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Abstract. Global sensitivity analysis of the parameters of the modified universal soil loss equation 

(MUSLE) was conducted by using the extended Fourier amplitude sensitivity test (EFAST) method. 

Results show that the runoff factor, slope length and gradient factor, crop management factor and erosion 

control practice factor were the most sensitive parameters which affected the model outputs, followed by 

soil texture, organic matter content, aggregation class and the class of the water permeability of the soil 

profile. The number of iterations for Monte Carlo simulation had significant influence on the sensitivity 

analysis results. Only when the number of iterations was larger than 50000, EFAST can yield satisfactory 

convergence of sensitivity indices. Overall, the interaction of the runoff factor, soil erodible factor and 

adjustment factors was substantial when using the MUSLE. The key parameters should be prioritized for 

calibration to determine the most optimal values and reduce the uncertainty in soil loss predictions. 

Keywords: MUSLE equation, EFAST method, key parameters, Monte Carlo simulation, uncertainty 

analysis 

Introduction 

China is one of the most serious soil erosion countries in the world, and the amount of 

soil erosion is 5 billion tons per year, accounting for nearly 30% of the total land area. 

Water loss and soil erosion causes the limited land resources in ruins and soil fertility 

decline, and frequent flood disasters due to large amounts of sediment discharge. At the 

same time, it also can influence the social and economic sustainable development of 

China. To some extent, it is becoming the main ecological environmental problems 

(Wang et al., 2001). There are many reasons for water loss and soil erosion. The key 

influencing factors are different in different regions, but in general can be divided into 

natural factors and human factors (Li et al., 2012). Natural factors include topography, 

geology, climate, soil, vegetation and other foundation erosion power factor, while 

human factors are mainly for large-scale destruction of the vegetation and unreasonable 

land use and other human activities (Bu et al., 2002; Yao et al., 2013). Therefore, in order 

to prevent water loss and soil erosion effectively, it should practice soil and water 

conservation on the basis of analyzing these two influencing factors. 

http://www.ouc.edu.cn/english/academics/colleges/envirscieng.html
mailto:user@host.domain
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The Prediction of the amount of soil loss is directly related to the layout of the 

prevention and control measures of soil and water conservation. In order to quantitatively 

forecast soil loss quantity, the modified universal soil loss equation (MUSLE) was 

proposed and has been widely used around the world (Meyer, 1984; Toy et al., 1999; 

Zhang et al., 2009; Arekhi and Rostamizad, 2011; Odongo et al., 2013). MUSLE was 

improved on the basis of the universal soil loss equation (USLE). In MUSLE equation, 

rainfall erodible factor was replaced by runoff factor, thus improving the sediment yield 

prediction (Williams and Berndt, 1977). Soil erodible K value is another important factor 

in MUSLE, which is decided by a variety of soil physical and chemical properties. It is 

worth noting that the MUSLE equation is applied under the condition of standard 

community (22.13 m long slope, 9% gradient, bare fallow with cultivation up and down 

the slope). Therefore, MUSLE also introduced three correction factors (slope length and 

gradient factor, crop cover factor and water conservation measures factor) under different 

field conditions. It can be seen that soil loss quantity prediction accuracy depends on 

above-mentioned parameters. However, not all the parameters can be obtained by 

experimental measurement. Sometimes, we just indirectly estimate them by empirical 

model or statistical methods. Even the measured value often has observational error due 

to limited conditions. These factors may lead to strong uncertainty in forecast results.  

Sensitivity analysis (SA) is a kind of effective method used to evaluate the uncertain 

model. Through sensitivity analysis for the parameters of MUSLE equation, the part of 

sensitive parameters which have greater influence on the predicted results can be 

screened out. The sensitive parameters can be priority measured, with the limited 

resources, which has a very good guidance function for popularization and application of 

the MUSLE equation. SA method includes local sensitivity analysis (or called OAT) and 

global sensitivity analysis (GSA). The main drawback of the former is that this method 

can only analyze the effect of individual parameters on the predicted results, and ignore 

the parameters of the coupling action between indirect effects. The latter GSA method is 

able to deal with this problem (Saltelli et al., 1999). The typical global sensitivity analysis 

methods are the Sobol technique (Sobol, 1993) and extended Fourier amplitude 

sensitivity test (EFAST), which have been applied for land (Wang et al., 2013), plants 

(Wu et al., 2009; Jiang et al., 2011) and hydrological model (Kong et al., 2011) 

parameters. This study will use the EFAST method to analyze the sensitivity of the 

parameters in the MUSLE equation. To our knowledge, little research has been 

conducted to discuss this issue. 

Model and Method 

Modified Universal Soil Loss Equation (MUSLE) 

MUSLE was proposed by Williams and Berndt based on the previous studies in the 

early 1970s. 
 

 PCLSKqQA   )(  (Eq.1) 

 

(Where, A is the sediment yield from an individual storm in metric tons; Q is the storm 

runoff volume in m
3
; q is the peak runoff rate in m

3
 sec

-1
; K is soil erodible factor in Mg 

MJ
-1

 mm
-1

 (Wischmeier et al., 1971); LS is the slope length (dimensionless) and gradient 

factor (topographical factor) (dimensionless); C is the crop management factor 
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(dimensionless); P is the erosion control practice factor (dimensionless);  and  are 

location specific conceptual factors) 
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(Where, N1 is the sum of fine silt (0.05 ~ 0.1 mm) and silt (0.002 ~ 0.05 mm) contents; 

N2 is the difference between 100 and the clay content (0 ~ 0.002 mm); OM is organic 

matter content; R is the coefficient of soil structure level; U is the level in soil 

permeability coefficient). Substitute Eq.2 into Eq.1: 
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Extended Fourier amplitude sensitivity test (EFAST) 

EFAST is a global sensitivity analysis method proposed by Saltelli in 1999. The 

characteristics of this method lies in the combination of Sobol and FAST method for their 

respective advantages, for example, the few number of sample size, high computation 

efficiency and a good algorithm robustness (Saltelli et al., 1999). The EFAST analyzes 

the model input parameters generated by the model output variance, and reflects the 

relative importance (sensitivity) of the parameters as well as the contribution of changes 

in the model output. The total variance of model was not only derived from the changes of 

a single impact input parameters, but also considered the interaction between the 

parameters, which makes it very suitable for solving the “equifinality” phenomenon in 

numerical simulation. Assuming that the model can be expressed as: 

 

 ),...,,( 21 kxxxfY   (Eq.4) 

 

(Where, Y is the model output; x1, x2, … , xk are independent input factors). Selecting 

the appropriate periodic function Gk, Eq.4 is converted to Y = f(s), and satisfies: 

 

 nksGsx kkk ,,2,1),(sin)(    (Eq.5) 

 

(Where, s is a scalar; ωk is the corresponding integer frequency by xk). EFAST uses 

Fourier transform to decompose the f(s): 

 

 





p

pp psBpsAsf coscos)(  (Eq.6) 

 

(Where, p is the Fourier transform parameter; Ap and Bp are the Fourier amplitudes). 

The sampling values use Gk conversion for each parameter value and the input model for 

multiple operations can calculate model of total variance by means of taking sample in 
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the interval of [-π，π]. The concrete method and process have been introduced in the 

document. Because there has interaction between single parameters, we can resolve V as: 
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 (Eq.7) 
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(Where, Vi and Vj are variance caused by parameter xi and xj respectively; Vij is the 

coupled variance from xj impacting on xi; V1,2...,k is variance produced by x1,2,…,k acting on 

xi; E is conditional expectation). By normalization processing, parameter xi’s first order 

sensitivity index Si can be defined as:  

 

 VVS ii /  (Eq.9) 

 

Similarly, parameter xi’s second order sensitivity index Sij and total sensitivity STi 

index can express respectively: 
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(Where, Si is the direct contribution rate of parameter xi on V, while STi reflects the 

amount of between the direct contribution rate and the coupling effect between 

parameters). STi equals to Si if there are no coupling of variance. In this case, the EFAST 

analysis is the same as the local sensitivity. This research compares each parameter index 

that can analyze the impact of which on input MUSLE model. 

 

Experimental Design 

The research object of this study is to analyze the sensitivity of all 12 parameters in 

MUSLE model, and use EFAST method to quantitatively identify key influencing 

parameters. Runoff data adopted in this study are from the Kenya Government Water 

Resource Management Authority (WRMA)’s observational data, which were collected 

on Malewa Basin in 2007 (Odongo et al., 2013). Ranges of variation of the four runoff 

factors (α, β, Q and q) are shown in Table 1. The range of five factors affecting K value 

(N1, N2, OM, R and U) is in strict accordance with the applicable conditions of 

monogram formulas. In addition, the ranges of three correction factors (LS, C and P) are 

reasonably limited by prior knowledge (Table 1). When determining a reasonable 

parameter range, we firstly assumed that they are evenly distributed between the 

minimum and maximum values. Then, the Monte Carlo method was used to randomly 

sample all parameters. In order to make sampling fill the entire parameter space, we set 

the sampling frequency to 500 000 times. Subsequently, the parameters were 

successively entered into the MUSLE equation and calculate, and then we can get the 

stochastic simulated values of the amount of soil loss and statistical variance. Finally, the 
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EFAST method was applied to calculate first-order sensitivity index and total sensitivity 

index of every parameter, which were then compared. 

 

Table 1. The data range of parameters in MUSLE equation 

Parameters Minimum value Maximum value 

α 1 65 

β 0 1 

Q/m
3
 0 30 

q/(m
3
/s) 0 3 

N1/% 0 70 

N2/% 0 100 

OM/% 0 4 

R 1 4 

U 1 6 

LS 0 20 

C 0 1 

P 0 1 

Results and Discussion 

The first-order sensitivity index 

As can be seen from Figure 1, when not considering the interactions among the 

parameters, the first-order sensitivity index of β is about 0.06, which is significantly larger 

than those of the other parameters of the model. This suggests that the MUSLE model is most 

sensitive to the changes in β, which contributes 6% of the model output variance. Followed 

by the parameters P and α, their first-order sensitivity indexes are close to 0.04. The 

first-order sensitivity indices of N1, N2 and LS (between 0.02 and 0.03) are smaller than those 

of other parameters, while the remaining parameters’ first-order sensitivity index vary 

between 0 and 0.02, indicating that their effects on model output is relatively small. It is 

worth noting that the sum of all first-order sensitivity index parameters is only 0.29, 

indicating that their contributions to the total variance of the model output are 29%. This 

implies that there is still 71% of the variance is not taken into account. This may be 

contributed to two reasons: the first is MUSLE model’s nonlinear relationship between input 

and output, and the second is the coupling between parameters. 

 

 

Figure 1. Parameter sensitivity index in MUSLE equation 
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In previous studies, Odongo and other scholars have used OAT method to conduct a 

partial sensitive analysis on four runoff factors (α, β, Q and q) in MUSLE equation. They 

found that compared with the other two parameters, the amount of soil loss predicted 

value is more sensitive to the changes in location factors α and β (Odongo et al., 2013), 

which is consistent with the findings of this study. This also demonstrated the feasibility 

of applying EFAST method in MUSLE model. In addition, based on a lot of soil data 

analysis of Bulgaria area, Mitova and Rousseva (2013) used sensitivity analysis method 

to study the impact factors of soil erodible factor K. They found that K values is most 

sensitive to N1 and N2 changes, which is consistent with the conclusions of this study. 

 

The total sensitivity index 

The total sensitivity index can be used to represent the coupling effect among 

parameters (Figure 1). The total sensitivity index of parameter β is 0.20, which increases 

significantly when compared with the first-order sensitivity index. It is significantly 

greater than those of other parameters. Followed by parameters P, α, LS, C and q 

successively, varying from 0.09 to 0.11. The parameters Q, N1 and N2 are relatively close 

to each other and their total sensitivity index is approximately 0.08, while the other 

parameters' contribution to model output is relatively small. It can be deduced that the 

order of every parameter sensitivity have changed when considering the coupling 

between parameters. The reason may be that the interaction between different parameters 

is an objective reality. In this case, the total sensitivity index can better reflect the model 

output’s relative importance for each parameter. 

The above results indicate that the parameter β is the key influencing parameter, which 

may be related to that this parameter exists in the form of exponential power in the MUSLE 

equation. Meanwhile, it shows that we should give priority to correct the parameters to obtain 

the optimum value when calculating the amount of soil loss in specific areas. In particular, in 

the powerful hydrological model SWAT, the default β value is 0.56, while the location factor 

α is 11.8. These values are obtained from foreign soil and hydrological surveys. This will 

cause great prediction error or uncertainty if they are directly used in China. Therefore, it 

must be corrected in practical application. LS, C and P also have a great influence on the 

model output, which is consistent with our previous understanding. LS represents the terrain 

information, which can directly affect the washing ability of slope runoff , while C and P 

reflect the interactions among the vegetation, crops planting, tillage measures, rainfall 

distribution and so on. These parameters have a direct or indirect relationship with soil 

erosion. Compared with the first-order sensitivity index, Q and q’s total sensitivity indices 

increase significantly. This is because they reflect the combined effects of precipitation, 

rainfall duration, rainfall intensity and surface runoff on soil erosion. N1 and N2’s total 

sensitivity indices also increase obviously, because they represent the soil texture 

information and dynamic factors. Soil erosion is closely related to soil water holding capacity 

and water transmission capacity. It is worth noting that the impact of soil organic matter on 

the model output is not always obvious. The reason may be that the OM content is relatively 

small in this study. 

 

The number of Monte Carlo sampling’s influence 

In order to investigate the effect of the number of samples on EFAST, this study 

respectively conduct different numbers (1 000, 5 000, 10 000, 50 000 and 100 000) of 
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random sampling. For comparative analysis, assuming that the results from the sampling 

number of 500 000 is approximately correct. As can be seen in Figure 2, when the 

number of samples is less than 50 000 times, every parameter’s first-order sensitivity 

index and total sensitivity index of vary significantly with the sampling numbers. When 

the sampling number is larger than 50 000, the results did not vary. This suggests that the 

number of Monte Carlo sampling has a great impact on the EFAST analysis results. If the 

sampling number is very small, the model’s output is not representative and accurate. 

Meanwhile, the excessive samples will result in the time increases exponentially and even 

increase the simulating costs. Therefore, when using EFAST model, sampling number 

should be carefully selected. It is better to determine the value by trial and error analysis. 

 

 

 

Figure 2. Effects of different Monte Carlo sampling frequency to EFAST analysis 

 

 

The impact of various parameters’ changes 

Runoff and correction factors represent the external causes of soil erosion, while the K 

value is internal reason. They do not always change at the same time in the 

regionalization applications of MUSLE equation. Therefore, it is necessary to carry out 

EFAST analysis on these factors respectively, which helps to further clarify the influence 

of various parameters on MUSLE model output. In order to independently analyze the 
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sensitivity of runoff and correction factors, K value should be set to a constant, which is 

defined as 0.2 in this study. When the independent analysis of the influence factors of K 

value, the remaining parameters are defined as 1. 

From the Figure 3, when the K value is defined, the most sensitive parameter of 

MUSLE model is β. The Monte Carlo sampling number’s influence is 0.24. This is the 

same as all parameter in EFAST’s analysis. However, the next parameter sensitivity 

priority is different, followed by P, LS, C, α, q and Q, and varies from 0.11 to 0.14. Under 

the condition of runoff and correction factors being determined, Sensitivity sequencing 

for 5 impact parameters of K value consistent with previous analyzes, but their impact on 

the model output varies. Among them, N1 and N2 are the most sensitive. These two 

parameters’ total sensitivity indices are close to 0.40, showing that they can explain 80% 

the prediction of the results of variance. Also, it shows that other three parameters have 

little influences on the output of the model. 

 

 

Figure 3. Sensitivity index of runoff and correction factors (a) and influencing factors of K value (b) 

 

 

The analysis results (Figures 1 and 3) show that the interaction between runoff factor, 

K value and correction factor should be considered in the application of MUSLE 

equation. The key point is to optimize the key parameters of the model output, so as to 

reduce the uncertainty of the prediction results and improve the application ability of the 

MUSLE model. Generally speaking, soil texture is a very stable property and easy to get 

with high precise. However, the progress of runoff has much more uncertainty and the 
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measurement of this variable is rather difficult. Especially, location factors α and β can 

only be obtained by adjusting the model. Therefore, under the limited resources, the 

prediction result uncertainty caused by the difference of runoff factor should be 

considered more. In addition, the effect of correction factor is also great. Especially the 

secondary factors of P factor are varied, and it is difficult to quantify. The fine expression 

of C value also has certain difficulty, usually based on experience. So we should be 

caution about their value in order to ensure that it is scientific. The calculation of LS 

depends on the accuracy of DEM. Meanwhile, different terrain exponentiation algorithm 

will influence this value. So we should consider different DEM accuracy or algorithms to 

select best parameters for ensuring relative rationality and exactitude in the future. 

Conclusions 

(1) The location factor β is the most sensitive parameter to predict the amount of soil 

loss, followed by P, α, LS, C and q, K’s influencing factors (such as OM, R and U) is less 

sensitive, So the accuracy of runoff and correction factors should be determined firstly in 

simulated calculation. 

(2) The Monte Carlo sampling frequency has a significant impact on EFAST’s 

analytical results. The difference of each parameter’s sensitive index is significant when 

sampling number is less than 50000 times. When the sampling number is more than 

50000, the results are close to each other. However, this value (50000) is not 

representative of other similar studies. Therefore, a reasonable sampling number should 

be selected by trial and error analysis in order to ensure the sampling efficiency. 

(3) Each parameter’s first-order sensitivity index is different from the total sensitivity 

index. It shows that the traditional partial sensitivity analysis methods ignore the coupling 

effects of parameters, while the global sensitivity analysis can overcome these problems 

effectively. 
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