiment Results from the literature HydroAS GS—Govers

Quan et. al (2020)

AS 5° 0.143 0

AS 10° 0.834 0.540
AS 15° 0.994 0.666
AS 20° 1.375 0.665
SD 5° 0.021 0.095
SD 10° 0.207 0.207
SD 15° 0.373 0.389
SD 20° 0.549 0.901
Kilinc and Richardson (1973)

Kil | 0.776 0

Kil 1l 2.425 0

Kil 11l 5.222 0.014
Kil IV 11.980 0.029
Kil IX 5.129 0.029
Kil X 27.833 0.115
Scherer et al. (2012)

S33 9.6 29.604
S34 14.7 35.171
S36 57.9 37.138
S37 229 39.543
S40 47.7 23.941
S41 31.0 32.996

The simulated results were compared with the measured data. Figure 5-2 compares the
cumulative measured erosion (x-axis) with the cumulative simulated erosion (y-axis) for

each experiment. Different erosion quantity ranges were included in the experiments.
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Figure 5-2:  Comparison of simulated erosion [kg] using the 2D HydroAS GS—Govers model (ordinate) with
respective measured erosion data from Kilinc and Richardson (1973) (blue dots), Quan et al.
(2020) (orange and green triangles) and Scherer et al. (2012) (pink, grey and rose squares).

The simulation results for the experiments by Kilinc and Richardson indicated extremely low
erosion rates. Experiments with low precipitation and discharge (Kil | and Il) showed no
erosion. Higher precipitation rates or steeper slopes (Kil lll, IV, IX, and X) resulted in minimal
erosion, with values approaching zero. This suggests that the threshold value for the critical
unit stream power in the approach (0.004 m/s; see Eq. (5-8)), which is an empirically derived
constant, was too high for these experimental conditions. As shown in Figure 5-1, the dso
values of the Kilinc and Richardson experiments were coarser than those of the Govers
approach. Therefore, the threshold value must be adjusted to produce greater erosion in
those conditions. Accordingly, the statistical values for the suitability of the model showed
high deviation (Table 5-6).

Table 5-6: Statistics for the difference between the experimental results and the results of the HydroAS GS—

Govers model. Mean = Mean value, MAE = Mean Absolute Error, RMSE = Root Mean Square Error
(all values in kg).

Kilinc and Richardson — Quan et al. — Scherer et al. —
HydroAS GS—-Govers HydroAS GS—-Govers HydroAS GS—Govers
Mean 8.86 0.15 -2.43
MAE 8.86 0.26 17.27

RMSE 12.72 0.33 18.69
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In the experiments of Quan et al., the observed and simulated values showed high agree-
ment (Figure 5-2). Differences related to soil type (AS, orange; SD, green) were notable.
The simulation results for SD soils (green triangles) were in high agreement with measured
data, with an RMSE of 0.20. Notably, the experiment SD of 5° with the lowest erosion quan-
tity showed strong agreement at the onset of sediment transport. In contrast, the AS simu-
lations (orange triangles) consistently underestimated erosion measurements
(RMSE = 0.42). Experiments SD 15° and 20° and AS 15° and 20° exhibited the highest
erosion and fell outside the validity range of the Govers approach (see Section 5.2.3). The
SD simulations overestimated erosion, while AS simulations underestimated it. Despite the
limited number of simulations, these results suggest that the Govers approach can be ap-
plied to higher gradients than those shown in the validity range in Figure 5-1. Overall, the
HydroAS GS-Govers results fit the measured erosion with an RMSE of 0.33, indicating
good agreement.

Figure 5-2 also presents simulated and observed data from Scherer et al. (squares). Differ-
ent colors indicate different experimental pairs, representing the reproducibility and varia-
bility of the adjacent plots. Pairs sometimes showed significant divergence. For S33-S34,
the simulation matched the trend for both experiments: an overestimation of erosion. For
S36-S37 and S40-S41, the simulated erosion for the pairs was similar; however, the meas-
urements varied significantly. This suggests that although the scatter in the measured data
is quite high, the simulation results indicate a plausible value, as one experiment overesti-
mates and the other underestimates. These experiments fall within the slope validity range
of the Govers approach but show smaller values for the grain diameter. However, the sim-
ulated results using HydroAS GS—-Govers and the observed values showed good agree-
ment (Table 5-6), suggesting the lower deviation of the grain diameter had limited influence
on suitability.

In summary, the comparison between the validity range and the simulation of the laboratory
and plot experiments showed that the Govers approach is suitable for simulating soil ero-
sion caused by heavy precipitation. However, exceeding the valid grain diameter range (as
in Kilinc and Richardson) had a strong influence on the erosion quantity, and the HydroAS
GS—-Govers model significantly underestimated the erosion. Interestingly, a smaller grain
diameter than suggested influences the suitability of Govers’ approach less (as in Scherer
et al.). Therefore, exceeding the maximum grain diameter beyond the validity range should
be avoided. Possibly, another TC approach for larger grain diameter could address this
limitation. Exceeding the validity range of the slope (as in Quan et al.) did not adversely
affect the simulation results.

As small plots do not represent the total influence of the catchment area (Brazier et al.,

2011), and the relevance of the two-dimensional hydrodynamic numerical approach may
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be limited under simple framework conditions, the HydroAS GS—Govers model was further
tested on natural erosion fields.
The following section focuses on erosion at the field-scale based on measured data and

simulation results from other soil erosion models.

5.3.3 Evaluation of the HydroAS GS—Govers Model for Naturally Occurring Erosion
To simulate erosion at the field scale using the HydroAS GS—Govers model, fields #4, #7,
and #8 were investigated and analyzed by Hinsberger (2024). The framework conditions
(median grain diameter and slope) for these fields are shown in Figure 5-1 and highlighted
by black crosses. Slope conditions lie within the validity range of the Govers approach,

whereas the grain diameter is finer for fields #4 and #7 and coarser for field #8.

For naturally occurring erosion at the field scale, a sensitivity analysis for Manning’s n and
the median grain diameter was first conducted (Section 5.3.3.1). Then, the total erosion
rates, rill erosion quantities, and spatial distribution of the rills were compared with the meas-
ured data and results from the RUSLE2 and E3D models (Section 5.3.3.2 and 5.3.3.3).

5.3.3.1 Sensitivity Analysis and Calibration
A sensitivity analysis was conducted to assess the influence of selected input and possible

calibration parameters.

Morgan et al. (1998b) stated that erosion depends heavily on hydraulic considerations.
However, no hydrological measurements were available from Hinsberger (2024); therefore,
the hydraulics could not be calibrated. Hence, surface roughness was selected as the sen-
sitivity parameter because of its influence on flow velocity and, consequently, TCgovers. Me-
dian grain diameter (dso), the only soil parameter influencing TCcovers (EQ. (5-8)), was se-
lected as the second sensitivity parameter. The sensitivity analysis was conducted using
DEMs with grid resolutions of 1 m and 0.25 m to investigate the influence of grid size. A

summary of the simulations and their modifications is presented in Table 5-3.

The results of the sensitivity analysis are shown in Figure 5-3. The simulated erosion was
set in relation to the measured value. A value of one (y-axis) represents perfect agreement,
a value > 1 represents overestimation, and a value < 1 indicates underestimation. The figure
shows three rills named #7.6, #7.10, and #8 (Figure 5-5). Rill #7.10 (green) represents a
small rill, and #7.6 (dark yellow) and #8 (blue) represent large rills (Table 5-2). Triangles

and crosses indicate the simulation bases using DEM1 and DEMO0.25, respectively.
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Figure 5-3:  Sensitivity of Manning’s n (a) and median grain diameter dso (b) for selected rills based on
simulated and measured rill erosion quantities.

To analyze the surface roughness, Manning’s n was reduced and increased compared with
the original assumption. A reduced n indicates a smoother surface and an increased n a
rougher surface. As shown in Figure 5-3a, a reduced n value resulted in greater erosion,
whereas a higher n value resulted in less erosion for both DEM1 and DEMO.25. This trend
is plausible because an increased flow velocity occurs with a smoother surface framework,
resulting in higher forces acting on the soil. In Figure 5-3b, the sensitivity analysis of the
median grain diameter dso is shown. A reduction in dso led to an increase in erosion, whereas
an increase in dsp led to a decrease in erosion. This is again plausible because of the in-
creased transport capacity of smaller soil particles. Contrary to expectations, two key trends
emerged: i) Smaller rills (#7.10 < #7.6, #8) were more sensitive to the influence of changes
in roughness or grain diameter, especially for rill #7.10, where the sensitivity to dso was
significant with variations of up to +61 % (reduced diameter) and -25 % (increased diame-
ter); i) Smaller rills were also more affected by grid resolution. Rill #7.10 showed significant
differences between the 1 m and 0.25 m grids, ranging from -59 % for a reduced dso and
-39 % for an increased dso. In contrast, for rill #8, the results for the 1 m and 0.25 m grids
were almost identical (Table 5-7), and no clear trend could be derived. This can be attributed
to the thalweg of rill #8. The grid resolution is a significant factor in estimating the erosion
quantities for rills. In a 1 m grid, the discharge accumulates in one grid cell, while a 0.25 m
grid provides four cells on the same grid width. Consequently, small rills were overestimated
when a grid size of 1 m was used, whereas a higher grid resolution led to more accurate
simulation results. This hypothesis is supported by the results for rill #8, which produced
similar erosion quantities at both grid resolutions. However, high model resolutions can lead
to a decrease in computational efficiency. The issue of computational efficiency was inves-

tigated by Hu et al. (2019) and Wu et al. (2023), although it was not the primary focus of
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this study. The findings on the importance of DEM resolution are consistent with the results
of Jia et al. (2023) who highlighted the advantages of using both high-resolution topography
and numerical simulations.

The HydroAS GS—Govers model showed high sensitivity to both surface roughness and
grain diameter. Modeling results were further influenced by grid resolution. Rill quantities
derived from DEMO0.25 matched the measured quantities more accurately than those de-
rived from DEM1. However, a high-quality DEM with these grid resolutions is not always
available for soil erosion modeling. Overall, the HydroAS GS—-Govers model simulated less
erosion than the observed values.

Therefore, the models were calibrated using a factor for TCgovers. The models were cali-
brated to the measured rill quantities using this factor (Experiments named ‘Cali’). Calibra-
tion was conducted for DEM1 because this database is commonly available.

Each field was calibrated to fit observed rill quantities (Exp. DEM 1, Cali). The factors in the
TCocovers €quation (Eq. (5-8)) depend on the field and are 10, 1.2, and 3 for fields #4, #7, and

#8, respectively.

Table 5-7: Rill erosion [t] for visible rills using different experimental runs.

Experiment #4.1 #4.2 #7.6 #1.7 #7.8 #7.10 #8
DEM1 2.37 2.00 16.59 10.87 5.24 8.67 5.08
DEM1, Cali 11.25 8.16 19.57 13.17 6.22 10.32 15.42
DEMO0.25 2.81 2.11 12.16 8.28 3.87 4.55 4.82
DEM1, n reduced

(n=0.025) 2.87 2.44 19.98 12.69 6.16 9.61 6.09
DEM1, n increased

(n=0.050) 1.74 1.46 12.18 717 3.81 6.31 3.18
DEMO0.25, n reduced

(n=0.025) 3.23 2.39 13.25 8.63 4.45 4.65 6.23
DEMO0.25, n increased

(n=0.050) 2.04 1.56 10.41 6.44 2.89 4.06 3.08
DEM1, d reduced

(-30 — -40 %) 3.48 2.88 25.81 18.82 8.24 13.94 8.79
DEM1, d increased

(+30 — +40 %) 1.76 1.49 12.64 7.66 3.99 6.51 3.56
DEMO0.25, d reduced

(-30 — -40 %) 3.68 2.75 14.83 9.50 4.84 5.73 7.86
DEM0.25, d increased 2.15 1.62 10.23 6.80 3.06 3.96 3.51

(+30 — +40 %)
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5.3.3.2 Total Erosion

The total erosion rate is the standard output of RUSLE2, which is part of the USLE family
and a well-established method for erosion estimation. For the grid-based simulation models
(E3D and HydroAS GS—Govers), elevation changes between the first and final time steps—
as well as the bulk density—were used to calculate total field erosion. The simulation results

for total erosion are listed in Table 5-8.

Table 5-8: Total erosion [t/ha] for each field using different experimental runs.

Experiment #4 #7 #8

DEM1 22.94 81.43 4.07
DEM1, Cali 201.63 101.33 12.54
DEM 0.25 35.22 86.35 6.35

Figure 5-4 compares the erosion rates simulated using the HydroAS GS—Govers model
(Exp. DEM1) with rates from RUSLE2 and E3D (Table 5-2). Both RUSLE2 and E3D pre-
dicted higher erosion rates in field #8 and lower erosion rates in fields #4 and #7. E3D, in
particular, predicted significantly lower rates than RUSLE2 and HydroAS GS-Govers,
whereas RUSLEZ2 values were only 14-40% lower than HydroAS GS—Govers for fields #4
and #7. Statistical values comparing RUSLE2 and HydroAS GS—Govers results (Table 5-9)
revealed strong agreement. Field #8 may have been influenced by a relatively large dso
which exceeded the validity of the Govers approach (see Section 5.3.1), resulting ina TC
that was too low to achieve sufficient erosion. In Exp. DEM1 (Cali), the model was calibrated
to observed rill values. A comparison of the total erosion of the calibrated and RUSLE2
models shows strong deviations. In Table 5-9, the statistical values for a comparison of
RUSLEZ2 and E3D with the uncalibrated and calibrated HydroAS-GS—-Govers model indi-
cate that the uncalibrated model fits RUSLE2 better. Because it is assumed that RUSLE2
provides plausible results for total erosion, the calibration of the rill quantities overestimates

the total erosion.
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Figure 5-4:  Comparison of the total erosion rate [t/ha] using the Govers approach (Exp. DEM1) (x-axis) and
the RUSLE2 (y-axis, rectangle) or E3D (y-axis, dot) for different croplands (#4, #7, and #8).

Table 5-9: Statistics for the difference between the RUSLE2 and E3D model results and the results of the
HydroAS GS-Govers model Exp. DEM1 and Exp. DEM1 Cali. Mean = Mean value, MAE = Mean
Absolute Error, RMSE = Root Mean Square Error (all values in t/ha).

RUSLE2 — RUSLE2 - E3D - E3D -
HydroAS GS—Govers HydroAS GS-Govers HydroAS GS-Govers HydroAS GS—Govers
(Exp. DEM1) (Exp. DEM1, Cali) (Exp. DEM1) (Exp. DEM1, Cali)
Mean -5.94 -74.96 -30.95 -99.97
MAE 11.44 74.96 31.46 99.97
RMSE 11.96 110.81 43.02 127.61

All simulations were conducted using standard parameter values. While HydroAS GS—
Govers and RUSLEZ? did not have many calibration parameters, E3D provided several op-
portunities to calibrate the model results. However, the comparative values were obtained
from the literature, and the aim of this study was not to calibrate RUSLE2 or E3D.

In conclusion, the HydroAS GS—Govers and RUSLE2 models produced comparable results,
although RUSLEZ2 was easier to apply and more time efficient. This overall good agreement
with RUSLE2 aligns with the observations of Batista (2025), who reported on the prevalence
of USLE family models in the literature on soil erosion modeling. However, RUSLE2 only
provides an estimate for the entire field and offers no information on the occurrence of rill

erosion. In contrast, grid-based models, such as E3D and HydroAS GS-Govers, can sim-
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ulate accumulated discharge and resulting accumulate erosion. Here, computational effi-
ciency is reduced when using a 2D hydraulic approach compared with the simplified hy-
draulics used in E3D. However, the focus of this study was to apply and analyze the impact

of the 2D model, making the computational cost and efficiency less relevant.

5.3.3.3 RIill Erosion

In this study, both the HydroAS GS—Govers and E3D models indicated rill erosion. Rills
were identified visually using varying symbologies and hillshades, following the method de-
scribed by Hinsberger (2024). In field #4, E3D simulated one rill, whereas HydroAS GS—
Govers simulated two naturally occurring rills (#4.1-4.2). In field #7, the natural event
formed tenrills, of which E3D simulated two and HydroAS GS—Govers simulated four (#7.6—
7.10). In field #8, both models simulated one rill that occurred in the thalweg during the
rainfall event. The rill identifiers were assigned according to the system in Hinsberger (2024)

and are shown in Figure 5-5.

The spatial distribution of simulated rills matched well with that of the orthophotos in both
models. A comparison between the orthophotos and the HydroAS GS—-Govers simulation
results is presented in Figure 5-5. In field #4 (Figure 5-5a and b), both rill types—the two
large rills (#4.1 and #4.2) and many smaller rills that occurred during the natural event—are
visible in the HydroAS GS-Govers simulation. Field #7 (Figure 5-5¢ and d) reproduced
many rills that occurred during the event in the simulation. In field #8, one large rill in the
thalweg (#8) appeared in both the orthoimage (Figure 5-5e) and simulation results (Figure
5-5f).

Thus far, the HydroAS GS—Govers model has shown greater accuracy in simulating the
spatial distribution of rills. RUSLEZ2 does not provide any information on rill distribution, and
E3D consistently simulated fewer rills than observed. The advantage of simulating rills using
a 2D hydraulic model was also demonstrated by Jia et al. (2023). They found that the evo-

lution of the channel network was accurately simulated.
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(b)

Figure 5-5:  Orthophotos and simulation results of HydroAS GS—Govers (Exp. DEM1 Cali) shown as elevation
changes using hillshades, with changes = 1 cm for fields #4, (a) and (b); #7, (c) and (d); and #8,
(e) and (f). The black outline indicates the identified rills and their corresponding names.
Orthophotos (a), (c), and (e) are edited for better visibility of the rills.

The HydroAS GS—Govers model produced results for water depth, flow velocity, and dis-
charge using the hydraulic approach, and sediment transport using the erosion approach.
Figure 5-6 shows the discharge and sediment load hydrographs at the end of each rill. A
comparison of rill erosion quantities in Table 5-7 with the cumulative sediment load reveals
a significant discrepancy. For instance, rill #8 exhibited an erosion quantity of 15.42 tons as
calculated from the erosion depth, whereas the sediment load reaching the end of the flume
was only 1.66 tons for Exp. DEM1 (Cali). This indicates that a large portion of the eroded
material was deposited in the field and did not reach the end of the rill. However, the simu-
lation results imply that sedimentation mostly occurred in the field, rather than neighboring
areas, contrary to the apparent erosion observed in the orthophotos.
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Figure 5-6:  Results from simulations Exp. DEM1 (Cali): Discharge (blue line) and sediment load (orange,
dashed line) hydrographs at the end of the rills and precipitation input of the model (blue bars).
Discharge / Sediment load axis for #8 differs from the others.

In addition to the spatial distribution, the accuracy of rill erosion quantities is an important
factor in evaluating model quality. To evaluate the rill erosion quantities, the results of Hy-
droAS GS—Govers, E3D, and RUSLE2 (applied to the rill catchment area) were compared
with the measured rill erosion for fields #4, #7, and #8. For the HydroAS GS—Govers model,
the uncalibrated (Exp. DEM1) and the model calibrated using observed data (Exp. DEM1
Cali) were analyzed.
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Figure 5-7 shows comparisons between the measured data with the model results of Hy-
droAS GS-Govers Exp. DEM1, Cali (Figure 5-7a); Exp. DEM1 (Figure 5-7b); RUSLEZ2 (Fig-
ure 5-7c¢); and E3D (Figure 5-7d). The uncalibrated HydroAS GS—Govers model (Figure
5-7b) tended to underestimate rill erosion for most rills, particularly in fields #4 and #8, as
well as rill #7.8. These rills were larger than others and suffered more erosion. Rill #7.10,
which was smaller and less pronounced (Table 5-2; Figure 5-5d), was overestimated using
the HydroAS GS—Govers model. Overall, the simulation resulted in a mean difference of -5
tons. The calibrated HydroAS GS—Govers achieved better results with a mean difference
of -0.36 tons. RUSLE2 results were comparable, with large rills being overestimated and
smaller rills aligning more closely to the measurements, showing a mean difference of -6.5
tons. In contrast, E3D results indicated an even greater underestimation of the measure-
ments, with a mean difference of -13 tons in erosion. Overall, the statistical values of the
observed and simulated erosion quantities (Table 5-10) show that HydroAS GS—-Govers fits

the measurements better than other models, particularly when calibrated.

A comparison of the rill erosion quantities of the HydroAS GS—Govers model with those of
RUSLE2 and E3D showed that RUSLE2, applied to predefined rill catchments, delivered
estimates of the same order of magnitude as HydroAS GS—Govers. In contrast, E3D pro-
duced much lower erosion estimates for both the total and rill erosion rates. Given that this
study aims to assess the advantages of a 2D hydrodynamic numerical approach, a com-
parison of grid-based models is particularly relevant. HydroAS GS—Govers offers several
advantages, including the consideration of precise hydraulics and adaptability to complex
topography, improving flow and erosion calculations. Its superior ability to simulate rill for-
mation in terms of spatial distribution and erosion quantities holds promise for future soil

erosion modeling.
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Bland-Altman plots comparing the calibrated HydroAS GS—Govers model (Exp. DEM1 Cali) (a),
the uncalibrated HydroAS GS—Govers model (Exp. DEM1) (b), RUSLEZ2 (c), and E3D (d). Each
data point represents one rill, with different colors representing different fields. The confidence
interval (Cl) was calculated as the sum of the mean and the quotient of the t distribution (95 %,

n-1) *standard deviation and the square root of n.

Table 5-10: Statistics comparing the difference between the observed erosion and the results of the RUSLE2,
E3D, and HydroAS GS—Govers model Exp. DEM1 and Exp. DEM1 Cali. Mean = Mean value, MAE
= Mean Absolute Error, RMSE = Root Mean Square Error, NSE = Nash—Sutcliffe efficiency coeffi-

cient. (All values in tons)

Observed — Observed — Observed — Observed —
RUSLE2 E3D HydroAS GS- HydroAS GS-
Govers Govers
(Exp. DEM1) (Exp. DEM1 Cali)
Mean -6.55 -12.98 5.1 -0.36
MAE 6.56 12.98 5.96 2.34
RMSE 7.30 13.11 6.84 3.35
NSE 0.86 0.77 0.85 0.94
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5.4 Conclusions

This study investigated the Govers approach as a TC approach integrated with the 2D hy-
drodynamic numerical model HydroAS. Comparisons of the validity ranges for different TC
confirmed that the Govers approach is suitable for soil erosion modeling. Using this com-
bined 2D hydraulic and soil erosion model, plot-scale and event-scale data were success-
fully simulated. Comparisons between observed and simulated erosion plot data demon-
strated that the approach is suitable for the entire validity range of the slope and for higher
values as well as lower grain diameters than those shown in the validity range. However,

the maximum grain diameter used by Govers should not be exceeded.

Simulations of event-based sheet and rill erosion showed substantial improvements over
existing models. Regarding the spatial rill distribution, results corresponded well with the
orthophotos of a natural event and outperformed E3D in simulating rill formation. Accurate
rill formation and distribution modeling is important for planning and analyzing countermeas-
ures against flooding and erosion, such as deriving nature-based solutions (e.g., agrofor-
estry). The quantitative results of the uncalibrated HydroAS GS-Govers model indicated
accurate sheet erosion quantity estimations compared to RUSLE2, and plausible estima-
tions for small rills compared to observed data. However, erosion in large rills was often
underestimated. This is consistent with conditions used in Govers (1990) experiments, at
shallow water depths. For larger rills, calibration improved accuracy and demonstrated that
observed data could be approximately simulated through parameter adjustment. However,
calibration factors, such as soil properties, precipitation intensity, or quantity, needs to be

investigated in more detail in order to improve the understanding of their influences.

Sensitivity analysis showed that grid resolution was a significant factor in determining ero-

sion quantity, especially for small rills.

Unlike other models, such as EUROSEM and WEPP, this approach does not limit transport
capacity based on the sediment load of the discharge. As the modeling results showed an
underestimation of erosion compared to the measured data, the approach did not indicate

any further limitations on the erosion rates.

The proposed method used a simple erosion approach to estimate the minimum erosion of
croplands for a single heavy precipitation event. However, this approach should be en-
hanced by additional parameters and processes such as infiltration. It is also important to
note that further erosion resulting from discharge pathways, such as at the wayside of a

road and subsequent undercutting, was outside the scope of this study.
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6 Synthesis

6.1 Summary of the Key Findings
Several research questions (RQ) were outlined in Section 1 of this thesis. To address this,
various investigations, analyses, and assessments were conducted and results were pro-

vided in Sections 2 to 5.

In this thesis, the main objective was to simulate precisely calculated hydraulics and soil
erosion. Section 2 focused on the accuracy of hydraulic modeling using the 2D HydroAS
model. Surface roughness, a crucial factor in flow simulation, was empirically investigated
for overland flow conditions to assess its transferability from channel flow. This investigation
provided a basis for accurately modeling the hydraulics of overland flow. The main findings
of this study are summarized in the responses to RQ1 and RQ2.

For the combination of hydraulic and soil erosion modeling, a transport capacity approach
suitable for overland flow conditions, particularly for large slope gradients, was selected.
The approach by Govers (1990) met all requirements and was integrated into the HydroAS
model. The combined model is referred to as HydroAS GS—Govers. Details on the selection
criteria are presented in the response to RQ3.

A significant part of this work involved calibrating, validating, and evaluating the new model.
To achieve this, erosion data were collected using a UAV. The UAV’s capability to record
tilled and untilled cropland soils, as well as rill erosion, was examined. These findings were
crucial in determining the accuracy of the UAV-generated DEMs, which served as the foun-
dation for erosion quantity analyses. The key findings of this study are outlined in response
to RQ4.

Erosion resulting from heavy precipitation was monitored using a UAV over three years,
and the spatial distribution and quantities of erosion were analyzed. The observed data
were used to assess and compare the soil erosion modeling capabilities of existing erosion
models, such as RUSLE2 and EROSION-3D, which employ simplified hydraulic ap-
proaches, alongside the new HydroAS GS—-Govers model. This comparison aimed to ex-
plore the impact of enhanced hydraulics on soil erosion prediction. The outcomes of this
analysis are presented in response to RQ5 and RQ6. Furthermore, the ability of the Hy-
droAS GS-Govers model to simulate erosion rills was evaluated. While existing models like
WEPRP differentiate between rill and interrill areas, the new model does not. Given the sig-
nificance of rill formation in modeling, this aspect was thoroughly investigated and dis-

cussed in response to RQ7.
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The subsequent sections provide a summary of the main findings and responses to the

research questions.

RQ1: How do water depth and slope influence roughness parameters

for hydraulic modeling?

Until now, roughness values derived from channel flow conditions, specifically high water
depths and low slopes, have been applied to overland flow calculations with low water
depths and high slopes. In this study, laboratory experiments were conducted with different
surface roughness, various discharges, water depths, and slopes to examine the impact of
water depth and slope on roughness values. The experimental results showed that rough-
ness does not exhibit a clear dependence on slope but is dependent on water depth for

certain surfaces. Two main surface conditions were distinguished:

e Solid surfaces consistently exhibited a smooth roughness with a reasonable rough-
ness coefficient kn. There was no observed correlation between water depth and
roughness coefficients.

e Vegetated surfaces showed a significant correlation between water depth and

roughness coefficients.

Vegetated surfaces showed different influences on roughness depending on the degree of
submergence. There is a distinction in roughness values for i) submerged vegetation, where
water depth is greater than the vegetation height (submergence > 1), and ii) emergent veg-

etation, where water depth is lower than the vegetation height (submergence < 1).

e For submerged vegetation (such as artificial grass), roughness values (Darcy-
Weisbach'’s f, Manning’s n) decrease with increasing water depth and submergence.
Therefore, increasing water depth results in a smoother roughness value, while de-
creasing water depth leads to a rougher value.

e For emergent vegetation (such as wheat), roughness values (Darcy-Weisbach’s f,
Manning’s n) increase with increasing water depth. The effect is opposite to that of

submerged vegetation.

Figure 6-1 summarizes these findings schematically. The results of this study and the liter-
ature (Abrahams et al., 1990, 1994; Nepf, 2012) indicate that the influence of water depth
on roughness changes with a submergence of 1 (change from submerged to emergent).
Therefore, the maximum roughness is reached when the water depth is equal to the vege-

tation height.
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Figure 6-1:  Principle of the influence of submergence (water depth/vegetation height) on roughness (Darcy-
Weisbach'’s f, Manning’s n) for vegetated surfaces (Nepf, 2012; modified).

According to previous studies (Augustijn et al., 2008; Gualtieri et al., 2018; Huthoff et al.,
2007), the roughness approaches a constant value when the water depth is significantly
greater than the vegetation height. A submergence greater than 5 is mentioned in the liter-
ature referenced. The results of the present study indicate that roughness remains constant

at a submergence greater than 6 or 7.

RQ2: Which roughness values are most suitable for an

accurate calculation?

No dependency of slope or water depth was detected for solid surfaces. Therefore, assum-
ing constant roughness values based on existing literature for channel flow conditions is

reasonable.

For vegetated surfaces, it is appropriate to consider roughness coefficients that are related
to water depth. Simulations using a 2D model showed that water depth—dependent rough-
ness values for submerged vegetation lead to retention and translation effects, as opposed
to using constant values from the literature. This is because shallow water with low sub-
mergence flows with more resistance and at a slower rate. Therefore, accurate considera-
tion of roughness plays a crucial role in the catchment response. In practice, roughness
values for submerged vegetation are adjusted based on water depth. However, emergent
vegetation has not been taken into account yet, even though its influence can be just as

significant as submerged vegetation, but in the opposite direction.

RQ3: Which erosion approach is suitable for heavy precipitation

framework conditions?

In Section 5, the hydraulic model HydroAS was combined with an erosion approach. The

process of selecting a suitable erosion approach was discussed.
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In the literature, several erosion approaches have been developed to estimate transport
capacity (TC). These approaches are usually derived from experiments conducted under
specific setups and soil properties. Therefore, each approach is only valid within the exper-
imental conditions for which it was designed (Brazier et al., 2011). A comparison of the
validity ranges for grain diameter and slope showed that the TC approaches, commonly
used in existing soil erosion models, are not always suitable for overland flow conditions.
For example, the Meyer—Peter and Miiller (MPM), Ackers-White, and Engelund-Hansen
approaches are valid mainly for small slopes (<4 %), indicating river conditions and a wide
range of grain diameters. In contrast, the Govers approach is valid across a much wider
slope range (<21 %), including overland flow conditions, and a more limited range of grain
diameters. Additionally, an evaluation of slopes of natural erosion fields showed that the

slope conditions fit the validity range of Govers significantly more.

One shortcoming shown in the simulation results using the HydroAS GS—Govers model

was the influence of grain diameter exceeding the validity range of the Govers approach.

RQ4: How accurately can soil erosion be recorded using a UAV?

Calibration data were generated to evaluate the combined hydraulic and erosion model. In
Section 3, UAV-generated data was analyzed and compared with manual measurements
to assess data quality. Results were obtained in terms of the accuracy of recording i) the

soil surface with different conditions (untilled/tilled) and ii) rill erosion width and depth.

The results revealed that untilled, even soil surfaces (low microrelief) can be accurately
detected with an RMSE of 1.91 cm (using GCP). The detection error rates of tilled soils
were higher, with an RMSE of 4.63 cm. The surface conditions of croplands investigated in

Section 4 were comparable to the conditions for untilled, even soil surfaces.

The accuracy of linear erosion in UAV-based DEMs showed different results for rill width
and depth:

e The rill widths were accurately recorded with an RMSE of 10.8 cm for rills up to 350
cm wide. The values are scattered, showing both underestimation and overestima-
tion, with a total mean of 3.7 mm.

o Therrill depths were underestimated by the digital elevation model (DEM) generated
from UAV data, with an RMSE of 2.1 cm for rills up to 20 cm deep.

This underestimation of rill depth in UAV-generated DEMs results in a corresponding un-

derestimation of observed erosion volume and quantity by approximately 10 % and up to a
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maximum of 20 %. Therefore, the erosion quantities used for calibration should be consid-

ered as minimum erosion estimates.

RQ5: How well can existing erosion models using simplified hydraulics

simulate erosion caused by heavy precipitation?

Two existing erosion models, RUSLE2 and E3D, were used to simulate heavy precipitation-
induced soil erosion. The erosion data observed in this study were applied to these models

and used to evaluate the models in Section 4.

RUSLEZ2 is a member of the USLE family and uses empirically derived relationships for
rainfall erosivity, soil erodibility, slope length and gradient, crop management and protection
factors. Hydraulics are not considered separately from the soil erosion process in this
model. The RUSLE2 model allows for the calculation of total erosion and only the sheet
erosion share (USDA, 2013). Consequently, it is possible to draw conclusions about the
share of rill erosion. Since RUSLEZ2 is a lumped model, the spatial distribution of the mod-
eling results is not available. Therefore, only the erosion quantities were analyzed for this
model. To evaluate the suitability of the RUSLE2 model for calculating erosion due to heavy
precipitation, observed erosion data were used for comparison. As only rill erosion data
could be provided due to the methods of recording erosion, the rill share of RUSLE2 was
compared to the observed rill erosion data. The comparison revealed that for most rills, the
erosion rate of the natural events was higher than the calculated rate using RUSLE2. The
analysis showed that the rill expansion was decisive for the differences in the suitability of
RUSLEZ2 to simulate fitting results. Larger and more pronounced rills led to higher deviations
between RUSLE2 and observed data, while smaller rills resulted in lower deviations. Strong
erosion caused a higher error in RUSLEZ2, as larger rill systems were formed. This may
have been because many small rills showed a similar amount of erosion, or the erosion type
recorded by the calibration data of the RUSLEZ2. Erosion rates obtained using the RUSLE2

underestimated the linear erosion quantities because linear erosion was not considered.

E3D calculates hydraulic and erosion processes on a grid basis. The simplified hydraulic
approach for E3D was employed in this study, utilizing a series of GIS applications to cal-
culate flow. E3D produced both sheet erosion and rill erosion. Sheet erosion occurred
across the entire field, while rills were formed in flow paths. However, the number of rills
and the amount of rill erosion were only a fraction of what was observed in natural events.
The erosion quantities observed in natural events were always higher than those calculated
using E3D, resulting in a significant underestimation of rill erosion quantities in E3D. This

underestimation is evident in both the formation of rills and the quantity of rill erosion.
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Both the RUSLE2 and E3D models underestimated the occurrence of erosion rills. Overall,
linear erosion was not adequately reproduced by the existing erosion models used in this

study.

RQ6: Can the use of an improved hydraulic approach also enhance

soil erosion predictions compared with existing erosion models?

In Section 5, the HydroAS GS—Govers model was presented and applied to natural erosion
events. The simulation results were then compared with those of existing erosion models,
RUSLE2 and E3D.

Compared to RUSLEZ2 and E3D, the HydroAS GS—Govers model accurately calculates hy-
draulics and represents an improvement in erosion simulation. Erosion quantities were com-
pared among observed data and simulation results to evaluate i) the total erosion quantity

in the field, ii) the rill erosion quantity, and iii) the spatial distribution of rills.

Total erosion rates were not directly observed; therefore, only simulation results using dif-
ferent models were compared at this stage. Results from RUSLE2 and the uncalibrated
HydroAS GS—-Govers model were in the same order of magnitude, likely due to the experi-
mental conditions underlying the Govers equation. Overland flow conditions with high
slopes and shallow water depth were used, similar to data used for USLE family models.

E3D showed significantly lower total erosion rates.

While the RUSLE2 model provided good results and is easy to use, it does not provide
spatial distribution for rill erosion and sedimentation. In HydroAS GS—Govers, rills were
formed during the simulation, indicating an improvement in existing models. These rill for-
mations are attributed to the driving forces of accumulated flow and the adaptation of the
topography at each time step using the Exner equation. The spatial distribution of the rills
closely matched that of observed rills after a natural event, with more rills generated com-
pared to the previously models mentioned. However, not all rills from the natural rill system

were replicated.

The accuracy of erosion quantity simulated in HydroAS GS—Govers, when compared to
observed data, relied on rill expansion. Small rills were accurately reproduced, but large rills
were underestimated. A calibration factor, specific to cropland types, was necessary for
more accurate results. Despite this, statistical analysis of observed and simulated erosion
quantities indicated that HydroAS GS—Govers align better with measurements than other

models, especially when calibrated.
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RQ7: Can rills be simulated in terms of their location and quantity without

differentiating between rill and interrill areas, as in existing models?

In the evaluation of the HydroAS GS—Govers model, total and rill erosion were analyzed in
Section 5. The results of the HydroAS GS—Govers model showed erosion occurring as
sheet erosion and in deepened rills. A low erosion depth was evident across the entire field,
and the deepening rills, influences by changes in topography (Exner equation), indicated
the impact of flow paths and driving forces on the soil in those areas. Qualitatively, the

location of the rills aligns well with observed rills from natural events.

The grid resolution proved to be a significant factor when estimating rill quantities. Small
rills were overestimated with a 1 m grid size, while a higher resolution of 0.25 m resulted in

more accurate simulation results compared to the observed data.

Additionally, erosion quantities in large rills were often underestimated, consistent with con-
ditions observed in Govers (1990) experiments at shallow water depths. Calibration for
larger rills improved accuracy and demonstrated that observed data could be approximated
through parameter adjustments. This suggests that a distinction between rill and interrill
areas is reasonable, even if it has not yet been implemented. A practical, empirical approach
could involve the use of a water depth-dependent or flow velocity-dependent calibration
factor for rill areas. A more process-oriented approach could involve utilizing another TC
approach in rill areas that shows better validity for high water depths, potentially even an
approach for channel flow. However, the validity ranges for large slopes and small grain
diameters, as explored in this study (Section 5.3.1), should be taken into consideration.
Further studies should investigate suitable water depths or flow velocities as threshold val-

ues for changing TC approaches.

6.2 Assessment of the Research Results

Section 2 focused on improving hydraulic modeling by adopting a precise approach for
roughness values. At present, a constant roughness value is applied for solid surfaces,
which aligns with the findings of this study. In recent years, water depth-dependent rough-
ness values have been introduced for submerged vegetation (LUBW, 2020). However, the
guidelines for flash flood modeling in Germany (LUBW, 2020) do not currently account for
an increase in roughness with increasing water depth for emergent vegetation. With this
approach, emergent vegetation like wheat fields could potentially slow overland flow more

than currently assumed.

Section 5 investigated a combined hydraulic and erosion modeling approach. The aim of

using a 2D model for hydraulic modeling was to accurately calculate the hydraulic forces
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acting on the soil. Roughness investigations from Section 2 were conducted based on this.
However, no laboratory experiments were conducted for bare soil surfaces due to limitations
in the model layout. Therefore, roughness coefficients to model soil surfaces were assumed

based on values from the literature.

The comparison of observed erosion data and simulation results using the HydroAS-GS
Govers model revealed an underestimation of the soil erosion quantity in the modeling re-
sults. However, there are various indications that the underestimation of observed erosion

quantities is even higher than simulations suggest. The reasons for this are as follows:

e Inaccuracy of observed erosion data
Investigations into the accuracy of DEM data generated by the UAV have shown
that rill erosion can be up to 20 % higher than observed. Thus, the differences be-
tween observed and simulated data using the Govers approach would likely be even
greater than indicated in this study.

e Total precipitation as provided for an event as simulation input
Since no discharge measurements were taken for the recorded erosion events, no
hydraulic calibration was performed. The precipitation data, provided by the DWD,
was used unmodified for the simulations. While this is reasonable considering that
the soil may dry out in early summer and during events, incorporating a discharge

coefficient would result in less surface runoff and reduced erosive forces on the soil.

The main objective of this thesis was to develop a soil erosion model using accurately cal-
culated hydraulics with a 2D model. The evaluation of total erosion quantities, rill erosion
quantities, and rill distribution showed that the HydroAS GS—Govers model improved the
soil erosion model compared to existing models and provided plausible results for small
rills. However, large rills are underestimated in the model and require calibration. In a
broader view, accurate rill formation and distribution modeling is important for planning and
analyzing countermeasures against flooding and erosion, such as deriving nature-based

solutions (e.g., agroforestry).

Section 5 primarily focused on the correct calculation of erosion quantities. However, com-
parisons of soil erosion quantities and transport rates at the end of the flume indicated that
soil deposition primarily occurred in the field and only a small fraction of sediment was
transported to neighboring areas. This contrasts with observed UAV-orthoimages, where
sedimentation areas downstream of the erosion fields are apparent. Therefore, detachment
was not sufficiently represented in the current version of the HydroAS GS—-Govers model.
This may be attributed to the implemented erosion and transport processes, where sedi-

ment is only treated as bedload. This assumption is a simplified approach, as sediment is
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transported as suspended load to a large extent. Further investigations have already shown
an improvement in sedimentation processes by treating sediment as both bedload and sus-
pended load. However, special attention must be given to the sink velocity value for sedi-

ments to accurately consider sedimentation processes.

6.3 Research Limitations

Several limitations were acknowledged in the studies conducted for this thesis.

In overland flow simulations, hillslopes are of particular interest, especially considering the
high gradients in the catchment area. However, the 2D model uses depth-averaged shallow
water equations that are only valid for slopes < 0.1 (Maniak, 2016; Yoérik, 2008) (see Sec-

tion 1.2.2.1). These circumstances were neglected in this work, as well as in practice.

In the study on roughness values suitable for overland flow simulations, both solid and veg-
etated surfaces were investigated in laboratory experiments. However, no experiments on
the roughness of bare soil surfaces were carried out. Therefore, no suitable values were
derived, and all simulations using the HydroAS GS—Govers model were conducted with
roughness coefficients mentioned in the literature. Additionally, since no information was
available on the differences between surface roughness and sediment roughness, this dis-

tinction was neglected.

The erosion processes of detachment, transport, and deposition are introduced in Section
1 of this thesis. The TC approach by Govers (1990) was selected for implementing erosion
processes in the 2D model. This approach is used in the model to consider flow-induced
forces acting on the soil, focusing on the detachment and transport of sediment caused by
flow. Splash erosion detachment is not considered in the HydroAS GS—Govers model, but
it is assumed that the splash effect breaks down soil aggregates, providing loose soil parti-
cles for sediment transport. The median grain diameter dso of the fine soil was used as an

input parameter for the simulations, without making assumptions about aggregate sizes.

Furthermore, the Govers approach is empirically derived and includes a threshold value for
detachment that is valid for specific grain diameters. In some conditions, this threshold value

was exceeded, but the impact of this limitation was addressed in the subsequent studies.

The usability of the HydroAS GS—Govers model was investigated in Section 5. It is important
to note that the new model was only tested on three croplands with rill erosion. While efforts
were made to include different topographies and rill types, the model’s applicability is limited

by the small number of tests. Additionally, applying the model to cropland affected by heavy
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precipitation but without visible rills could also be reasonable to evaluate the model accu-
racy. Furthermore, the sensitivity of the HydroAS GS—Govers model was analyzed in terms
of mesh resolution. Simulations were conducted using grid resolutions of 1 m and 0.25 m.
In overland flow simulations, water depth can be relatively small. A smaller grid resolution
of 0.25 m may result in a combination of small values that could lead to numerical instabili-

ties.

6.4 Practical Applications
The results of the studies in Sections 2-5 have wide applicability as they cover various

topics.

In Section 2, roughness values were empirically derived for submerged and emergent veg-
etation as well as solid surfaces. These values can be utilized to enhance the accuracy of
flash flood simulations and produce rainfall hazard maps. In this study, a novel approach
for the sand-grain roughness kn, where resistance decreases with increasing water depth,
was proposed for submerged vegetation. Based on the findings of the experimental work,
this approach has already been implemented in practice (LUBW, 2019). Currently, all veg-
etation approaches consider a decrease in resistance with increasing water depth. How-
ever, this work and previous studies showed an increase in resistance with increased water
depth for emergent vegetation. In practice, the application of these findings could slow over-

land flow on croplands and lead to retention effects.

Additionally, this thesis introduced the novel HydroAS GS—Govers model. Soil detachment,
transport, and deposition can be simulated using this model.

For model calibration and validation, erosion data were generated using a UAV. The work-
flow for recording and analyzing erosion compiled in this study can be applied to further
croplands affected by erosion. An expansion of high-quality erosion data can be used to
further improve the HydroAS GS—Govers model and to address additional research ques-
tions. Simulation results of the HydroAS GS—Govers model can be used to assess areas of
soil erosion and sedimentation on croplands, neighboring areas, adjoining ecosystems, and
receiving waters. Both the spatial and quantitative damaging effects of erosion and sedi-
mentation can be evaluated to identify croplands prone to erosion. The spatial distribution
of areas at risk for erosion and sedimentation can be detected. Furthermore, the amount of
soil loss can be quantified. Soil loss not only reduces cultivation potential but can also have
a negative impact on other ecosystems. Furthermore, estimating the associated transport
of pesticides and nutrients from the eroded sediment can help identify potential sources of

environmental damage.
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In addition to the hazard assessment of erosion and sedimentation, the model can serve as
the basis for assessing and proving the functionality of potential countermeasures. Sec-
tion 4 determined that a soil cover of more than 25 % is sufficient to protect the soil from
erosion. Hence, an effective countermeasure could be reducing bare soil in identified vul-
nerable areas. Cornfields, in particular, are known for providing bare soil in early summer
when heavy precipitation occurs. Thus, reducing these arable crops in hazard and risk ar-

eas can be a useful option to minimize erosion damage.

When erosion cannot be prevented, rill erosion, in particular, leads to a high sediment
transport rate and, consequently, to a high share of soil loss. These areas require particular
attention. The influence of countermeasures can be verified using the knowledge about the
spatial distribution and amount of rill erosion. Possible countermeasures include implement-
ing agroforestry to reduce cropland slope lengths or establishing riparian zones to protect
streams from the influx of sediment. These zones can help slow sediment transport and

decrease the influx of pesticides and nutrients.

6.5 Future Research

This thesis demonstrates that using a 2D hydraulic model significantly enhances the accu-
racy of soil erosion modeling results. However, the soil erosion approach is founded on
numerous simplifications and assumptions. These simplifications facilitate the determina-
tion of relevant input parameters. Incorporating more sub-processes in the erosion ap-
proach may increase the complexity of parameterization, but it could also enhance the ac-
curacy of soil erosion detachment, transport, and deposition processes. Striking a balance

between practicality and effort is essential for an effective model.

One aspect relevant to multiple parts of this work is the consideration of vegetation. Both
surface roughness (Section 2) and erosion processes (Sections 4 and 5) are affected. In
Section 4, 456 croplands were investigated after heavy precipitation events. The analysis
revealed that erosion occurred in croplands with a land cover of up to 25 %. Consequently,
vegetation coverage protects the soil from erosion and represents resistance to hydraulic
forces acting on the soil. In the current study and version of the HydroAS GS—Govers model,
bare soil fields were investigated, presenting only a scenario for possible consequences.
However, the risk of erosion can be reduced when croplands are covered with vegetation
or mulch, and under such conditions, the simulations may not align with real-world out-
comes. Therefore, it is reasonable to investigate how erosion evolves with vegetation con-

ditions and to extend the erosion approach by incorporation a vegetation term or the thresh-
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old value for detachment must be adapted accordingly. A first approach could be to inves-
tigate the differences in shear stress on a surface with and without vegetation. The ground-

work for these analyses has been laid in Section 2.

Another important aspect to consider is the impact of soil management. Previous studies
have indicated that conventional and conservation tillage have different effects on soil ero-
sion (Dugan et al., 2024). This influence was neglected in this study and presents an op-

portunity for further investigation.

One primary objective of erosion studies is to gain knowledge about the occurrence and
quantity of soil erosion in order to implement effective countermeasures. One objective for
future research can be the protection of neighboring ecosystems, such as streams. The
influx of soil into streams can lead to the enrichment of the water with nutrients, potentially
leading to eutrophication and fish mortality. A sufficient width of riparian stripes can coun-
teract this sediment influx into streams. One application area for soil erosion simulation can

be the determination of these widths.
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