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Abstract 

Rate of raindrop erosion in most of physically based erosion models is a non-linear function of rainfall intensity. Owing to some practical constraints rainfall input data used in these models do not often represent the spatial and temporal variations of rainfall storms as important factors in simulation of raindrop erosion. Therefore the used rainfall input data are either spatially averaged or their spatial and temporal resolutions are not desirable for this purpose. In the present study the effect of spatial averaging of rainfall data and random selection of rainfall stations on the simulated rate of raindrop erosion in four catchments with different sizes (ranging from 1.4 to 1600 km2) using SHETRAN model were investigated. It was found that for frontal type rainfall data (generated by MTB method) the effect of spatial averaging of rainfall on simulated raindrop erosion in small catchments is much less than that in larger catchments. It was also found that the raindrop erosion could be simulated with enough accuracy where the rainfall data from at least four randomly selected rainfall stations across the catchment is used.

Introduction

Physically based, spatially distributed modeling systems are increasingly being used to predict the impact of land use and climate change on catchment hydrological and soil erosion response, in support of catchment management decision making (e.g. Bathurst and Wicks, 1991; Bathurst and O’Connell, 1992; Adams et al., 1995). To account for spatially varying responses, such models require rainfall input data with a fine spatial resolution. However, data are rarely collected at the required resolution and model inputs are effectively averaged values for larger scales (ranging from subcatchment to the full catchment scale). One of the outputs of this type of model could be simulated erosion at the catchment scale. Typically, physically based models determine soil erosion by raindrop impact as a highly non-linear function of rainfall intensity (e.g. Bathurst & Wicks, 1991; and Wicks & Bathurst, 1996). Given that erosion is greatest for short periods of high intensity rainfall occurring in limited spatial areas, model simulation results may be expected to show significant sensitivity to spatial averaging of rainfall. This effect was investigated using the SHETRAN hydrological, sediment transport and contaminant migration grid based modeling system developed by the Water Resource System Research Laboratory (WRSRL), University of Newcastle, from the existing Système Hydrologique European (SHE) (Abbott et al., 1986; Bathurst et al., 1995; Adams et al., 1995).
The specific objectives in this study were:
- to investigate the effect of different scales of spatial averaging of rainfall on soil erosion as simulated by SHETRAN, and

- to investigate the spatial resolution at which rainfall data required to support "true" simulation of erosion should be collected.

Four catchments were used for this study which will be described later. The Modified Turning Band (MTB) method was used to generate rainfall field inputs at the model grid scale, on the basis of which the "true" erosion field was simulated. Simulation then was carried out with the same rainfall averaged over progressively coarser spatial scales. Comparison of the results with the "true" output indicates their scale dependency. In addition, the random sampling technique was used to select various sets of rainfall stations from the MTB generated rainfall data across each study catchment to investigate the spatial resolution at which rainfall data required to support "true" simulation of erosion should be collected. The erosion simulation results from these selected rainfall sets were compared with those obtained from the simulation when all the originally generated rain gauge stations data were used as input in the simulations. The comparison showed the efficiency of this technique to find the minimum number of rain gauge stations needed for relatively accurate results at the catchment scale.

The study contributes to an area in which there has been little work and helps to define the conditions for successful application of physically based models. 

SHETRAN and raindrop erosion
A brief description for the SHETRAN model used in this study is given here. This model which consists of a main hydrology section and two transport components, i.e. sediment transport and contaminant migration, is used for modeling the hydrology of catchments with zero flow boundary. The two transport parts of the model, developed by the Water Resource Systems Research Laboratory, UK, have been separately added to the model. The meteorological inputs of the model are those related to precipitation, evapo-transpiration and heat budget (for the rate of snowmelt). Subsurface flows are calculated for a heterogeneous, anisotropic unconfined aquifer. Surface flow is generated by either infiltration excess or saturation excess mechanisms. For simulation of hydrology and sediment transport in a catchment, the basic input data of the catchment is typically introduced to the model in distributed form, with grid elements as divisions of the catchment area. Each grid element is considered as a main computational unit in the simulations. In other words, across the whole area of a single grid element, at a given time, only one value for each input parameter can be allocated and only one value for a model output can be produced (Bathurst and Wicks, 1991). The model can simulate erosion continuously for any length of time with very high temporal and spatial resolution and for any catchment type and size. Detailed information on different components of the model has been given in SHETRAN (1995). However, owing to the importance of the sediment transport component, some of its main equations more relevant for this study are mentioned here.

In this component one of the major factors, i.e. raindrop impact, which plays an important role in erosion and sediment transport processes is introduced. The main inputs of this component are provided by the results obtained in the water flow component of the model. The rate of raindrop soil erosion in SHETRAN model is determined from Equation (1) (SHETRAN, 1995):
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Here h = water depth (m); and dm = effective drip/drop diameter (m). The momentum squared of raindrops, , 

, in Equation (1) is nonlinearly proportional to rainfall intensity (SHETRAN, 1995). According to this relationship, a slight increase in rainfall intensity will result in very high increase in 

. This nonlinear relationship between

 and rainfall intensity plays an important role on the effect of spatial averaging of rainfall on raindrop erosion.
Catchments Description

Four existing catchments were used to provide a range of physical conditions for the study. The catchments range from 1.4 to 1600 square km in area (Table 1). Owing to the large computer resources required to produce simulation outputs for individual grid elements and to avoid the corner effects resulting from the irregular geometric shape of the catchments on the spatial averaging of rainfall, it was decided to include only a selected part from each catchment in the first part of this study, the effect of spatial averaging of rainfall on erosion. The shape of the selected parts was square and they were located as near to the center of the relevant catchment as possible. Depending upon the shape of each catchment the size of the selected parts varied. For example in the Arvan catchment it was possible to choose a square shape with 16 grid elements in each side, whereas for the Cobres one the number of possible grid elements from the catchment in each side of square was 8 and still two grid squares in the selected square shape were out of the catchment area which, obviously were not included in the simulations. 

Table 1. The general size description for each catchment.

No
Description
Rimbaud

(France)
Arvan

(Iran)
Cobres

(Portugal)
Agri

(Italy)

1
Size of basic grid element (km x km)
0.1 x 0.1
0.5 x 0.5
2 x 2
2 x 2

2
No. of grid elements in each direction in selected part
8 x 8
16 x 16
8 x 8
8 x 8

3
No. of grid elements in the selected part (inside the catchment)
64
256
62*
64

4
Size of the selected area (

)
0.64
64
248
256

5
Total area of the catchment (

)
1.44
101
704
1532

6 
Total No. of grid elements
144
404
176
383

In the Cobres catchment only 62 grid elements from the catchment area were inside the selected part (8 x 8) of the catchment map.
Method 
Rainfall fields were generated as input to SHETRAN catchment simulations using the MTB method. This method generates synthetic space-time rainfall data using rainfall statistics specific to a particular catchment. It is built up of layers of randomly distributed and deterministic modulating functions, which when combined, form a synthetic rainfall field whose features resemble observed rainfall characteristics such as raincells, cluster potential regions and rainbands (Mellor, 1996). For this study the MTB was parameterized using rainfall time series data for the simulation catchments and physical field properties obtained from earlier studies.

The version of the MTB model used in this study generates a single storm having approximately the same total volume of rainfall for a given set of input parameters. The time resolution of generated rainfall data for all catchments is 5 minutes. The duration of generated storms ranged from 10 to 11 hours.

With this procedure the MTB method produces a separate rainfall data set for each catchment. In this data set, for each grid element in the catchment, a separate rain gauge station was designated. Therefore this data set is called rainfall input data with a scale of 1x1, indicating that the input rainfall data used in the relevant simulation is at its finest possible resolution, and the results of simulated erosion with this input are called the “true” erosion results. In the later simulations in order to investigate the effect of spatial averaging of rainfall on raindrop erosion, this base rainfall data set will be used to produce new rainfall data sets, which are spatially averaged. The practice of spatial averaging of rainfall is as follows.

The selected area was divided into squares with twice the original dimensions, i.e. each division containing four of the original squares. A new rainfall time series was obtained for each set of four rainfall stations (located in the four original grid squares of the mentioned divisions) by taking the average of the original rainfalls of these rain gauges in each time interval. The simulation with this data set is called scale 2x2. Similar practices were done for the divisions of 4 and 8 times of the original dimensions, i.e. respectively containing 16 and 64 of the original squares, the simulations of which were called scales 4x4 and 8x8 respectively (Figure 1).

The volumes in all the scales remain unchanged, which showed that the mass balance is maintained in the averaging procedure. Figure 2 shows the percentage change of maximum rainfall intensity compared with that at the scale 1x1. As can be seen from this figure, the coarser the scale of spatial averaging of rainfall, the more reduction there will be in the maximum rainfall intensity. The bigger the catchment and the grid size, the more will be the effect of rainfall spatial averaging in reduction of maximum rainfall intensity in coarser scales.

To achieve the objectives of this study the following two types of simulations were made.

(1) simulations with spatial averaging of rainfall data

(2) simulations with random selection of rainfall stations.

Model input data and assumptions 

To run SHETRAN for the simulations of soil erosion in this study the following main assumptions were made in setting up the model input files.

- The vegetation cover was shrubs covering only 10% of every grid element.

- Two nominated depths of the soil 1 and 4 m with initial phreatic surface depths of respectively 0.7 and 3.7 m below the ground were used.

- To avoid mixing the overland flow erosion with the results of the present study, the value of erodibility coefficient due to overland flow was kept zero.

- One soil type with same particle size distribution was used for all four catchments, as shown in Table 2.

Table 2. Soil particle size distribution in the catchments.

ssgn* >
1
2
3
4
5
6
7

diameter (mm)
0.1
0.37
0.89
1.59
3.25
6.9
13.5

% weight
32
19
12
11.1
16.8
6.5
2.6

* ssgn = soil size group number

- Strickler coefficient of hillslope roughness; i.e. CDR, was 10 (Wicks, et al. 1992).

- Four values of Kr, erodibility coefficient due to rain drop impact, were chosen; 0.1, 5, 20 and 30 J-1 (Wicks, et al., 1992); i.e. covering a range of values for soils from less erodible to more erodible.

- A wide range of values for the coefficients of soil unsaturated, Ksat(uz), saturated, Ksat(sz)x and Ksat(sz)y, hydraulic conductivity; i.e. from 0 to 100 m/day, was used.
Simulations 

Simulations with spatial averaging 
The erosion simulations were carried out with the above mentioned assumptions for all rainfall data sets from scales 1x1 to 8x8 using the relevant generated storm data set for each catchment. Owing to the controlling role of the three main parameters; i.e. Ksat(uz), Ksat(sz) and Kr, the simulation of erosion was done for different values of these parameters.
Model outputs (erosion depths) were obtained for the corresponding selected areas for all the adopted rainfall spatial averaging scales in the catchments for different values of Ksat(uz), Ksat(sz) and Kr (Norouzi Banis, 1998).

Simulations with random selection of rainfall stations

An ideal rain gauge network in a catchment requires a separate station for each plain, coast and valley in a typical site (Linacre, 1992). With the lack of rain gauge networks with sufficient resolution and the absence of enough information about the trend of spatial variation of storms across catchments, the random sampling technique can be an alternative technique.

In this technique simulations were done with random selection of the rainfall stations without spatial averaging. The reason for selecting this method is to investigate the minimum number of randomly selected rainfall stations for which the results of simulated erosion could be within the range of acceptable accuracy compared with that of the original resolution of rain gauge network; i.e. “true” simulation. In this practice for each catchment 10 sets of randomly selected rain gauge station numbers were adopted using relevant routines from NAG (Numerical Analytical Group). The number of stations in the first set, second set, and tenth set were 1, 2, 3, ..., and 10 respectively. The station numbers in each set have been recorded in the relevant grid square in the catchment grid element network and using the Thiessen polygon method the area of the catchment corresponding to each rainfall station in each set has been identified. Then accordingly, the appropriate frame data file was prepared for each set which allows the SHETRAN model to use the rainfall data of the specific rainfall station for the corresponding defined area. Ten simulations of total depth of erosion with these input data files for each catchment were done. For this set of simulations previously used model parameters and assumptions were adopted, but the simulated depth of erosion was calculated for the whole area of each catchment (Norouzi Banis, 1998).
Results and Discussions 
Results of simulations showed that as the scale of spatial rainfall averaging becomes coarser the under estimation of simulated depth of erosion increases. This under estimation can be compensated by modifying the appropriate model parameters. For example according to Equation 1, the rate of raindrop erosion is linear function of Kr, raindrop erodibility coefficient. Therefore the modification of this parameter can be a good alternative for this purpose. Figure 3 shows the percentage corrections required in the value of Kr to compensate for the effect of spatial averaging in one set of simulations. The variation of this correction also depends on the size of the catchment. The smaller the catchment, the less is the required correction. The difference between these values for Cobres and Agri is as a result of high values of saturation factor (Fw) in Cobres catchment.

Under the hydrological conditions defined in this study, the percentage corrections for Kr at the maximum averaging scale, i.e. 8x8, for the higher values of Ksat(uz), in the study catchments, Rimbaud, Arvan, Cobres and Agri are of the order of 2%, 5%, 7% and 20% respectively. It seems that there are more factors controlling this correction other than the size of the catchment, because in the Agri and Cobres catchments, in spite of their having the same spatial averaging scale, their Kr percentage corrections are quite different. A controlling factor in this respect could be the difference in the degree of saturation (resulting partly from their general topographical differences) in the selected areas of the two catchments. 

On the whole the simulated erosion is less for greater averaging for a given catchment. The main explanation for this is that the rate of soil detachment due to raindrop impact nonlinearly increases with rainfall intensity. Whereas in the spatial averaging practice, the rainfall intensity in each time interval represents the mean value of the corresponding rainfall data from contributing rain gauges. Therefore the more the spatial variation in the storm characteristics and the larger the averaging area, the lower will be maximum rainfall intensity and consequently the lower will be the rate of soil detachment due to raindrop impact. 

The results of the simulation of erosion in the four catchments with the rainfall input of randomly selected rainfall stations were also produced.

The average depths of simulated erosion for each of them (10 sets) were compared with that of the basic rainfall time series; i.e. simulation with different rain gauges in each grid element. Figure 4 shows the percentage change in the average depth of erosion, where the effect of using different randomly selected rainfall station networks is compared with that of original rainfall station distribution. In general the figure indicates that by applying more randomly selected rainfall stations the simulated erosion depth will become nearer to the "true" erosion depth. It can be seen that when the number of randomly selected rainfall stations used in the simulation reaches 4, the results are very similar to the results for the basic rainfall station resolution.

The percentage difference between the “true” depth of erosion and the depth obtained 
from applying randomly selected rainfall stations for a given number of these rainfall stations is initially higher for the Agri than those of the other three catchments.

This change is less for small catchments. In particular in the Rimbaud catchment no significant change occurs in the erosion. The reason for this is that the pattern of the given storm rainfall does not change spatially very much in terms of rainfall intensity, where the size of the area concerned is in the order of 1 square kilometer. This could be especially true if the storm is of a frontal type (Linacre, 1992). By contrast in a study carried out by Lopes (1996) for an area of about 6 km2 with connective storms the measured rainfall data showed substantial spatial and temporal variations. The comparison of results in the two studies indicates the effect of different types of storms. Lopes concludes that the density of the rain gauge network, the spatial arrangement of individual rain gauges within the catchment, and the spatio-temporal characteristics of storm events all greatly influence catchment response predictions. For example, in this study, the model output resulting from 4 randomly selected rain gauges out of 10 rain gauges is accurate enough for the test storm. However, there might be a significant error in the model output with the same 4 rain gauges when data from other types of storms are used. 

Conclusions 
Rainfall data with good resolution (in time and space) as a basic input in erosion modeling is not usually available. The required rainfall data is spatially averaged or data from very few rainfall stations exists. The effects of spatial averaging of rainfall and randomly selected rainfall stations on simulated raindrop erosion were investigated in four catchments, using SHETRAN physically based model. For catchments with small areas the spatial averaging effect is almost negligible (Rimbaud catchment). The reason behind this is that the spatial variation of rainfall in a frontal storm for such small areas (1 square kilometer ) is not significant. For the Arvan catchment (with an area of 100 square kilometers), the effect is of the order of 4-6% for the scale of 8x8. For the Cobres and Agri catchments (with areas of 700 and 1600 square kilometers respectively ), the effect is of the order of 20% for the scale of 8x8. For finer scales of spatial averaging the effects become less and can vary depending upon other factors.

The results of the present study suggest that in order to compensate the effect of spatial averaging, the originally defined soil erodibility coefficients might need to be slightly increased by certain factors, depending upon the simulation conditions. In large catchments, as long as the averaging scale is kept in the range of about 100 km2 , one could ignore the effect of spatial averaging of rainfall on the model results.

The results of erosion simulation with the random selection method for the rainfall stations show that, the more the number of randomly selected stations used, the closer the results are to the ”true” ones. In terms of the minimum effective number of rainfall stations, in most of the catchments 4 stations provide sufficient accuracy for the purpose of modeling erosion in frontal rainfall storms. In other words, the results of the present study also suggest that in catchments ranging from 1 to 1600 km2 in area with frontal rainfall storms, the model can simulate raindrop erosion with reasonable accuracy, if rainfall data from at least four stations (randomly located across the catchment) is available.

Further study in this field can be done by including the presence of overland flow erosion, and investigating the effect of rainfall spatial averaging on the sediment yield in different hydrological conditions (e.g. rainfall type).
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