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Erosion and Sediment Yield Estimation for Flood protection
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Abstract: Integrated watershed management requires information on sediment, nutrient and contaminant export from catchments as well as information on the processes causing erosion. This study investigates catchment erosion and sediment delivery to flood retention ponds in a catchment in south-western Germany, where no sediment or erosion data were available. The empirical relationships of the Universal Soil Loss Equation are used to determine the amount of long-term mean annual erosion. The Modified Universal Soil Loss Equation is applied to estimate the event sediment yield. Since the latter needs event runoff volumes and peak discharge rates in order to be applied, extra attention is given to the different approaches of runoff generation and modeling. On the one hand, Hortonian overland flow is modeled using the empirical Soil Conservation Service Curve Number method. On the other hand, the physics-based model WaSiM-ETH gives a combined Hortonian and saturation excess overland flow. Both of these modeling approaches are validated with measured discharge data.
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1. Introduction
Information on sediment, nutrient and contaminant export from catchments as well as information on the processes that cause erosion is needed for integrated watershed management. On-site effects of soil erosion in a catchment include soil, nutrient and crop yield loss; off-site effects are muddy floods, reservoir sedimentation and sewage pipe clogging. Sediment control can be accomplished through the use of flood retention ponds, which store the runoff from extreme events for a certain period of time, thus reducing the peak discharge. During water storage, associated suspended particles settle due to the decreased water velocity inside the retention pond. Therefore, the sediment with its associated pollutants has to be periodically removed. 

A range of increasingly complex approaches and models exists for the simulation of sediment generation and sediment transport processes (White, 2005). Empirical models are based on catchment and climate descriptors or relate measured sediment concentrations to river flow (sediment rating curves). Soil erosion and sediment delivery approaches in which measured or estimated soil erosion rates are factored by a sediment delivery ratio (SDR) are common. Empirical relationships are advantageous because their computational and data requirements are usually less than what is required for conceptual and physics-based models. Contrariwise, empirical models often employ unrealistic assumptions about the physics of the catchment system and its characteristics. Due to a lack of available spatial and temporal data of sediment mobilization, sediment deposition and delivery, a meaningful application of more sophisticated distributed model, such as KINEROS (Woolhiser et al., 1990), is not possible. Furthermore, none of the currently available distributed approaches at the river basin scale include all of the potential sediment source mechanisms in a physically-realistic manner (White, 2005). Additionally, these approaches still rely on empirical relationships and do not provide easy estimations.
The area investigated in this study is the catchment of the river Rems (581 km²) in south-western Germany. For this catchment, event yields had not yet been estimated and there existed no measurement of the suspended sediment or erosion. Therefore, empirical modeling of soil erosion and sediment yield is presented in this paper. The Universal Soil Loss Equation (USLE) is used for the long-term erosion estimation, and a modification of it, the Modified Universal Soil Loss Equation (MUSLE) is used for the determination of event sediment yield. The investigation of past flood events is used to gain an understanding of the erosion and sediment variability. If these processes can be successfully modeled, it should be possible to predict the erosion and sediment outcomes when measurement is not possible. Spatial variations in runoff generation from saturated source areas as well as Hortonian (infiltration excess) overland flow are considered in the models. In doing so, the results from modifications of the frequently used empirical Soil Conservation Service Curve Number method (SCS-CN) are compared with the physics-based model WaSiM-ETH. Model performance for sediment yield is evaluated using data from previous studies. 
2. Methodology 
2.1 Erosion and sediment yield estimation

The USLE has widely been used for planning purposes to predict the impact of land use change on soil loss caused by erosion. The equation, formulated by Wischmeier and Smith (1965), expresses the rate of soil loss per unit area due to sheet and rill erosion. The average annual soil loss E (tons·ha-1·yr-1) is a function of rainfall erosivity R, soil erodibility K, field slope S and slope length L, crop management C and conservation practice P. Improvements to the USLE based on more recent data as well as a new evaluation of the original dataset resulted in the Revised USLE (RUSLE) (Renard et al., 1997). The RUSLE is able to incorporate forest conditions and construction sites using a subfactor approach for C and P. The L and S factor were also significantly modified. Because of the empirical nature of the equation, adjustments to meet local conditions are always necessary. In Germany, this adjustment was done for the region of Bavaria by Schwertmann et al. (1987), resulting in the so called “Allgemeine Bodenabtragsgleichung” (ABAG). Adjustments mainly included site-specific rainfall erosivity, soil erodibility and cover management for typical crop rotations.
After its postulation, the USLE was modified for event erosion, e.g. in CREAMS (Knisel, 1980) or AGNPS (Young et al., 1989), as well as in the Onstad-Foster modification (Onstad and Foster, 1975). Williams (1975) proposed that the USLE rainfall energy term EI30 could be replaced with a runoff energy term Q·qp to directly predict the sediment yield of watersheds. The effects of watershed characteristics such as drainage area, stream slope and watershed shape are imbedded in the runoff term. The MUSLE was developed using data from 778 storms that occurred in 18 small watersheds (0.01-17.7 km²) in Texas and Nebraska, USA. The resulting equation has the same structure as the original USLE, but yields a non-linear relationship between runoff energy and sediment generation:
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where Y is the single-storm sediment yield (tons); Q is the runoff volume (m³); qp is the peak flow (m³ s-1); and {K}a, {LS}a, and {CP}a are weighted average USLE/RUSLE parameters for the watershed. Sediment transport, deposition and scouring in streams is implicit for MUSLE. The use of this lumped approach should be limited to relatively-homogeneous watersheds, otherwise the application of a sediment routing procedure is needed. The MUSLE is implemented in models such as EPIC (Sharpley and Williams, 1990) and SWAT (Arnold et al., 1998).   
2.2 SCS Curve Number method and modifications
The traditional SCS-CN method (SCS, 1986) was originally developed to predict storm runoff volumes from ungauged watersheds for hydraulic engineering design. Its ease of application and lack of serious competition, similar to the USLE due to data scarcity, resulted in an enormous extension of the intended scope of its application. It is widely used in hydrologic models such as CREAMS, EPIC, AGNPS and SWAT. The empirical runoff curve number equation was derived from small agricultural watersheds and relates storm runoff to rainfall, initial abstraction Ia and maximum potential soil retention S. The maximum potential soil retention is determined using the runoff curve number CN, which is an indicator of rainfall abstractions by infiltration and surface storage by land use, hydrological soil groups and antecedent moisture conditions (AMC). CN values are determined according to the three AMC levels. The constant initial abstraction coefficient λ is the most ambiguous assumption of the method. Hence a change in the relation from λ = 0.20 to λ = 0.05 has been suggested. Although it is often disregarded, this change requires the development of new CN values based on the new Ia relation. Therefore, Hawkins et al. (2002) adjusted original CN values (CN0.20) to those based on Ia = 0.05·S (CN0.05). 
In addition to the original procedure, as implemented in CREAMS, a third degree polynomial can be used to convert CN2 to CN1. The retention parameter S is determined according to the original SCS-CN version. Thus, derived direct runoff volumes Q are then used in the empirical peak runoff rate equation based on drainage area, main channel slope and length-width ratio of the watershed. The equation is based on 304 events from 56 watersheds in the USA, ranging in size from 0.71 to 62.2 km². It is implemented in AGNPS in a slightly modified version as one option for calculating the peak runoff qp (m³ s-1) of a raster cell. An adjustment of CN2 for the slope of the land is proposed by Sharpley and Williams (1990) for EPIC. This method assumes that the CN2 obtained from the handbook table (SCS, 1972) corresponds to a slope of 5%. New equations are also given for deriving CN1 and CN3 from CN2. 
2.3 WaSiM-ETH

WaSiM-ETH (Schulla, 1997) is a fully distributed grid based catchment model using (mostly) physics-based algorithms and parameters for the simulation of hydrological processes. Runoff generation can be modeled using a combined extended TOPMODEL (Beven and Kirkby, 1979) and Green & Ampt (1911) approach or using the Richards equation (Richards, 1931). Therefore, both the saturated and Hortonian (infiltration excess) overland flow is considered. The TOPMODEL approach uses a topographic index to determine the potential saturated surfaces in a river basin in relation to the mean soil moisture conditions. Soil water exfiltration occurs at those surfaces where the amount of water in the soil exceeds the amount that can be transported by evaporation and capillary forces. The Green & Ampt equation calculates excess infiltration at the point when surface runoff first occurs, when the soil capacity for infiltration has been exceeded. 
During the simulation, the WaSiM-ETH model calculates the water balance of each grid cell, taking into account the inflows and outflows of the neighboring grid cells. Once the generated surface runoff or baseflow reaches a channel, the water is routed through the channel using the hydraulic parameters of the channel. All components of the water balance are given in mm per time step and calculated for each grid cell at each time step (minutes to one day intervals). For WaSiM-ETH, the required spatial data include a digital elevation model, the land use and the soil type; and as a minimum, temperature and precipitation are required as meteorological data. 
3. Application

The study area is the catchment of the river Rems (581 km²) situated in south-western Germany. The river Rems, approximately 80 km long, originates in the eastern Swabian Alb and terminates into the river Neckar northeast of Stuttgart. The geology of the catchment is governed by marls, clays and sandstones of the Triassic Keuper formation, accompanied by Jurassic limestones in the eastern part and loess cover in the western part of the catchment. Accordingly, eutric, vertic and stagnic cambisols as well as haplic and luvic chernozems are found in the catchment. The annual mean temperature is 9.5°C and the average annual precipitation is 900 mm, with the highest amounts of precipitation occurring in the summer (June, August). Land use coverage as per LANDSAT2000 image consists of forest (41.0%), grassland (25.7%), settlement (12.6%), agriculture (10.4%), pomiculture (5.7%) and viniculture (3.0%). 
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Figure 1: Land use in the river Rems catchment and location of the runoff gauge Schorndorf
River engineering and the growing agglomeration of Stuttgart has led to an increase in the amount of flood runoff. A network system of seven retention ponds within the catchment is intended to provide protection against an event with a return period of 100 years. With the completion of the first stage of expansion in 2007, protection against a 75 years flood event should be assured. Time series for the gauges in smaller subcatchments that fulfill the model assumptions of SCS-CN and MUSLE are not available for an adequate period of time. Therefore, the subcatchment of the runoff gauge Schorndorf (415 km²) is investigated as it is assumed to be representative of the pond Schorndorf (see Figure 1).  

3.1 Data base and derived parameters

Hydrological and climate time series were analyzed for the period 1991-2005 and compared with the norm period 1961-1990. Extreme value statistics of flood peaks, volumes, time to rise and storage constants were derived for the gauge Schorndorf from hourly runoff records from the years 1966 to 2006. 
Using the USLE, R was calculated from the mean summer precipitation (Rogler and Schwertmann, 1981) since no rainfall intensities for an adequate temporal resolution and spatial coverage were available. K values were determined from previous studies and assigned on a 1:200,000 soil map. A Digital Elevation Model of scale 1:30000 (DEM30) was the basis for the subcatchment and river network as well as for the RUSLE LS delineation. The algorithm of Moore and Burch (1986) with multiple flow directions was chosen to be used, since it is suitable for complex terrain. DEM30’s cell size of 25 m determines the spatial resolution of all of the model calculations. Mean USLE C values were determined from previous studies and assigned to a LANDSAT imagery classification (1:100000) from the year 2000. The USLE P factor was calculated based on slope steepness and critical slope length (Schwertmann et al., 1987).
26 flood events were selected according to the amount of rainfall and the probability of peak discharge occurrence at the gauge Schorndorf. The volume of direct discharge was obtained by manual hydrograph separation of the chosen events. Both flood peaks and volumes were used for determining the MUSLE runoff erosivity factor. SCS-CN was parameterized by assigning a CN to the land use classes for the years 1993 (LU1993) and 2000 (LU2000) and to the hydrological soil groups for the prevailing soil texture. Event precipitation and antecedent moisture amounts were interpolated using Inverse Distance Weighting (IDW). Separated direct runoff volumes of the selected events were used for model evaluation. For WaSiM-ETH application, the Rems catchment was spatially discretized into a grid of 100-m size and a temporal resolution of 1 day was chosen. The terrain preprocessing of DEM30 was carried out with the TANALYS (Schulla, 1997) tool. Meteorological variables were regionalized by applying a weighted combination of altitude-dependent regression and IDW. Soil parameters were generated within WaSiM-ETH based on the abovementioned soil map. Similarly, land use-dependent parameters are generated from LU1993 and LU2000. Simulation runs were then carried out for the years 1993 and 2000 using daily meteorological input values. Observed daily discharges at four gauging stations in the Rems catchment are used for model calibration and validation. To avoid error-propagation downward the stream network, the calculated routed discharge was replaced by the observed value at the gauging station.

3.2 Results and discussion
The estimation of the mean annual erosion with the ABAG in the Rems catchment is shown in Figure 2. It can be seen that most of the areas indicate erosion rates less than 10 tons·ha-1·yr-1. Exceptions to this are the few steep vineyards, especially in the western part of the catchment, and fallow land with erosion rates between 60 and 140 tons·ha-1·yr-1. The mean catchment erosion is 3.00 tons·ha-1·yr-1 and for agricultural-land it is 3.45 tons·ha-1·yr-1, which is consistent with the findings in similar studies in southern Germany (e.g. Auerswald, 1992). 
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Figure 2: Mean annual soil erosion (tons·ha-1·yr-1) in the river Rems catchment

Estimated soil erosion values have to be interpreted with care because the soil map used is not detailed enough for this regional scale and the tested algorithms for LS show a large range of resulting values. Using the SDR from Auerswald (1992), developed for the Bavarian catchments, the mean annual sediment yield for the whole catchment as well as the Schorndorf subcatchment was determined to be 0.15 tons·ha-1·yr-1. For the nearby river Aich catchment (180 km²), which has a similar land use, erosion rates were determined to be in the range of 0.20 to 1.70 tons·ha-1·yr-1 with subsequent sediment yields of 0.04 to 0.52 tons ha-1 yr-1 (Rausch, 1982). Analysis of siltation data from retention ponds with varying catchment sizes (2.4-175 km²) in Baden-Wuerttemberg found mean sediment yields to be 0.10 to 1.00 tons·ha-1·yr-1. 
Calculated daily MUSLE sediment yields for measured flood events vary from 0.08 to 2.75 tons·ha-1 with an average of 0.94 tons·ha-1. The high variability of calculated yields is due to the different flood volumes related to a given flood peak. The sediment yield of a 50-years flood event was determined to be 2.75 tons·ha-1. Hourly extreme value statistics for runoff values from this event show a sediment yield of 2.60 tons·ha-1. For a 100-years event, it amounts to 2.97 tons·ha-1. In the aforementioned Aich catchment, a suspended sediment yield of 0.22-0.25 tons·ha-1 was measured in 1980, with 0.14-0.17 tons·ha-1 in the winter and 0.08-0.09 tons·ha-1 in the summer (Rausch, 1982). A measured 100-years flood event in May 1978 gave a sediment yield of at least 0.90 tons·ha-1. The same flood event in the nearby Goldersbach catchment (72 km²) in the upper reaches of the river Neckar caused a sediment yield of 1.40 tons·ha-1 (Schmidt-Witte and Einsele, 1986). In comparison, the estimated sediment yield in the Rems catchment for a 100-yearls flood event is twice as much in the Goldersbach catchment. This can be explained by the different catchment characteristics, the MUSLE scale effects and snowmelt influence. 
SCS-CN is applied in a lumped and in a distributed manner, both considering varying initial abstraction ratios. Although it is generally not recommended for catchments greater than 250 km² in size without catchment subdivision (Johnson, 1998), SCS-CN is applied in a lumped manner to the subcatchment. The results obtained using the original form of the method was not as successful as the results obtained with a modified initial abstraction. According to the error measures, which include Mean Error (ME), Root Mean Square Error (RMSE), correlation (R) and Nash-Sutcliffe efficiency Ej (Nash and Sutcliffe, 1970), an initial abstraction with λ = 0.03 and λ = 0.05 gives the best runoff volume results. This is consistent with previous studies also conducted in southern Germany. 
Table 1: Lumped and distributed model results for runoff volume (mm) in the Schorndorf subcatchment
	 
	Lumped
	Distributed

	Method
	ME
	RMSE
	R
	Ej
	ME
	RMSE
	R
	Ej

	SCS Original
	5.9
	12.2
	0.757
	0.439
	0.3
	10.8
	0.765
	0.554

	SCS (λ = 0.05)
	0.6
	10.4
	0.793
	0.593
	0.0
	10.8
	0.765
	0.552

	SCS (λ = 0.03)
	-0.6
	10.3
	0.798
	0.598
	-0.1
	10.8
	0.765
	0.551

	CREAMS Original
	11.1
	16.2
	0.704
	-0.005
	5.5
	12.0
	0.750
	0.447

	CREAMS (λ = 0.03)
	2.0
	10.7
	0.783
	0.559
	5.2
	11.9
	0.749
	0.459

	EPIC Original
	13.5
	18.0
	0.677
	-0.246
	1.1
	11.1
	0.757
	0.529

	EPIC (λ = 0.03)
	4.5
	11.2
	0.779
	0.515
	0.8
	11.1
	0.757
	0.528


Applying the original SCS-CN in a distributed way yielded slightly better results than the lumped version. It can be seen from Table 1 that in all modifications, the differences between the various initial abstractions are not as large as in the lumped manner. Furthermore, CN adjustment for Ia = 0.05·S (Hawkins et al., 2002) did not lead to an improvement according to the given error measures. The field-scale EPIC approach as expected produces better results in the distributed manner than the lumped manner. Although not shown, all distributed SCS-CN variants are similar in that their runoff patterns strongly depend on the type of land use. The original CREAMS peak runoff equation in a lumped manner gave worse results (R = 0.748, Ej = 0.231) than its AGNPS modification (R = 0.744, Ej = 0.256), but only for λ = 0.03 with an acceptable accuracy (R = 0.795, Ej = 0.561).
Table 2: WaSiM-ETH model results for the selected events in the Schorndorf subcatchment
	Event 
	Measurement
	Modeled

	No. 
	Date
	qp (m³ s-1)
	Q (mm)
	Pe (mm)
	qp (m³ s-1)
	Q (mm)
	RMSE
	R
	Ej

	4
	21.12.1993
	97.2
	32.0
	74.0
	63.9
	39.9
	21.7
	0.89
	0.76

	5
	13.04.1994
	170.6
	48.7
	97.8
	126.9
	58.8
	5.9
	0.95
	0.76

	16
	31.01.2000
	45.3
	16.4
	27.0
	30.2
	10.0
	4.4
	0.97
	0.81

	18
	22.03.2001
	50.1
	26.6
	65.5
	44.1
	14.5
	13.2
	0.88
	0.87


The WaSiM-ETH calibration was carried out for the years 1993 and 2000 by a combination of trial-and-error adjustment and automatic parameter estimation using PEST (Doherty, 2002). Observed daily discharges at four gauging stations in the Rems catchment are used for model calibration and validation. To avoid error-propagation in the stream network, observed inflows are supplied at the inlet of the non-headwater catchment. In both cases, one preceding year was taken to stabilize the initial conditions. The calibrated parameters were then used to simulate 4 of the 26 selected events, the results can be seen in Table 2. The spatial distribution of the runoff estimated with WaSiM-ETH (not shown here) revealed different runoff patterns that depended on the calibrated parameter sets.  
3.3 Summary and outlook
Rainfall-runoff modeling is presented for sediment yield estimation with MUSLE. Estimated yields based on the lumped MUSLE approach with measured runoff were found to be of the same magnitude as those in the nearby catchments. Measured flood volumes and peak flows were able to be modeled using the SCS-CN method with acceptable precision. Hence, the SCS-CN method in combination with the MUSLE allows for a fast estimation of the amount of sediment entering a retention pond during an event based on precipitation forecasts. However, uncertainties exist due to the input data. Representation of spatial runoff and validation results were found to be better with the physics-based model WaSiM-ETH than with applying the SCS-CN approach. However, the calibration of WaSiM-ETH still needs refinement to obtain more reasonable runoff patterns. Furthermore, uncertainty due to snowmelt runoff and erosion exists.
The SCS-CN method should be refined to better consider initial soil moisture conditions, which could be done using the CREAMS or EPIC methods. Additionally, time variant land use parameters could be derived from additional satellite imagery. The proposed sediment routing procedure of Williams (1975) should be tested to prove the homogeneity assumption. Additionally, despite the lack of calibration and validation data for erosion and sediment yield, for comparison purposes, a physics-based erosion model has to be tested.
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