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1 INTRODUCTION 

Surface runoff, erosion and sediment redistribution play a pivotal role in the terrestrial 

ecosystem as they directly influence water quality, soil biogeochemical cycles and soil functions 

(Owens et al. 2005; Walling 2006). In particular surface waters are threatened by emissions of 

nutrients and contaminants via eroded soil material. For Germany, about 20 % of the annual 

emissions of phosphorous are due to erosion. In addition erosion is an important emission 

pathway for contaminants such as heavy metals. In 2005 the share of chromium and lead 

emissions into the surface waters of Germany via erosion was estimated to account for 65 % 

and 50 %, respectively, of the total emissions of these metals (Fuchs et al. 2010). Sustainable 

management of sediments and attached nutrient and contaminant loads is thus a key challenge 

in river basins. 

Soil erosion is a complex phenomenon which is controlled by various thresholds that operate at 

a hierarchy of scales. Local scale generation of surface runoff, particle detachment and rill 

incision depend on rainfall intensity and amount, topography, spatial patterns of soil hydraulic 

and mechanic parameters, land use and tillage practice (Knapen et al. 2007; Scherer et al. 

2012). In addition hillslope scale surface runoff response and sediment delivery to the stream 

depend crucially on the spatial and temporal connectivity of overland flow paths and rill 

networks (Cammeraat 2004) as suspended particles may be deposited during downslope 

redistribution. 

Erosion processes can be examined in the field and in laboratory experiments. However, only a 

limited number of experiments can be carried out in natural catchment systems. Numerical 

models are thus used to extrapolate from available measurements and to represent erosion 

processes at larger scales. Furthermore models are highly important for analyzing the long term 

consequences of changes in climate, land use and management practice. Especially lower 

mesoscale catchments of 10-200 km² are of utmost interest, since this is the relevant scale for 

planning and implementing mitigation measures. 

2 MODELING APPROACHES ON VARIOUS SCALES 

Approaches to model soil erosion and sediment yields can be classified as empirical, 

conceptual or process-based. 

2.1 Process-based modeling approaches 

Process-based models represent the entire interaction of relevant processes: runoff formation, 

erosion and particle detachment, routing of water and sediments and allow thus simulation of 

spatially and temporally resolved erosion and deposition patterns as well as sediment yield into 

river systems. A large number of process based models have been developed within the past 

decades, which are different in their spatial and temporal scale of application, the underlying 

process descriptions and the amount of necessary input parameters. A successful application of 

these models requires, however, a large amount of spatially highly resolved data on the above 

mentioned key system characteristics, which is only available for a few, well examined small 

catchments (Jetten et al. 2003). 

As an example for a process-based approach, the model CATFLOW-SED will be introduced. 

CATFLOW-SED is a continuous, dynamic, spatially distributed model. Soil water dynamics is 

described by the Richards equation, including an effective approach for preferential flow that is 

numerically solved by an implicit mass conservative Picard iteration. Evaporation and 
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transpiration is simulated, using an advanced approach based on the Penman-Monteith 

equation. The model simulates overland flow as sheet flow using the diffusion wave equation. 

Soil detachment is related to the attacking forces of rainfall and overland flow. The detachment 

rate further depends on the model parameter erosion resistance, which is characterized by soil 

properties, land use and management practice. Transport capacity and deposition are 

quantified using the equation of Engelund and Hansen (1967) and the sinking velocity of the 

sediment grains. The transfer of sediments to the surface waters is modeled for a freely 

selectable number of grain size fractions allowing for the coupling of particulate mass transport 

of nutrients and contaminants (Scherer 2008). 

The model was parameterized using the data set of the Weiherbach catchment which is an 

intensively cultivated small loess catchment in the Southwest of Germany (Figure 1).  

 

Figure 1  Simulation results for the heaviest observed storm event on 27th June 1994 in the northern part 
of the Weiherbach catchment. Left: Pattern of erosion rates, right: pattern of deposition rates. 

 

To investigate the erodibility of the soils, various rainfall simulation experiments were carried out 

using a transportable rainfall simulator (Scherer et al. 2012). In addition to an extensive 

hydrological monitoring program in the catchment, sediment concentrations during storm events 

were measured at the catchment outlet (Plate and Zehe 2008).  

CATFLOW-SED was validated for the Weiherbach catchment on various scales (irrigation 

experiments, hillslope, catchment). The model results were in good agreement with observed 

sediment loads of large erosion events. Figure 1 presents the erosion and deposition pattern for 

the heaviest event observed in the catchment showing a realistic distribution of erosion and 

deposition rates due to the land use and the geomorphology of the catchment. 

2.2 Empirical and conceptual modeling approaches 

For the lack of appropriate models, the empirical Universal Soil Loss Equation (USLE) 

(Wischmeier and Smith 1978) is widely applied to quantify the sediment production in 
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mesoscale and large catchments, although validation of most erosion studies at these scales is 

still missing (Wang et al., 2009). As the USLE was developed to estimate long-term mean soil 

loss rates on arable land, it is often combined with spatially lumped models to estimate the 

sediment delivery ratio (SDR) for quantifying sediment yield.  

Figure 2 presents the soil erosion rates on arable land for Germany compiled by Fuchs et al. 

(2012) using the USLE. To quantify sediment delivery a spatially lumped approach was 

developed and validated using long term suspended matter loads at various monitoring stations. 

It showed that the sediment emission significantly depends on the large scale gradient in the 

catchment areas and the percentage of arable land that lies in close vicinity to surface waters 

(Fuchs et al. 2012). 

 

Figure 2 Soil erosion rates on arable land in Germany.  

 

However, the combined USLE-SDR approach has received strong criticism, since various 

experimental data show that predictions of sediment yield may differ by orders of magnitude 

from observed sediment loads (Kinnell 2004). This approach is neither a priory transferable to 

areas with characteristics that fall outside the calibration set nor is it suitable to quantify change 

impacts.  

This is why conceptual models are applied to overcome some of the above mentioned 

difficulties. Conceptual models allow for long-term predictions of runoff, erosion and sediment 

transport at the basin scale, typically on a daily time step and spatially varied grids or sub-

catchments under stationary climate and landuse conditions. Examples are SWAT (Arnold et al. 

1998) or the Pan European Risk Assessment (PESERA) model (Kirkby et al. 2008). These 

types of models rely on conceptual procedures such as the modified SCS curve number method 

or storage threshold models to estimate daily runoff. With regard to erosion, most conceptual 

models use terms of the USLE or are based on its modifications RUSLE or MUSLE. In contrast, 

the PESERA model provides a more process-based estimate of soil erosion rates, but the focus 

is exclusively on estimating soil erosion at the base of the hillslopes. As a result, soil loss rates 

at the catchment outlet are often underestimated, since linear erosion forms and transport 

processes are not considered. All conceptual erosion models have in common, that they lack 

Soil loss on arable land for the
current percentage of conventional tillage

Soil loss on arable land
for 100 % conventional tillage
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adequate hydrological descriptions to simulate the temporal and spatial variability and amounts 

of runoff rates at the basin scale. Furthermore, the complex interactions between the different 

active processes are only poorly represented by empirical procedures which are mostly based 

on the USLE. 

3 CONCLUSIONS 

In the introduction the importance of lower mesoscale catchments for the planning and 

implementation of mitigation measures in river basin management was emphasized. However, 

suitable modeling approaches for this scale are widely lacking. The routine application of 

process based models for answering practical questions is not possible because of their data 

needs. This is why empirical or conceptual models are typically applied at the mesoscale. But 

these modeling approaches cannot simply be adapted to consider landscape specific processes 

due to findings of field studies, because empirical approaches do not allow for modifying the 

representation of sub processes. It is further questionable if the variety of soil erosion processes 

in different landscapes can be represented by a universal model such as the USLE. 

Modeling approaches which are suitable for mesoscale catchments should balance necessary 

complexity to resolve dominant processes with greatest possible simplicity to avoid model over-

parameterization, which implies to increase the number of model and input parameters that are 

subject to uncertainty. Such a balanced model should thus focus on the dominant processes 

operating in a landscape of interest and the parameterisation and spatial discretisation of the 

model should represent the main structural elements that control overland flow generation, 

erosion and sediment redistribution. 
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Transfer of sediments in catchments  
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How can we measure soil erosion? 

Soil erosion rates in the field 

Mapping of erosion forms in the field   

Long term soil erosion plots  

Field experiments under controlled  

rainfall conditions 

 

 

 

 

 

 

 

 

 
Rainfall simulator (Weiherbach catchment, Germany) Long term soil erosion plot (Niederoesterreich, Austria) 

Erosion rill in corn field (Wissembourg, France) 
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How can we measure sediment delivery? 

Monitoring of sediment concentrations 

at the catchment outlet  

 

 

 

 

 

 

 

 

 

Automatic water sampling  

Weierbach, Luxembourg  

(A. Krein, CRP-GL) 

Turbidity probe in the HOAL catchment,  

Petzenkirchen, Austria 



Institute for Water and River Basin Management 

Chair of Hydrology 

Problematik

2 0 2 4 Kilometers

N

hillslope scale small catchment  basin scale  

process based approaches empirical/conceptual approaches 

Modeling of sediment transfer 



Institute for Water and River Basin Management 

Chair of Hydrology 

Represent the entire interaction of relevant processes 

Rainfall / runoff 
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Transport            of sediment particles and aggregates 

Deposition 

 

Based on the sediment continuity equation 

 

 

 

 

 

Process based modeling approaches  

Scherer (2008) 

)t,x(
x

qs 




x 

(x,t) 

qs,in qs,out 

qs solid mass flow rate, kg/(m·s) 

 net in- / output of particles into / 

 out of flow, kg/(m²·s)  

 



Institute for Water and River Basin Management 

Chair of Hydrology 

CATFLOW-SED: Soil detachment  
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CATFLOW-SED: Detachment  

Scherer et al. (2012) 
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Transport capacity of overland flow controls sediment transport rate 

and deposition 
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Weiherbach catchment 

Located in a loess region in 

Southwest Germany 
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Gauge station in the Weiherbach catchment 

Sediment yield  observed modeled bias 

27.06.1994 1 815 t 1 949 t + 7.4 % 

12.08.1994 35 t 37 t + 5.7 % 
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Scherer (2008) 
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Erosion and deposition rates  

in the Weiherbach catchment 
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Most widely used empirical model:  

Universal Soil Loss Equation - USLE (Wischmeier & Smith 1978) 

National adaptations:  

i.e. Allgemeine Bodenabtragsgleichung – ABAG (Schwertmann et al. 1987) 

Modifications: 

i.e. RUSLE, MUSLE 

  

Europe: 

Pan European Soil Erosion Risk 

Assessment - PESERA 

(Kirkby et al. 1994) 

 

 

 

 

 

 

Empirical/conceptual modeling approaches  
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USLE – Universal Soil Loss Equation 
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Erosion rates quantified by USLE are combined with SDR approaches 

to quantify sediment yields 

USLE – Application for Germany 

Fuchs et al. (2012), Wurbs and Steininger (2011) 
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Sediment delivery to surface waters 

Derivation of a lumped SDR approach for German river basins 
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Sediment delivery to surface waters 

Lumped SDR approach for German river basins: validation 
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Retention in river systems 

Forggensee reservoir 

Forggensee 
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Analysis of local retention rates (Danube basin) 
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Retention in river basins 

Comparison of observed and modeled sediment loads (Danube basin) 

Without consideration of retention rates   
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Summary and conclusions 

Process based modeling approaches require a large  

amount of spatially highly resolved data, which is only 

available for a small number of catchments.  

This is why empirical/conceptual modeling approaches are 

used at larger scales. But their extrapolation capability to 

different landscapes and future scenarios is limited.      

For the planning and implementation of mitigation 

measures, the lower mesoscale (< 200 km²) is important! 

  Suitable modeling approaches are missing… 

We need modeling approaches that balance necessary 

complexity with greatest possible simplicity.       

 



Institute for Water and River Basin Management 

Chair of Hydrology 

Development of a hydrological modeling approach for meso-scale 

catchments: Focus on organizing principles in a specific landscape 
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Thank you! 
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Fuchs et al. (2012) 

Sediment delivery to surface waters 

Lumped SDR approach for German river basins 
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Limits to sediment export: 

driving gradient is geopotential Δφ,  

resulting in water flow (Δv) 

drag force of water flow drives 

sediment export Js,out 

depletes Δφ 

depletes Δv 

relevant budget: 

mass balance of sediments ms  

balancing detachment, deposition, 

and sediment export 

 

Motivation: Thermodynamic Limits 
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Kleidon, Zehe, Ehret & Scherer (HESS-D) 

Motivation: Thermodynamic Limits 
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