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Abstract: Assessing soil erosion in China’s severely eroded Loess Plateau is urgently needed but
is usually limited by suitable erosion models and long-term field measurements. In this study, we
coupled the Thorens and Soil Conservation Service (SCS) models to evaluate runoff and sediment
yield during the 1980s and 2010s in the Xiaolihe watershed on the Loess Plateau. Results showed the
proposed model framework had a satisfactory performance in modelling spatially distributed runoff
and sediment yield. The Nash–Sutcliffe efficiency (NSE), percent bias (PBIAS) and the root mean
square error-measured standard deviation ratio (RSR) were 0.93, 4.42% and 0.27 for monthly runoff;
and 0.31, 62.31% and 0.82 for monthly sediment yield. The effects of land use changes on runoff
and sediment yield were well captured by the SCS and Thorens models. The proposed modelling
framework is distributed with a simple structure, requires relatively little data that can be obtained
from public datasets, and can be used to predict runoff and sediment yield in other similar ungagged
or poorly monitored watersheds. This work has important implications for runoff and erosion
assessment in other arid and semi-arid regions, to derive runoff and erosion rates across large areas
with scarce field measurements.

Keywords: spatial modelling; Thorens model; land use change; Xiaolihe watershed; Loess Plateau
of China

1. Introduction

Soil erosion is a global environmental threat to sustainable development [1–4]. The
Yellow River in China is well known for its substantial sediment yield that accounts
for approximately 6% of the total sediment loads from all rivers worldwide [5,6]. The
Loess Plateau of China has a sediment yield that accounts for 88.2% of the total sediment
load of the Yellow River [7–9]. Approximately 91,200 km2 area of the Loess Plateau
has an erosion rate of more than 8000 t km−2 yr−1 (maximum erosion rate as 15,000
t km−2 yr−1), making the Loess Plateau the most severely eroded worldwide [10,11].
The severe soil erosion is mainly driven by a highly erodible loess with low cohesion,
especially when there are wet, short-duration and high-intensity rainstorms, steep sloping
topographic features, low vegetable cover and high-intensity cultivation [12–14]. The large
amounts of sediment eroded and transported downstream lead to a wide range of problems,
including land degradation, reduced food productivity, reservoir sedimentation, and water
pollution. [8,12,15,16].
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Soil erosion is difficult to quantify, particularly on a larger scale, as field measurements
are usually conducted at limited temporal and spatial scales due to financial and time
constraints [2,17]. Soil erosion models can provide a quantitative method to estimate erosion
rates, and they have been widely used in the Loess Plateau of China [18,19]. In models,
erosion is calculated as a function of driving forces (e.g., rainfall erosivity, runoff rate and
gradient) and resistance to erosion (e.g., soil properties and vegetation cover) [20]. There
are two general types of soil erosion models: empirical and process-based models [18,21].
Empirical models are normally based on the assumption that a linked system of interrill and
channel elements can adequately represent the area of erosion, including the Universal Soil
Loss Equation (USLE) and the revised version of the USLE (RUSLE) [15,22–25]. In contrast,
process-based models tend to be adapted to the catchment scale, such as the Limburg Soil
Erosion Model (LISEM) [26], and the Soil and Water Assessment Tool (SWAT) [7,27]. Most
empirical models are generally built upon field plot measurements and might need to be
calibrated for specific environments [18]. Hence, the application is limited, as the suitability
and performance depend largely on the local circumstances. In contrast, the distributed
models can capture key physical processes in runoff and erosion at the watershed scale.
They can simulate spatial erosion patterns within a catchment [28]. However, the data
required for distributed models might be tremendous, and a scarcity of high spatial and
temporal scale resolution data in most watersheds has hampered their applications.

Due to the complicated landform and the relative lack of field measurements on
the Loess Plateau, a simple and distributed model may be a better choice. In many cases,
simpler lumped models perform similarly to distributed erosion models [29]. It is feasible to
estimate soil erosion and its spatial distribution for large areas using satellite observations,
Geographic Information system (GIS) technologies and low-data-demand models at a
reasonable cost and accuracy without the need for time-consuming and expensive field
surveys [30]. The conceptual erosion model developed by Thornes [31,32] provides such
an option. The model has a simple structure including three components that depict key
drivers of erosion: hydrology, sediment transport and vegetation cover. The Thornes soil
erosion model has the following advantages: (i) the model includes four main components
that affect soil erosion, and the model structure is simple, and (ii) the parameters are
physical-process based and data are easy to acquire. This modelling approach has been used
in humid and semi-arid environments [17,33–37]. For example, Saavedra [34] compared
the Thornes model and four other conceptual models for modelling erosion in the Bolivian
Andes with three climatic regions: dry, temperate humid, and tropical rainfall. Symeonakis,
Calvo-Cases and Arnau-Rosalen [36] used the Thornes model to predict erosion rates for
two catchments in southeastern Mediterranean Spain. The distributed Thornes model is
able to predict potential erosion rates at different time scales (daily, monthly and yearly)
at low input data requirements [17]. The Thornes erosion model is able to capture the
major controlling factors in soil erosion (e.g., soil erodibility, surface runoff, slope steepness
and vegetation cover) and the conditions prevailing in the loessial hilly gullied region [18].
It is hypothesized that the Thornes erosion model can estimate erosion rates and spatial
distribution for large loess hilly gullied areas with low demand for data and at a reasonable
cost and accuracy. However, no previous studies have been conducted and it is still
unknown whether this erosion model can be used in typical agricultural watershed on the
Loess Plateau.

Since the 1950s, a series of ecological conservation and restoration projects have been
implemented to reduce water and soil losses by planting trees and grass on the Loess
Plateau [12]. These restoration activities increased vegetation cover, altered land use
patterns and led to changes in runoff and sediment yield [8,16,38]. Time series analysis
and physically based modelling are two major methods to assess the effects of climate
variation and land use change on catchment runoff and sediment yield. For example, Hessel,
et al. [39], based on the simulated results of the LISEM, found that implementation of slope-
steepness-based conservation strategies in the Danangou catchment would decrease runoff
by 40–50% and soil erosion by 50–60%. Li, Liu, Zhang and Zheng [27] used the SWAT model
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and found that land use change in the Heihe catchment on the Loess Plateau decreased
runoff by 9.6%. The combined effects of rainfall and land use drive runoff and soil loss
changes. However, there are still different opinions on the degree of runoff and sediment
change and the influence of various factors on the change. It is important to address this
problem as regional scale assessment provides important information for local economic
and social development and environmental protection.

This study coupled the time series analysis and distributed-based modelling method
and coupled the Thorens and Soil Conservation Service models for soil erosion assessment
in a typical agricultural watershed (Xiaolihe) in the Loess Plateau. The objectives of this
study were to (i) evaluate the performance of the coupled Thornes and SCS models in
predicting runoff and soil erosion, and (ii) to examine the effects of changes in land use on
the runoff and sediment yield using time series analysis based on comparisons between
the 1980s (from 1978 to1982) and 2010s (from 2006 to 2010). These results will provide
decision makers with useful information to control soil erosion and implement appropriate
land-management measures.

2. Materials and Methods
2.1. Study Area

The loessial hilly gullied region in the Loess Plateau of China has an area of 236,000 km2

(53% of the Loess Plateau), and acts as the main source of sediment for the Yellow River [40].
It has been widely reported that suspended sediment concentration in this region is greater
than 1000 kg m−2 [26]. The Xiaolihe watershed, located in the loessial hilly gullied region,
is among the most severely eroded areas in the Loess Plateau (Figure 1a). It has a reach of
63.7 km in length and a drainage area of 807 km2. The watershed is highly dissected by
dense channel networks, with a drainage density (length of streams per unit area) ranging
4–8 km km−2 and an incision depth of 50–200 m. The climate is semi-arid with a mean
annual precipitation of 397 mm [41], more than 70% of which occurs in the summer months
(from July to September) as rainstorms. The slope can be as high as 70◦. The loess soil
layer is approximately 100 m thick with silt-rich (60%) soil texture. More than half of the
Xiaolihe watershed is covered by cropland (Table 1), mainly distributed on the hilltops [26].
The most important crops are potatoes, millet, soybean, and maize [26]. Soil conservation
practices began in the 1950s and have significantly enhanced since 1980 when the Chinese
government implemented a series of ecological conservation and restoration, including
planting vegetation (trees, bushes and grasses), improving grasslands, building terraced
fields and warping dams. These measures (e.g., the Grain for the Green Project) have
greatly changed the underlying surface, resulting in a decrease in farmland and increases
in forest and grassland [27].
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Figure 1. Maps of the studied Xiaolihe watershed including (a) the location in the middle reach of
the Yellow River, DEM and distributions of gauging stations; (b) slope; (c) land use in the 1980s; and
(d) land use in the 2010s.
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Table 1. Major land uses and their changes in the Xiaolihe watershed from the 1980s to 2010s.

Land Use Type
1980s 2010s Changes

Area
(km2)

Percentage
(%)

Area
(km2)

Percentage
(%)

Area
(km2)

Farmland total 465.41 57.24 431.57 53.07 −33.84
Plain cropland 449.87 55.33 422.55 51.97 −27.32

Montanic cropland 15.53 1.91 9.02 1.11 −6.51
Forest total 22.24 2.74 45.43 5.59 +23.19
Forest land 0.10 0.01 4.18 0.51 +4.08
Shrubland 6.11 0.75 12.89 1.59 +6.78

Open forest land 11.75 1.45 22.37 2.75 +10.61
Other forest land 4.28 0.53 5.99 0.74 +1.71
Grassland total 323.47 39.78 334.11 41.09 +10.64
High-coverage

grassland 0.11 0.01 0.11 0.01 —

Moderate-coverage
grassland 65.71 8.08 330.88 40.69 +265.17

Low-coverage
grassland 257.65 31.69 3.13 0.38 −254.53

Water area 1.15 0.14 1.15 0.14 —
Construction land 0.84 0.10 0.84 0.10 —

2.2. Model Descriptions

Soil erosion was estimated with the coupled Thornes model and the SCS-CN method.
There are two major assumptions for the Thornes model: (i) daily precipitation can be
approximately distributed as an exponential frequency within a certain period; (ii) the soil
water-storage capacity is affected by the initial moisture content of the soil. In the Thornes
model, the potential soil erosion of a computation unit is estimated as [17]:

E = kQ2s1.67e−0.07c
i (1)

where E (mm) is the erosion rate, k is the soil erodibility factor, Q (mm) is the overland flow, s
(m m−1) is the slope gradient, and ci (%) is the fraction of vegetation cover. In this study, the
sediment delivery ration was assumed as 1.0, since at the event or intra-annual and annual
timescales hyper-concentrated flows are well developed and have strong sediment-carrying
capacity in the Loess Plateau [42,43].

Overland flow Q is a key parameter of the above erosion model from Formula (1) that
can be deduced from the SCS method [44,45]. The SCS method is mainly based on the
water balance equation and two hypotheses which can be expressed as:

P = Ia + F + Q (2)

and the two hypotheses are as follows:

Q/(P − Ia) = F/S (3)

Ia = λS (4)

where Q (mm) is direct runoff, P (mm) is precipitation, Ia (mm) refers to the initial ab-
straction, F (mm) indicates the cumulative infiltration excluding Ia, S (mm) is the potential
maximum retention, and λ is the initial abstraction ratio.

Combining Equations (2)–(4) gives an expression for Q:

Q = (P − λS)2/[(P + (1 − λ)S)] (5)
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The initial abstraction ratio λ in the standard CN method is 0.2, and Equation (5) can
be written as:

Q = (P − 0.2S)2/(P + 0.8S) P > 0.2S (6)

Q = 0 P <= 0.2S (7)

The value of S is obtained from:

S = 254(100/CN − 1) (8)

where CN is a comprehensive parameter (with values range from 0 to 100) that indicates
the runoff potential governed by soil antecedent moisture condition (AMC), slope gradient,
cover type, soil property and land use.

The AMC represents soil moisture prior to a runoff event according to the 5-day
antecedent rainfall depth in growing or dormant seasons [45], including dry (AMC I),
moderate (AMC II), and wet (AMC III) conditions. The corresponding CN under these
three conditions is denoted CN1, CN2 and CN3, respectively. The SCS model provides the
reference value of CN2 of different land use types and land surface infiltration categories in
the handbook table (USDA–SCS, 1972). Considering the existing steep slope terrain of the
Loess Plateau of China, the CN2 was modified as CN2x by the slope gradient s (m m−1) [45]:

CN2x = CN2(322.79 + 15.63s)/(s + 323.52) (9)

The CN2x values for different land uses were estimated based on published litera-
ture [44]. The relationships between CN2 value and CN1 and CN3 are given in Equations
(10) and 11 [46]. The estimated CN values are given in Table 2.

CN1 = CN2/(2.281 − 0.01281CN2) (10)

CN3 = CN2/(0.427 + 0.00573CN2) (11)

Table 2. Estimated CN values of different land use types under three antecedent moisture conditions.

Land Use Type
Antecedent Moisture Conditions

AMC I AMC II AMC III

Urban area 85 93 97
Forest 26 45 65

Grassland 15 30 50
Farmland 43 64 80

Water body 100 100 100

The Nash–Sutcliffe model efficiency (NSE), percent bias (PBIAS) and the root mean
square error-measured standard deviation ratio (RSR) were chosen to assess the predictive
performance of the Thornes model [47]. The expressions are as follows:

NSE = 1 − ∑n
i=1(Qobs − Qsim)2/∑n

i=1(Qobs − mean(Qobs))
2 (12)

PBIAS = ∑n
i=1(Qobs − Qsim)/∑n

i=1Qobs (13)

RSR =
√

∑n
i=1(Qobs − Qsim)2/

√
∑n

i=1(Qobs − mean(Qsim))2 (14)

where Qobs is the measured runoff and sediment yields, Qsim is the simulated runoff and
sediment yields, and n is the total number of data records. The NSE ranges between −∞
and 1, with an optimal value of 1.0. When NSE values range between 0 and 1, the model
performance is regarded as acceptable; whereas negative NSE values indicate an unaccept-
able performance of the model. The optimal value of PBIAS is 0. Low-magnitude values
illustrate accurate model simulation; positive or negative values show underestimation or
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overestimation bias, respectively. PSR values range from 0 to a large positive value, and
the optimal RSR value is 0.

2.3. Data Collection and Model Input
2.3.1. Hydrology

Hydrological data for the Xiaolihe watershed are very scarce, and long-term, continu-
ous runoff and sediment yield data were available only for eight existing and discontinued
basin gauging stations (Figure 1a). The Yellow River Water Conservancy Commission
(YRWCC) provided the aggregate monthly rainfall data (seven precipitation stations) and
the average monthly streamflow and sediment (one hydrometric station) data.

2.3.2. Topography

The digital elevation model (DEM) and slope gradient (Figure 1b) were derived from
the 30 m global digital elevation model (GDEM) dataset that is a product of the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER). The raw grid type of
the DEM data (in the WGS84 coordinates system) was preprocessed in ArcInfo ArcGIS
to fill sinks. Based on an automatic procedure with ArcSWAT 2.3.4, 25 hydrologically
connected sub-basins were segmented, with each area less than 100 km2.

2.3.3. Soil Properties

Basic soil physical and chemical properties were extracted from China’s National
Second Soil Survey Data and Soil Types [48]. On the Loess Plateau, the soils are cohesive
due to low levels of organic matter and high levels of silt and clay [49]. The proportion
of the soil types characterized by cultivated loessial and alluvial soil was relatively high.
According to Stone and Hilborn [50], these soil types can be classified as silt loam and
sandy loam in soil texture, with the soil erodibility k factor being 0.3 and 0.18, respectively.

2.3.4. Land Use

We collected time series of satellite imagery in the summer months (i.e., from June to
August) when most of the study area’s soil erosion and sediment transport is caused by
summer rainstorms. A man–machine interaction method was used to extract the land use
information in the 1980s and 2010s from two phrases of Landsat TM imagery (Figure 1c,d).
The land use data included six Level 1 and 31 Level 2 categories. The land use data
interpretation accuracy was assessed with field validations, historical records and maps,
and interviewing local elder residents [51]. The accuracy for the 1980s and 2010s land use
data interpretation was 73.7% and 89.5%, respectively.

2.3.5. Vegetation Cover

Vegetation cover was estimated by its linear relationship with the normalized differ-
ence vegetation index (NDVI) [52].

Ci = 8.79815 + 93.07466NDVIi (15)

where Ci is the vegetation cover for a cell during period i (%), and NDVIi is the normalized
difference vegetation index during period i. This study used the 250 m spatial resolution
MODIS NDVI and quality assurance as 16-day products (ISDSP, 2010b).

The coupled Thornes erosion model (Equation (1)) and the runoff sub-model (Equa-
tions (6) and (7)) was applied at the hydrological response unit (HRU) spatial scale and
monthly time step for calculating potential runoff (m3 s−1) and erosion rates (mm month−1)
for the Xiaolihe watershed. The HRU was employed as the minimum computation unit,
reflecting a homogeneous hydrological process dynamics from combinations and distri-
butions of physiographic basin properties, including land use, soil type and slope gradi-
ent [27,53,54]. Two periods, the 1980s (from 1978 to 1982) and 2010s (from 2006 to 2010),
were selected to represent land use with significant changes. Figure 2 shows the model
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framework and its schematic representation of data flow and processing. All layers were
resampled to HRUs and then calculated using geospatial modelling procedures in ArcInfo
ArcGIS.
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To examine how land use or precipitation changes affect runoff and sediment yield,
pairwise comparisons were conducted between two years with similar annual precipitation
or land use, respectively. The observed and simulated runoff and sediment datasets were
tested for normality using the Anderson–Darling test. Then, either the Student t-test or the
Mann–Whitney U-test was applied to test for a significant difference in the means or the
medians of the runoff or sediment between two paired treatments. Parametric tests were
used when both datasets being considered were normally distributed, and non-parametric
tests were used for datasets when at least one was not normally distributed. Test results
were considered significant at p < 0.05.

3. Results
3.1. Modelling Monthly Runoff

The base flow was separated based on the graphical approach from the streamflow
time series, and the proportion of base flow in streamflow was 49%. The SCS surface runoff
model (Equation (5)) was calibrated well to simulate the measured monthly average runoff
discharge (Figure 3). Specifically, between 1978 and 1982, the observed and simulated
monthly average runoff discharges were 0.744 and 0.720 m3/s, respectively, and the NSE,
PBIAS and RSR were 0.92, 3.30% and 0.28, respectively. During 2006–2010, the observed
and simulated monthly average runoff discharges were 0.597 and 0.564 m3/s, respectively.
Accordingly, the NSE, PBIAS and RSR were 0.93, 5.54% and 0.26, respectively. Model
simulation is generally considered satisfactory if the NSE > 0.50, PBIAS ± 55%, and the
RSR < 0.70 [47]. The SCS performance for monthly discharges was “very good” during
1978–1982 and 2006–2010, and the 2010s had a better performance than the 1980s. These
results show that the SCS model can efficiently describe changes in monthly discharges
at the Xiaolihe watershed. The temporal patterns of predicted monthly discharge rates
had no significant difference (p = 0.742) with the observed discharge rates at the watershed
outlet gauging station, and the correlation between the two was strong (r2 = 0.934). These
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results suggest that the SCS model can be applied to estimate monthly runoff discharges in
other ungagged basins. However, the SCS model underestimated the monthly discharge
for the August and September rainy months (Figure 4). The high discharge events were not
well matched with the corresponding simulations, which tended to be lower during most
summers with concentrated rainfall.
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3.2. Modelling Monthly Sediment

The Thornes model could well capture the average monthly sediment delivery trend,
showing a good contingency between the modelling and measured soil erosion rates
(Figure 5). Between 1978 and 1982, the observed and simulated monthly average sediment
discharges were 32.41 and 31.36 kg/m3, respectively. The NSE, PBIAS and the RSR were
0.94, 3.24% and 0.25, respectively. From 2006 to 2010, the observed and simulated values
were 68.95 and 83.30 kg/m3, respectively. The NSE, PBIAS and the RSR were 0.85, 20.82%
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and 0.39, respectively. The sediment delivery during the rainy seasons (from June to
September) ranged from 51.737 kg/s to 229.811 kg/s, substantially higher than the other
months (0.000 kg/s–7.294 kg/s; average, 1.347 kg/s) (Figure 6) with little or no rainfall.
Results showed that the four rainy months contributed to 98% of the total annual soil loss.
There was a strong correlation (r2 = 0.878) between the predicted and observed monthly
sediment yield. The temporal patterns of the two data series had no significant difference
(p = 0.791), suggesting that the predicted model can be applied to estimate erosion rates
in ungauged basins. Overall, the Thornes erosion model produced sound sediment yield
predictions. However, the predictions were less satisfactory from June to September, in
which the simulated sediment yields were generally smaller than the observed values.

Remote Sens. 2023, 15, x FOR PEER REVIEW 10 of 19 
 

 

(Figure 5). Between 1978 and 1982, the observed and simulated monthly average sediment 

discharges were 32.41 and 31.36 kg/m3, respectively. The NSE, PBIAS and the RSR were 

0.94, 3.24% and 0.25, respectively. From 2006 to 2010, the observed and simulated values 

were 68.95 and 83.30 kg/m3, respectively. The NSE, PBIAS and the RSR were 0.85, 20.82% 

and 0.39, respectively. The sediment delivery during the rainy seasons (from June to Sep-

tember) ranged from 51.737 kg/s to 229.811 kg/s, substantially higher than the other 

months (0.000 kg/s–7.294 kg/s; average, 1.347 kg/s) (Figure 6) with little or no rainfall. Re-

sults showed that the four rainy months contributed to 98% of the total annual soil loss. 

There was a strong correlation (r2 = 0.878) between the predicted and observed monthly 

sediment yield. The temporal patterns of the two data series had no significant difference 

(p = 0.791), suggesting that the predicted model can be applied to estimate erosion rates in 

ungauged basins. Overall, the Thornes erosion model produced sound sediment yield 

predictions. However, the predictions were less satisfactory from June to September, in 

which the simulated sediment yields were generally smaller than the observed values. 

 

Figure 5. The observed and simulated monthly average sediment discharges in the 1980s (a) and 

2010s (b). 

 

Figure 6. Comparison of average simulated and observed monthly sediment yields for (a) the 1980s 

and (b) the 2010s. 

Figure 5. The observed and simulated monthly average sediment discharges in the 1980s (a) and
2010s (b).

Remote Sens. 2023, 15, x FOR PEER REVIEW 10 of 19 
 

 

(Figure 5). Between 1978 and 1982, the observed and simulated monthly average sediment 

discharges were 32.41 and 31.36 kg/m3, respectively. The NSE, PBIAS and the RSR were 

0.94, 3.24% and 0.25, respectively. From 2006 to 2010, the observed and simulated values 

were 68.95 and 83.30 kg/m3, respectively. The NSE, PBIAS and the RSR were 0.85, 20.82% 

and 0.39, respectively. The sediment delivery during the rainy seasons (from June to Sep-

tember) ranged from 51.737 kg/s to 229.811 kg/s, substantially higher than the other 

months (0.000 kg/s–7.294 kg/s; average, 1.347 kg/s) (Figure 6) with little or no rainfall. Re-

sults showed that the four rainy months contributed to 98% of the total annual soil loss. 

There was a strong correlation (r2 = 0.878) between the predicted and observed monthly 

sediment yield. The temporal patterns of the two data series had no significant difference 

(p = 0.791), suggesting that the predicted model can be applied to estimate erosion rates in 

ungauged basins. Overall, the Thornes erosion model produced sound sediment yield 

predictions. However, the predictions were less satisfactory from June to September, in 

which the simulated sediment yields were generally smaller than the observed values. 

 

Figure 5. The observed and simulated monthly average sediment discharges in the 1980s (a) and 

2010s (b). 

 

Figure 6. Comparison of average simulated and observed monthly sediment yields for (a) the 1980s 

and (b) the 2010s. 

Figure 6. Comparison of average simulated and observed monthly sediment yields for (a) the 1980s
and (b) the 2010s.

3.3. Effects of Land Use Change on Runoff and Sediment

The dominant land uses in the Xiaolihe watershed were farmlands and grassland
(Table 1), which accounted for about 95% of the entire area (97.0% and 94.2% for the 1980s
and 2010s, respectively). In the 1980s, plain cropland covered most of the watershed
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(55.33% of the whole region, 449.87 km2), followed by grassland with low and moderate
coverage, with an area of 257.65 km2 (31.69%) and 65.71 km2 (8.08%), respectively. In
the 2010s, plain cropland and moderate-coverage grassland were the dominant land uses,
accounting for 92.65% of the entire watershed area. There were two main trends of land use
changes during 1980–2010: the increase in moderate-coverage grassland and the decrease
in low-coverage grassland and croplands. Compared with the 1980s, moderate-coverage
grassland, open forest land, shrubland, and forest in 2010s increased by 265.17, 10.61, 6.78,
and 4.08 km2, respectively, while low-coverage grassland, plain and montanic cropland
decreased by 254.53, 27.32, and 6.51 km2, respectively; high-coverage grassland, water area
and construction land showed little change compared to their baselines of 1980s.

Table 3 gives the main land use conversions. The main land use conversions showed
that 35.68% of the entire watershed, or 290.08 km2 underwent type conversions. There
were seven types of changes whose areas were more than 1 km2. The changes fell into two
groups: one was the conversion of low-coverage grassland to moderate-coverage grassland
(254.53 km2), and the other was the conversion of farmland to other land uses (33.84 km2).

Table 3. Major conversions of land use in the Xiaolihe watershed from the 1980s to 2010s.

Land Use Change Types Changed Area,
km2

Percent Change in
Converted Land Use, %

Plain cropland to forest land 3.43 0.76
Plain cropland to shrubland 6.78 1.51
Plain cropland to open forest land 9.98 2.22
Plain cropland to moderate-coverage grassland 7.13 1.58
Montanic cropland to open forest land 0.64 4.12
Montanic cropland to moderate-coverage grassland 5.88 37.86
Moderate-coverage grassland to other forest land 1.71 2.60
Low-coverage grassland to moderate-coverage grassland 254.53 98.78

To examine the effects of land use change on runoff and sediment yield, three hypo-
thetical scenarios with similar annual precipitation (p > 0.05) but different land uses were
compared (Table 4). Compared to the 1980s, both the simulated and observed discharges
generally decreased, representing the effects of land use change. For example, the observed
and simulated average runoff rate in 2009 decreased by 0.46 m3/s (−45%) and 0.42 m3/s
(−44%) than 1978, respectively. It should be noted that the simulated runoff reductions
caused by land use change were slightly lower than the observed reductions. For all three
studied scenarios, the land use change over the whole watershed increased sediment yiled
but the differences between the two studied years were insignificant at p = 0.05.

Table 4. Rainfall characteristics and observed values of three hypothetical scenarios with similar
(p > 0.05) annual precipitation but different land use.

Scenarios
Rainfall
Occurrence
/%

Year
Precipitation
(mm)

Observed Values Simulated Values

Runoff
(m3/s)

Sediment
Yield (kg/s)

Runoff
(m3/s)

Sediment
Yield (kg/s)

1 25
1978 528 a 1.03 a 56.96 a 0.96 a 49.83 a
2009 510 a 0.57 b 77.84 a 0.54 b 76.45 a

1978–2009 −18 −0.46
(−45%)

20.88
(+37%)

−0.42
(−44%)

26.61
(+53%)

2 50
1981 394 a 0.54 a 12.03 a 0.49 a 10.23 a
2008 380 a 0.40 a 14.86 a 0.41 a 24.50 a

1981–2008 −14 −0.13
(−25%)

2.83
(+24%)

−0.08
(−16%)

14.26
(+139%)

3 50
1982 439 a 0.92 a 54.47 a 0.99 a 67.17 a
2006 471 a 0.92 a 180.23 a 0.82 a 222.35 a

1982–2006 32 0.00
(+0.47%)

125.76
(+231%)

−0.16
(−17%)

155.18
(+231%)

Note: Same letters within a column demonstrate no significant difference (p > 0.05) between the means of groups
tested.
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3.4. The Combined Effects of Rainfall and Land Use Change on the Temporal and Spatial Patterns
of Erosion Rates

The observed and simulated sediment yield increased in the 2010s compared to their
baselines of the 1980s (Table 4). For a closer comparison of the temporal and spatial
variations in soil erosion among different conditions, monthly potential erosion rates were
summed to obtain annual erosion rates and were grouped into five classes [55] (Table 5).
The comparisons of the monthly rainfall distribution of the five groups are illustrated in
Figure 7. Pairwise comparisons were conducted between two years, and five hydrological
year groups (Group 1–5): Group 1–3 includes Group 1 (1978 vs. 2009), Group 2 (1981 vs.
2008), and Group 3 (1982 vs. 2006), indicating that each group has two years with similar
annual precipitation but different land use; Group 4–5 includes Group 4 (1978 vs. 1982),
and Group 5 (2006 vs. 2009), showing that each group has two years with similar land
use but different annual precipitation. By doing this, the effects of changes in land use or
precipitation on the temporal and spatial patterns of sediment yield were examined.

Table 5. Area of predicted annual erosion rate classes for Groups 1~5.

Erosion Rate
(mm/year)

Group 1 Group 2

1978 2009 1981 2008

Area Percentage Area Percentage Area Percentage Area Percentage
(km2) (%) (km2) (%) (km2) (%) (km2) (%)

0–0.2 399 49.13 426 52.45 743 91.61 429 52.92
0.2–1.0 334 41.10 266 32.72 1 0.16 266 32.76
1.0–5.0 12 1.54 4 0.50 11 1.32 24 2.99

5.0–10.0 0 0.00 0 0.00 25 3.14 14 1.74
>10.0 67 8.23 116 14.33 31 3.77 78 9.59

Erosion Rate
(mm/year)

Group 3 Group 4

1982 2006 1978 1982

Area Percentage Area Percentage Area Percentage Area Percentage
(km2) (%) (km2) (%) (km2) (%) (km2) (%)

0–0.2 399 49.13 426 52.45 399 49.13 399 49.13
0.2–1.0 318 39.18 0 0.00 334 41.10 318 39.18
1.0–5.0 28 3.46 10 1.27 12 1.54 28 3.46

5.0–10.0 0 0.00 244 30.06 0 0.00 0 0.00
>10.0 67 8.23 132 16.22 67 8.23 67 8.23

Erosion Rate
(mm/year)

Group 5

2006 2009

Area Percentage Area Percentage
(km2) (%) (km2) (%)

0–0.2 426 52.45 426 52.45
0.2–1.0 0 0.00 266 32.72
1.0–5.0 10 1.27 4 0.50

5.0–10.0 244 30.06 0 0.00
>10.0 132 16.22 116 14.33

Pairwise comparisons for Groups 1–3 showed that the areas with very high (5.0−10.0
mm/year) and extreme (>10.0 mm/year) erosion risk increased from the 1980s to the 2010s
(Table 5). For Group 1 (1978 vs. 2009): In 1978, 90.23% of the basin experienced slight
(0–0.2 mm/year) to moderate erosion (0.2–1.0 mm/year). The high (1.0–5.0 mm/year) and
extreme (>10 mm/year) erosion intensities were only 1.54% and 8.23%, respectively. In
contrast, in 2009, the percentage of areas with an extreme erosion rate increased from 8.23%
to 14.33% (Table 5). For Group 2 (1981 vs. 2008): compared to 1981, the sediment yields
in 2008 increased by 0.082 × 106t up to 0.476 × 106t (Table 4), although land use tends to
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be better rehabilitation for soil conservation. Modelling results illustrated that 91.61% of
the watershed appeared to be under the condition of slight erosion (0–0.2 mm/year), and
only 6.91% of the total area experienced a very high (5.0–10.0 mm/year) to extremely high
intensity of erosion (>10.0 mm/year) in 1981. However, remarkable changes took place in
2008. The slight erosion area declined from 91.61% to 52.92%. Meanwhile, the area with
extreme soil intensity increased from 3.77% to 9.59% (Table 5). For Group 3 (1982 vs. 2006):
the ratio of extreme soil intensity doubled to 16.22% in 2006 compared with 8.23% in 1982.
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The quantity of soil erosion in the northwestern and middle parts of the Xiaolihe
watershed was reduced due to a large amount of grassland with low cover undergoing
conversion to grassland with moderate cover and the conversion of agricultural terraces
to grassland or forest. According to the spatial distribution of predicted annual erosion
rates, the hotspots showed a considerable increase in erosion potential. These hotspots
were characterized by steep sloping topographic features and low vegetation coverage
but high-intensity cultivation (Figure 8). For example, areas within ellipse within category
“A” accounted for 5.06% of the severe erosion intensity (>10.0 mm/year), more than
that of 1978. The uneven distribution of annual rainfall also caused temporal changes
in erosion rates. The temporal pattern showed that the occurrence of rainstorms in the
2010s tended to lag than that of the 1980s. For instance, the precipitation in 1981 was
concentrated in June and July when the vegetation cover was higher. In 2008, the recorded
rainfall for two months (August and September) accounted for 56.05% of the whole year
(Figure 7b). It reached a maximum in September when the mean precipitation was the
highest (120 mm), and vegetation cover was slightly decreased because of farming or
grazing in the summer months. In addition, the 2010s had more frequent short-duration
and high-intensity rainstorms which are vital in increasing soil erosion. In this area, the
annual sediment yield can mainly result from one or two heavy storms. For example, for
the abovementioned hotspot A, in August 2009, the precipitation of the recorded maximum
storm events was 105 mm, leading to high erosion rates caused by severe hilly headward
erosion. Another example is that on 20 September 2006, the Xiaolihe watershed experienced
among the heaviest rains on record, with a maximum precipitation of 79 mm within 2 h.
Moreover, the spatial and temporal rainfall distribution in 2006 was significantly uneven
(Figure 7c). Therefore, the most remarkable variation during these two years was that the
percentage of areas with very high and extreme erosion potential increased by 30.06% and
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7.99%, respectively (Table 5), resulting in the total annual sediment discharge increasing by
2.517 × 106 t.
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For Group 4 (1978 vs. 1982), there was no significant change in the annual distribution
of rainfall, and the precipitation in 1978 was 89 mm more than that in 1982. However, the
sediment discharge observed showed the inverse trend in 1978 and 1982, with values of
1.831 × 106 and 3.153 × 106 (Table 4), respectively. This may be because the area with high
erosion increased slightly from 12 to 28 km2. The rainfall in 1978 was relatively evenly
distributed in July, August and September, while the precipitation in 1982 was concentrated
at the end of July and the beginning of August, characterized by several heavy storms that
caused over 90% sediment yield throughout the year. Similarly, in Group 5, the rainfall
in 2006 and 2009 was concentrated in the summer months (July, August and September).
The precipitation in these two years was 471 and 510 mm, but more heavy storms occurred
in 2006 than in 2009. Thus, the sediment discharge in 2006 nearly doubled that in 2009.
Moreover, at the end of the wet season, such as September 2006, the largest amount of
rainfall (79 mm) caused the highest amounts of sediment discharge (39,700 kg/s) for the
year.

4. Discussion
4.1. Application of the Proposed Modelling Framework

Large-scale quantification of soil erosion is usually difficult due to the labor, costs
and time involved [2]. Based on the coupled Thorens and Soil Conservation Service (SCS)
models, we provided a distributed modelling framework with a simple structure and low
dataset requirements for assessing runoff and sediment and the effects of land use changes
in the Loess Plateau. The satisfactory modelling accuracy demonstrated that the method
employed in our study worked well. This work has important implications for runoff and
erosion assessment in other arid and semi-arid regions to derive runoff and erosion rates
across large areas with scarce field measurements.

The significant increases in moderate-coverage grassland and changes of farmland to
others were mainly caused by the implementation of “the grain-for-green project” initiated
in 1999 [6,11,12]. Different land use patterns have varied soil physicochemical properties
and thus should have different effects on the rainfall–runoff and the runoff–sediment
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relationships [39,56,57]. The effects of land use changes on runoff and sediment yield were
well captured by the SCS and Thorens models.

However, it should be noted that the SCS and Thorens models performed better in
modelling runoff and sediment than those for the rainy seasons. The monthly discharge
was underestimated for the August and September rainy months (Figure 4). The high
discharge events were not well matched with the corresponding simulations, which tended
to be too low during most summers with concentrated rainfall. The slope-modified CN
method used in this study was found to increase runoff prediction for steep slopes prevalent
in the Loess Plateau [45], but might still underestimate large runoff events. Li, Liu, Zhang
and Zheng [27] applied the SCS model to an agricultural watershed in this region; the
monthly runoff performance was not as robust as that for annual runoff. These findings
corroborated the simulated runoff data in the Xiaolihe watershed. The main reason for the
above difference is that mean daily rainfall depths, instead of the duration and intensity of
precipitation typical in the studied watershed, were put into the SCS model [58,59]. The
rainfall in June and July accounted for 90% of the total months’ rainfall. Thus, the SCS
model tended to underestimate overland runoff generated from this form of rainstorm [60].
In addition, SCS-CN methods ignore several storms occurring during a single day, which
might lead to the underestimation of runoff. The slope-adjusted CN equation increased the
accuracy of runoff prediction in the sloping regions of the Loess Plateau of China [44,45],
further improvements or adjustments are still needed to consider local conditions and
incorporate characteristics of extreme precipitation and runoff events [54,61,62].

The Thorens approach showed satisfactory validation, suggesting a reliable prediction
of the spatial patterns of erosion rates. However, the quantitative prediction should be
interpreted with caution. The sub-basins with steep slopes and a substantial proportion
of heavy rainstorms tended to have high erosion rates. These subregions in the Xiaolihe
watershed are in line with severe land degradation, as reported by Zheng, Qin, Sun, Qi and
Cai [40] based on measurements of suspended sediment yields. However, even though the
rainstorm characteristics were not built into the model for predicting erosion, good results
were produced by the modelling framework.

4.2. Advantages and Limitations

The proposed spatially distributed modelling framework gives satisfactory runoff
and sediment yield predictions in the large, data-sparse Xiaolihe watershed. The coupled
Thornes erosion model and SCS runoff model are physical-based, suitable for the studied
arid and semi-arid environments, available for quick large-scale assessment through im-
plementation in a GIS, and have low data requirements. These advantages suggest that
the modelling framework presented in this study can estimate runoff and sediment yield
in other ungagged drainage watersheds with similar conditions (e.g., hydrometeorology,
topography and land use). However, the SCS model underestimated runoff in wet seasons
with concentrated rainfall. The Thornes model underestimated sediment discharge from
June to September, which may be mainly attributed to the type of rainfall and the frequency
of intense rainfall. The disparity between the observed and simulated data indicates that
the modification of Thornes components is needed to take rainfall intensity and its duration
into account to increase the accuracy of peak runoff and sediment yield predictions in
storms.

The application of a spatially distributed erosion model is usually constrained by
model validation [28]. In this study, the model parameters were determined without field
calibration due to a lack of field measurements. The model was validated by comparing the
measured and predicted sediment yield at the catchment outlet, which is usually applied
on the Loess Plateau [63]. Satisfactory and reliable modelling results were produced for the
ungauged sub-basins within the Xiaolihe watershed. However, the Thornes model gives
some abnormally high erosion rates. Similar anomalies were also found by Ali and De
Boer [17] in the mountainous upper Indus River basin and by Symeonakis, Calvo-Cases
and Arnau-Rosalen [36] in the Xaló River basin in southeastern Spain. This could be caused
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by the exponential nature of the empirical relationship, and possible quality problems in
some spatial datasets [17]. Although the Thornes model was found to be a useful tool
for assessing soil erosion and the effects of land use and precipitation change, further
model improvement is needed to increase the prediction accuracy by including rainfall
characteristics such as rainfall intensity and frequency of intense rainfall.

5. Conclusions

This study presented a modelling framework for estimating runoff and soil erosion in
the Xiaolihe watershed of the Chinese Loess Plateau. By coupling the SCS and Thornes
models for surface runoff and soil loss prediction, the simulated runoff and sediment
discharges were compared with the daily observed datasets, including 108 rainstorm
events during 1978–1982 and 2006–2010. The coupled Thorens and SCS models were a
powerful tool to simulate runoff and sediment yield. The proposed spatially distributed
modelling framework produced satisfactory runoff and sediment yield predictions in the
large, data-sparse Xiaolihe watershed. It can be used for other ungagged drainage basins
with similar situations. The modelling framework well captured the effects of land use
changes on runoff and sediment yield. However, further improvements or adjustments are
needed to increase prediction accuracy by incorporating extreme rainfall characteristics
and runoff events. The results are beneficial for assessing land degradation and improving
the ecological environment in the future.
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