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Abstract

The Loess Plateau of China is one region in the world that suffers from the
most severe soil erosion. In the gullied rolling loess region, approximately half
of the sediment derives from gully areas, which are the most prominent
topographical features of this region. No one of the existing soil erosion models
stands out with advantages, such as accuracy or applicability, for the Loess
Plateau because nearly all models only consider slope and river erosion
processes at the catchment scale. The absence of the gully erosion process in
these models significantly limits their application to the Loess Plateau. Taking
this issue into account, a three-process-based distributed soil erosion model,
WEP-SED, is proposed to investigate soil erosion in this region based on the

Water and Energy transfer Processes in Large river basins (WEP-L) model. In
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WEP-SED, a sequential “slope-gully-river” structure is built for the
physically-based simulation of soil erosion and sediment yield. In this structure,
soil erosion is integrated from six parts with successive transport relationships.
The proposed model is applied to the upstream region of the Wenjiachuan
hydrological station in the Kuye River basin. The simulated monthly average
sediment transport rates from 1956 to 2010 at the Wenjiachuan hydrological
station agree reasonably well with the observations, with a correlation
coefficient of 0.76 and a relative error of -5.60%. Furthermore, the simulated
average annual amount of gully erosion reaches 60.3% of the total soil erosion,
reflecting the fact that the gully erosion is a serious problem and demonstrating
that the gully erosion process must be considered separately in this area.

Keywords: gullied rolling loess region; physically-based; slope-gully-river;

gully erosion; gravitational erosion

1. Introduction

Soil erosion is a geomorphic process in which soil particles, rock fragments,
soil aggregates and organic matter are detached from their primary location and
are transported to another (Poesen, 2018). The Loess Plateau in China is one
region in the world that suffers from the most severe soil erosion (Xu, 1999;
Zhang and Liu, 2005). The large crisscrossed and permanent gullies that fill in

this region are unique features of the loess plateau, which contribute
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significantly to the severe erosion (Jing, 1986; Tang and Chen, 1997). Erosion
processes in a catchment that occur over slopes, gullies, and rivers are
complicated. Previous studies have applied numerous soil erosion models to
simulate soil erosion and sediment yield at the catchment scale on the Loess
Plateau, such as the Watershed Erosion Prediction Project (WEPP) (Zhang et al.,
2005; Li et al., 2011), Soil and Water Assessment Tool (SWAT) (Zuo et al.,
2016), Morgan-Morgan-Finney model (MMF) (Li et al., 2010), and Digital
Yellow River Model (DYRIM) (Wang et al., 2007). However, no model has
stood out in terms of their accuracy or applicability (Li et al., 2017).

The commonly used soil erosion models can be categorized into three
groups: empirical, conceptual and physically-based (Hajigholizadeh et al., 2018).
Empirical models employ statistical techniques to reveal the relationships
between the factors and components using only a linear regression or a relatively
complex relationship, including multiple and nonlinear regressions (Wainwright
and Mulligan, 2005). These empirical models, such as the Universal Soil Loss
Equation (USLE) and Revised USLE (RUSLE), have simple computational
processes and low data requirements (Wischmeier and Smith, 1978; Renard et
al., 1997). These models may possibly perform well in one region but yield an
insufficient performance in other regions because they are limited to certain
conditions (Aksoy and Kavvas, 2005; Sadeghi et al., 2014). Conceptual models
generally describe soil erosion and sediment transport processes without specific

details (Hajigholizadeh et al., 2018; Merritt et al., 2003; Sorooshian, 1991).
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Conceptual models, therefore, can indicate the effects of land use changes
without requiring large amounts of spatially and temporally distributed input
data. Conceptual models suffer from problems associated with the identifiability
of their parameter values, which are obtained via calibration against observed
data, such as flow discharge and sediment transport rates (Jakeman and
Hornberger, 1993). The Erosion Productivity Index Calculator (original name)
or Environmental Policy Integrated Climate (current name) (EPIC) (Williams et
al., 1983) and Soil and Water Assessment Tool (SWAT) (Beven et al., 1989) are
both typical conceptual erosion models. Physically-based models simulate the
dynamic behavior of the concerned components in each soil erosion process
generally based on the theoretical principles of kinematic wave procedures for
routing sediment (Morgan and Quinton, 2001). The conservation equations of
mass, momentum, and energy are fundamental for simulating soil detachment,
sediment deposition, and sediment transport (Kandel et al., 2004). Recently,
physically-based models including the Watershed Erosion Prediction Project
(WEPP) (Laflen et al., 1991; NSERL, 1995), the Limburg Soil Erosion Model
(LISEM) (De Roo et al., 1996), and the EUROpean Soil Erosion Model
(EUROSEM) (Morgan et al., 1998) have been developed. These models are at
the forefront of soil erosion research with several advantages, such as the
incorporation of the underlying mechanisms of soil erosion and sediment
transport (Pandey et al., 2016). There is, however, still a significant problem

where most physically-based models are not sufficiently applicable to the Loess
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Plateau because these models ignore the effects of gully erosion. These models
usually only simulate two erosion processes, i.e. slope and river erosion, which
do not conform to the fact that gully erosion has a significant contribution on the
Loess Plateau (Jing, 1986). Because of the steep and unstable slopes with loose
soil material in gully areas, the erosion mechanisms at these sites are different
from river erosion (Hessel and Van Asch, 2003). The structure of these
two-process models do not competently reflect and elucidate distinct
topographical features with highly developed and heavily eroded gullies.
Although gully erosion process has ever been considered in XIN-MIX-SED (Si
et al., 2017) and DYRIM (Wang et al., 2007), the conceptual assumptions in
XIN-MIX-SED, which is a lumped model, and the absence of scouring or
deposition simulation in gullies in DYRIM both leave room for improving gully

erosion simulations.

To simulate severe gully erosion, models must account for another issue,
I.e., gravitational erosion, a critical factor that induces and contributes
significantly to gully erosion on the Loess Plateau (Wang et al., 2007). The
strong cohesion within dry loess gives gully banks extremely steep or even
vertical slopes. When the moisture of loess increases (usually due to rainfall),
cohesion will rapidly decrease as a power function of the moisture, leading to
unstable banks and the easy collapse of large volumes of loess. Therefore,

gravitational erosion is predominant in gully areas with sidewall gradients of
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more than 25° and deeply cut gullies (Fu and Gulinck, 1994). There have been
some achievements in research on the mechanism of gravitational erosion in
gully areas (Wang et al., 2005), but these studies have infrequently implemented
the gravitational erosion model at the catchment scale. In most previous soil
erosion models, gravitational erosion is either usually ignored or estimated with

an experimental formula (Cai et al., 1996).

Considering these issues, this paper proposes a physically-based distributed
three-process soil erosion model, denoted by WEP-SED, to investigate soil
erosion in gullied rolling loess regions of the Loess Plateau based on the existing
Water and Energy transfer Processes in Large river basins (WEP-L) hydrological
model. A three-level sequential “slope-gully-river” structure is built in
WEP-SED to create a detailed simulation of soil erosion and sediment transport.
The proposed model is applied to simulate soil erosion in the upstream region of
the Wenjiachuan hydrological station in the Kuye River basin.

The rest of the paper is organized as follows. The soil erosion model and
the WEP-L model are first introduced in Section 2. Then, the study area is
described in Section 3. The simulation results are analyzed and discussed in

Section 4. Finally, several conclusions are given in Section 5.

2. Materials and methods

2.1. Hydrological cycle simulation

The soil erosion model is based on hydrological process and, in this study,

6
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we use the WEP-L model for river basins (Jia et al., 2006) to simulate the
hydrological cycle. Previous studies have widely applied this model in different
watersheds with various climate and geographic conditions (Jia and Tamai, 1998;
Jia et al., 2004; Kim et al., 2005; Qiu et al., 2006). To obtain a WEP model that
Is applicable to water resource assessment in large basins, such as the Yellow
River basin, several improvements are then made to establish the WEP-L model
(Jia et al., 2006).

Fig. 1(a) shows the vertical structure of the WEP-L within a contour band
while Fig. 1(b) shows the horizontal structure of the WEP-L within a watershed.
In this model, land use is divided into five groups within a contour band, i.e., the
Soil-Vegetation (SV), Non-irrigated Farmland (NF), Irrigated Farmland (IF),
Water Body (WB), and Impervious Area (IA) groups. We simulate the horizontal
processes in Fig. 1(b) for water transport using the hydrodynamic model with

the following expressions:

0A  0Q

5 T o, = v 1)
Sf == So, (2)
A

Q :;R2/3Sf1/2’ (3)

where t is simulation time (s), A is the water area perpendicular to the flow
direction (m?), x is the position along the flow direction (m), Q is discharge (m®
s, qu is the lateral inflow along a gully or river per unit length (m®s™* m™), Sy is

the friction slope, S, is the river bed slope, n is the Manning coefficient, which
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mainly depends on a river bed’s surface roughness, and R is the hydraulic radius,

which is a variable determined by the cross-sectional wetted area and perimeter

(m).

[ / ;
‘w“ i T’\ Overland Flow
f ! / 7 /

), ,,,,, ; + Contour Band

Percolation

(@) (b)
Fig. 1. Aschematic illustration of the WEP-L model structure: (a) the vertical structure within a

contour band and (b) the horizontal structure within a watershed.

More details on WEP-L can be found in Jia et al. (2006). In this study, we
propose a horizontal structure for the three-process water transport, i.e., the
“slope-gully-river” (Fig. 2), which is an improved version of WEP-L, a
two-process water transport mechanism, by including overland and channel flow.
We separately take into account the gully process to reflect severe gully erosion

on the Loess Plateau of China.
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Fig. 2. A schematic illustration of the three-process hydrology and erosion simulation in the
WEP-SED. 1: Slope-gully indicates gullies down-slope, such as rill and ephemeral gullies. 2:

Gully indicates the gully at bottom of the slope, which is perpendicular to slope direction.

2.2. Soil erosion simulation

This study builds a three-process soil erosion model, i.e., the WEP-SED, to
improve the WEP-L model by adding a new soil erosion and sediment transport
module to it, enabling it to simulate soil and water loss on the Loess Plateau.
Following the general physical process of soil erosion and sediment transport
sequence in Fig. 2, Fig. 3 shows a flowchart of the WEP-SED and all

components included in this new model.
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Fig. 3. A flowchart of the WEP-SED model.

2.2.1. Slope soil erosion
(1) Raindrop splash erosion

Hydraulic soil erosion generally begins with raindrop splashes. These can
destroy soil texture and weaken the cohesive force of the inner soil, which
detaches the original soil away from its source via overland flow. Splash erosion
mainly occurs on bare land and is simulated based on the experimental results
reported in Wu et al. (1992):

Ey = a - (Ergin - Irain)® - @ 4)
where E; is the splash erosion intensity (kg m? s%), Ennis the unit rainfall
kinetic energy (J m? mm™), which was estimated from rainfall intensity on the
Loess Plateau by Jiang et al. (1983), I,ainis the rainfall intensity (mm min™?), «,
is the representative slope angle gradient (°), and a;, by, and ¢, are experimental
coefficients.

(2) Overland flow erosion

10
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Flow detaching effects on slope soil induce overland flow erosion. The
detached soil can be estimated based on the flow discharge and slope gradient
(He et al., 2003) with the following equation:

E,=a,-q+by-q-tana+ c, - tana + d, (5)
where E, is the soil detachment rate (kg m?s™), g is the flow discharge per
unit width (m2s™?), and a,, b,,c,, and d, are experimental coefficients.

The total soil loss on bare land, i.e., Ej, is constrained by the sediment flow
transport capacity defined in Equation (6) (Prosser and Rustomji, 2000). The
portion of soil that exceeds the sediment transport capacity is subtracted
(deposited) from the soil detached via overland flow.

E3 = min (a3 - ¢ - (tana)® /Lg;o, E; + E5) (6)
where E; is the total loss in soil intensity on bare land between a slope and
gully (kg m? s™), Ly, is the length of the contour band (m), and as, bs,
and c; are experimental coefficients.

Overland flow erosion mainly occurs on underlying surfaces, including
forests, grasslands, bare, and slope croplands. Of these types of underlying
surfaces, the erosion intensity and sediment transport on forests, grasslands, bare,
and slope croplands can be determined with an adjustment coefficient in the
following equation:

E,= Ey-(Cp-Fr+C;-F; + Fg+ Cs - Fy) (7)

where E, is the comprehensive intensity of soil loss on bare land (kg m?s™); Cg,

11
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Cs, and Cg are the adjustment coefficients for soil loss intensity in forests,
grasslands, and sloped croplands, respectively; and Fg, Fg, Fg, and Fs are the
percentage area of forests, grasslands, and sloped croplands, respectively, in the
current contour band.
(3) Soil erosion in a slope-gully

The amount of soil erosion in a slope-gully is determined by subtracting the
sediment eroded by raindrops and overland flow from the sediment flow
transport capacity in a slope-gully, as follows:

_ KSG.(T_C‘I-)' T>C4
CSG‘{ 0 , T < Cy (®)

where Cgg, T, and C, are the newly eroded sediment in a slope-gully (kg m3),
the sediment flow transport capacity in a slope-gully (kg m™), and the sediment
transported from splash and overland flow erosion (sediment from the adjacent
contour band above should also be added if the simulated contour band is not the
highest) (kg m™), respectively, and Ksg is the soil erosion coefficient in a

slope-gully.

Given the severe erosion that occurs in the study area, the sediment

transport capacity is determined with the equation derived by Zhang (1992) as

follows:
. r(0.0022+C/ys)v? h 1062
T =25 [ K‘Ysy—:lm_g.R‘w n (6-d50)] (9)

K=Ky [1—42-,/C/ys-(0.365—C/ys)] (10)
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® = W, (1 _ ﬂ)&s C(1=1.25-JC/r) (11)

2.25-/dsg

where k and k, are the Karman constants of muddy and clear water,
respectively; y, and y,, are the unit weights of dry soil and muddy flow,
respectively (N m™); g is the gravitational acceleration (N kg™?); R is the
hydraulic radius (m); w and w, are the settling velocities of a sediment
particle (m s ); C is the sediment concentration (kg cm); v is the flow velocity
(m s™); dso is the median soil particle diameter, i.e., the ratio of soil particles
smaller than a specific diameter of 50%; and h is the flow depth (m).
2.2.2. Gravitational Erosion

Among various types of gravitational erosion, collapses and landslides are
the most dominant on the Loess Plateau (Cai et al., 1996). In this study,
gravitational erosion mainly considers collapses simulated based on the
mechanical equilibrium principle. The collapsed soil block can be generalized as
a quadrangular prism unit, which has a trapezoidal transect (i.e., the profile of a
collapsed soil block perpendicular to the direction of flow, similar to the bold

polygon in Fig. 4).
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Fig. 4. A schematic of gravitational erosion.

The gravity of the collapsed soil block in Fig. 4 can be estimated via
geometrical analysis with the following equation:
M=p,-L-(d-hg+1/2-d?*-tan 6) (12)
where M is the mass of the collapsed soil block per unit length of gully per day
(kgm*day™), p,, isthe soil density (including the water contained in the soil)
(N kg ™), L is the average length of the collapsed soil block (along the flow
direction) per meter of gully length (m), d is the thickness of the collapsed soil
block (i.e., the height of the trapezoidal transect) (m), € is the inclined angle
between the scouring surface plane and horizontal plane, and hsis the thickness
of the outer edge of the collapsed soil block (i.e., the upper width of the
trapezoidal transect) (m). For a collapsed soil block, we can use the torque
equilibrium equation to calculate h..
The sidewall of the gully is usually stable because both gravity and

cohesion affect the soil simultaneously. However, the cohesion of the inner loess

14
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IS sensitive to moisture; cohesion decreases rapidly with as moisture, such as
rainfall, increases. At the same time, cracks appear in the soil that fill with
rainfall and concurrently increase the water pressure on its soil block, resulting
in the collapse of the sidewall. At this moment, there is a balance in the torque
on the soil block, as shown in Equation (13), with which hscan be calculated.
Once the flow depth, h,,, in a gully reaches the soil block, the soil block will

collapse as predicted in the torque-balanced situation (Equation (19)):

T L-Lr+G-Lg—c-L-2Lc-Le=0 (13)
T ==y h? (14)
Ly =hg+d-tan6 —h/2 (15)

__ d«(3-hst+d-tan )

(16)

G ™ 3.(2:-hg+d-tan 6)
¢ = 12000 + 462.27 - w~25283 (17)
Lc =(hg+d-tan6 — h)/2 (18)
h, >H — (hg +d - tan 9) (19)

where T is the water pressure of the collapsed soil block per unit length (N m™Y),
Lt is the force arm that corresponds to T (m), Lg is the force arm that
corresponds to soil gravity, G (m), c is the cohesion forced on the soil block per
unit area (N m™), w is the soil water content (%), Lc is the force arm that
corresponds to ¢ (m), h is the soil crack depth, h,, is the flow depth, and H is the
gully depth.

2.2.3. Sediment transport in gullies and rivers

15
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Sediment transport processes in both gullies and rivers are simulated based
on the theory of non-equilibrium sediment transport. Considering sediment that
is derived laterally from slopes along a gully or river, we can improve the

non-equilibrium sediment transport equation as follows:

L% = —q B w- (G~ T) + Qs (20)

where Q is the discharge in the channel (m® s™) which is almost constant along a
short channel; C, is the sediment concentration at position x (kg m®); T, is the
sediment transport capacity at position x (kg m2); « is the saturation recovery
coefficient, which generally vary from 0.021.78 with a mean value of 0.5; B is
the channel width (m); L is the channel length (m); and Qs is the sediment
transport rate that enters a unit length of channel laterally (kg s* m™).
Furthermore, we integrate equation (20), using the following equation to

calculate that the subsequent at the gully and river estuary:

a-w-L a-w-L

C=T,+(C—T) e @ +(T—T+3 L) —=(1—e ) (21
where C, and C; are the sediment concentration at the channel estuary and
entrance, respectively (kg m™) (C; is 0 for the gully and upriver where there are
no sub-watersheds; otherwise, sediment from all upper sub-watersheds should
be added); and T, and T, are the sediment transport capacity at the channel
estuary and entrance, respectively (kg m). These variables are calculated with

Equation (9) using the corresponding C, and C; The iterative method is

necessary to calculate T, because the value of C, is unknown.
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The lateral sediment sources, Qys, are different for a gully and for a river. In

a gully, lateral sediment sources include portions of sediment from the

slope-gully in the lowest contour band and portions from gravitational erosion.

In a river, gully sediment is also a source of lateral sediment except for the

portions of sediment that come from the slope-gully. Therefore, we calculate Qs
for the gully, Qisc, and river, Qs g, With the following different equations:

Qs =P (Egn - An + Csgn - Qsgn)/Le + G /86400 (22)

Quse = [(1 =) - (Eyn An + Csen - Qsen) + Co - Qgl/Lr (23)

where p is the proportion of slope sediment that enters the gully, E4, is the

transported sediment from splash and overland flow erosion along the lowest

contour band (kg m?s™

), A, is the area of the lowest contour band (m2), Csgn IS
the newly eroded sediment in the slope-gully along the lowest contour band (kg
m), Qsc.» is the discharge in the slope-gully along the lowest contour band (m®
s1), Lg is the length of the gully (m), Cg is the sediment concentration in the
gully of the currently simulated sub-basin (kg m™), Qg is the discharge in the

gully of the currently simulated sub-basin (m* s), and L is the length of the

river (m).

2.3. Assessment methods
To assess the agreement between the model simulations and observations,
and to calibrate the model, we used three indicators: the correlation coefficient

(R), the Nash—Sutcliffe Efficiency (NSE), and the Relative Error (RE) to
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statistically analyze the model results.
R is used to assess the agreement between the observed and calculated
monthly average discharge and sediment transport rates using the following

equation:

.
R = 2t=1(0t—=0)(M—M) (24)
(EE1(00-0)2 ST, (ue-1y2

where 0, is field observations; O is the average of O,; M, is the simulation;
t is the time serial number; and T is the total number of observations. R ranges
from O to 1 and values closer to 1.0 represent improved simulation results.

The NSE is also used to assess the agreement between the observed and
calculated monthly average discharge and sediment transport rate. It uses the

following equation (Nash and Sutcliffe, 1970):

_ 1 _ 2 (0=Mp?
NSE =1 ST 0r=0)7 (25)

NSE ranges from —oo to 1. Values of NSE between 0 and 1 indicate an acceptable
level of performance, whereas values < O indicate unacceptable performance
since the mean observed value is a better predictor compared with the simulated
value (Dutta and Sen, 2018).

RE is used in water and sediment balance analysis to assess overall model
performance for the runoff volume and sediment yield. The RE is calculated with

the following equation:

T t=yT .
RE = 2t=1‘;t?:1§:;1Mt £.100% (26)
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3. Study area and database

3.1. Kuye River Basin

The proposed model is applied to simulate soil erosion in the region
upstream of the Wenjiachuan hydrological station in the Kuye river basin (Fig.
5), which has an area of 8,515 km? The basin is located in the eastern section of
the transition zone between the Loess Plateau and the Mu Us Desert. There are
occurrences of sparse vegetation, loose soil, broken terrain, and dense gullies in
this area, with an average annual precipitation of 415 mm. The interannual
variability in precipitation is high, with a maximum of 696 mm in 1964 and a
minimum of 129 mm in 1965, i.e., only 20% of the maximum value. The
seasonal precipitation distribution is also unevenly distributed, July and August
storms account for 52% of the annual rainfall. Furthermore, a single storm may
account for 10% of the annual rainfall (Hessel and Van Asch, 2003).

These geomorphological and climatic features render the study area one of
the main sources of sediment in the Yellow River Basin. The average annual
runoff measured at the Wenjiachuan hydrological station from 1953 to 2000 was
612 million m®. The runoff in July and August accounted for 45% of the annual
runoff, with uneven distribution spread throughout a year. The measured average
annual sediment load is 100 million tons, which is more uneven than that of the
runoff. The sediment load in July and August accounted for 90% of the annual

total. The maximum historical sediment concentration at the Wenjiachuan
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364 hydrological station is 1,700 kg m™, which is the maximum sediment
365 concentration recorded for rivers globally (Xue and Lin, 2000). Therefore, this

366 region has attracted significant attention for various hydrological studies.

367
T \\A
egend
Kuye River Basin
(a) 0_280:5?;?," Loess Plateau
Yellow River Basin
0 20 40
——— km
Legend
| [Contour bands
368 Fig. 5. The study area: (a) Location, (b) DEM, and (c) contour band division results.

369 3.2. Inputs and standard database
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3.2.1. Model input data

Model input data mainly include hydro-meteorological data, underlying
surface data (such as land use and soil and water conservation), topographic soil
data (such as DEMs and soil types), and gully and river data (such as water
system structures).

Hydro-meteorological data include daily rainfall, average temperature,
sunshine, relative humidity, and wind speed at the main meteorological stations
(there are 6 stations in the study area) from 1956 to 2010 provided by the China
Meteorological Administration. For the underlying surface data, land use data
were derived from Landsat TM data (1:1,000,000) for years 1980, 1985, and
1995 obtained from the Institute of Geographic Sciences and Natural Resources
Research, Chinese Academy of Sciences. Land use before 1980 is identical to
that of 1980. The linear interpolation method was used to calculate land use for
other years. Soil and water conservation measures mainly include artificial
forests, artificial grasslands, terraces, and check dams, obtained from China
Water Statistical Yearbooks.

We used ASTER GDEM data (http://www.gscloud.cn/) with a spatial
resolution of 30 m. Hydro-geological parameters, such as the hydraulic
conductivity and specific yield, were provided by the Yellow River Conservancy
Commission of the Ministry of Water Resources.

The actual water system, with a spatial resolution of 1:250,000 provided by

the National Geomatics Center of China, is used to modify the DEMs to
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improve the accuracy of the simulated river network. The gully and river
sections are generalized into an inverted isosceles trapezoid. The upper bottom
widths, lower bottom widths, and depths of the sections are required for the
model and obtained by averaging the field measured values of several typical
gullies and rivers.
3.2.2. Standard database

The available observational data for both monthly discharge and sediment
transport rate at the Wenjiachuan hydrological gauge station cover 55 years,
from 1956 to 2010, during which the observation series is completely
continuous, as well as the model input database. These observational data were
obtained from the Annual Hydrological Reports of the People’s Republic of

China.

4. Results

4.1. Model calibration and verification

4.1.1. Calibration results

Observations at the Wenjiachuan hydrological gauge station from 1956 to
1984 are used to calibrate the WEP-SED. Figs. 6 and 7 show the observed and
simulated monthly discharge and sediment transport rate during the calibration

period.
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Fig. 6. The observed and simulated monthly discharge during the calibration period at the

Monthly discharge (m3/s)
Precipitation (mm)

Wenjiachuan hydrological station.
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Fig. 7. The observed and simulated monthly sediment transport rate during the calibration

Monthly transport rate (t/s)
Precipitation (mm)

period at the Wenjiachuan hydrological station.

Figs. 6 and 7 show that the simulations are consistent with the observations,
especially for peak values. The NSE is larger than 0.50 and the absolute relative
error is smaller than 10.0.0% both for discharge and sediment transport rate. All
three statistical indicators showed in Figs. 6 and 7 demonstrate acceptable model
performance. Compared with the observations, the error between the simulations
and observations in Fig. 7 is similar to the error in Fig. 6. It reflects that a large
error between the simulated and observed sediment transport rate corresponds to
a large error in the discharge simulation, which indicates that the soil erosion
model is significantly affected by the hydrological model.

4.1.2. Verification results
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After model parameter calibration, the observations from 1985-2010 are
used for model verification. Figs. 8 and 9 show the observed and simulated

monthly discharge and sediment transport rate during the verification period.
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Fig. 8. The observed and simulated monthly discharge during the verification period at the

Wenjiachuan hydrological station.

Precipitation ——Observed —— Simulated
75 0

60 r 100

45 ‘R:0.86 NSE:0.75 RE:1.80% r 200

30t - 300
15 r - 400

1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009
Year

Fig. 9. The observed and simulated monthly sediment transport rate during the verification

Monthly transport rate (t/s)
Precipitation (mm)

period at the Wenjiachuan hydrological station.

The calibrated WEP-SED performs well during the verification period as
the NSE is larger than 0.75 and relative error is smaller than 5.0%. The three
indicators are much better than those in the calibration period for sediment

simulation. This better performance surely verifies the model calibration.

4.2. Gully erosion results

Gully erosion is an important and independent process of soil erosion on

the Loess Plateau. Gully erosion occupies a large part of total soil erosion, larger
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than both slope and river erosion. To investigate the contribution of gully
erosion further, Fig. 10 shows annual gully erosion and its ratio of contribution

to the total erosion from 1956 to 2010.
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Fig. 10. The annual gully erosion from 1956 to 2010 in the Kuye River basin upstream of the

Wenjiachuan hydrological station.

The average contribution of gully erosion to the total erosion is 60.3% from
1956 to 2010. This result is similar to the statistics showing that 60—70% of the
sediment derives from gully erosion in the gullied rolling loess region (Fang et
al., 1998).

Because heavy storm always occurs in several months from July to
September, gully erosion appears to have significant variation throughout a year,

as shown in Figs. 11 and 12.
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Fig. 11. Monthly gully erosion from 1956 to 2010 in the Kuye River basin upstream of the

Wenjiachuan hydrological station.
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Fig. 12. Average monthly gully erosion from 1956 to 2010 in the Wuding River basin upstream

of the Wenjiachuan hydrological station.

Both the amount and contribution of gully erosion vary from month to
month, and nearly all the gully erosion occurs during June to October. In
particular, there are 13 months having a contribution ratio larger than 100%,
representing an extreme situation in which severe erosion occurs in gullies and
deposition occurs in rivers. The results of gully erosion can be seen from 1956 to

2010 in Figs. 10 to 12, which provide a strong evidence that gully erosion must
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be considered separately from river process to better simulate soil erosion in this
area, especially for the rainy seasons.
4.3. Gravitational erosion analysis

As previously mentioned, gravitational erosion is an important process
during soil erosion, and improvements to simulate gravitational erosion also
contribute significantly to improve WEP-SED performance compared with
previous soil erosion models.

Fig. 13 shows that gravitational erosion contributes 7.93% of the total soil
erosion. In particular, the contribution ratio of gravitational erosion to total
erosion is even larger than 100% for several years, indicating that sediment
derived from gravitational erosion is not completely transported out of the
catchment but deposited in gullies or rivers. Considering recorded gravitational
erosion in the Liudaogou, Chabagou, and Wuding River basins near the Kuye
River basin, this result, i.e., a contribution ratio of approximately 10.0% for the
gravitational erosion at Wenjiachuan is reliable (Guo, 2018). These results
remind us again that gully erosions and gravitational erosion in gully areas,

should be considered separately.
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Fig. 13. Average annual gravitational erosion from 1956 to 2010 in the Kuye River basin

upstream of the Wenjiachuan hydrological station.

5. Discussion

5.1. Model performance assessment

A complete model assessment is then performed for the entire period
covering the 55 years and the results are listed in Table 1 and shown in Fig. 14.
Both simulated runoff and sediment yield are smaller than observed, as nearly
all the relative errors are negative. The linear fitted relationship between
simulated and observed monthly discharge is closer to the 1:1 line in Fig. 14(a).
All three indicators for the simulated discharge perform better than those of the
simulated sediment transport rate as expected. However, the three indicators for
simulated sediment transport rate reach a pretty high performance when
compared to previous research results for the Loess Plateau, where a NSE less
than 0.50 and a relative error larger than 20% (Li et al., 2017). The long
simulation period and daily timescale further demonstrate the feasibility and
efficiency of WEP-SED to simulate soil erosion. The simulation results of the

WEP-SED model are reliable for further analyses related to soil erosion on the
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14. Monthly discharge (a) and sediment transport rate (b) at the Wenjiachuan hydrological

station from 1956 to 2010.

However, there are several differences between the simulations and

observations that cannot be ignored. In both Figs. 7 and 9, the large peak value

corresponds to a large error, which significantly contributes to a poor NSE value.

Therefore, improvements in model accuracy for the peak value simulation of the

sediment transport rate require more research.

Table 1. Monthly simulation results of discharge and sediment transport rate at the

Wenjiachuan hydrological station.

Calibration Period Verification Period Whole Period
Items Indicator
1956-1984 1985-2010 1956-2010

R 0.87 0.88 0.87

Discharge NSE 0.72 0.78 0.75
RE (%) -5.42 476 -2.24

R 0.74 0.86 0.76

Sediment NSE 0.54 0.75 0.58

transport rate

RE (%) -8.10 1.80 -5.60

514 5.2. Effects from discharge simulation
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The simulated average annual sediment yield is close to the observations
throughout the 55 years, only with a relative error of -5.60%. However, the
simulation results are affected significantly by the discharge. To further
investigate the performance of WEP-SED during high- and low-flow years, we
divided these years into two groups, with the average annual discharges from
1956 to 2010, as shown in Fig.s 15 and 16. The high-flow group consists of 22
years including 1958, 1959, 1961, 1962, 1964, 1966-1971, 1973, 1976-1979,
1984, 1985, 1988, 1992, 1994, and 1996.
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Fig. 15. The observed and simulated monthly sediment transport rate in the high-flow group at

500

the Wenjiachuan hydrological station.
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Fig. 16. The observed and simulated monthly sediment transport rate in the low-flow group at

Precipitation (mm)

Monthly transport rate (t/s)

the Wenjiachuan hydrological station.

The model performs differently in the high- and low-flow cases. It

underestimates the sediment yield during high-flow years but overestimates that
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531 during low-flow years with relative errors of approximate -12% and 6%,
532  respectively. However, the calibrated model performs worse during low-flow
533 years, with only 0.53 and 0.19 for R and NSE respectively in terms of sediment
534  transport rate, than high-flow years. This is mainly a continuation of the large

535 error in discharge simulations during the low-flow years as listed in Table 2.

536
537
538 Table 2 Group simulation results of monthly discharge and sediment transport rate from 1956 to
539 2010 at Wenjiachuan hydrological station
it Number of Discharge Sediment transport rate
ems
years R NSE RE (%) R NSE RE (%)
Whole period 55 0.87 0.75 -2.24 0.76 0.58 -5.60
High-flow group 22 0.89 0.79 -6.35 0.77 0.59 -12.16
Low-flow group 33 0.68 0.32 -1.00% 0.53 0.19 6.08

540 5.3. Model improvements in applicability

541 The uncertainty in the performance of the WEP-SED is the result of many
542  factors. Several limitations in the model structure and input data are the most

543 relevant.

544 (i) The sediment transport process in a slope-gully is simplified, with soil
545 erosion estimated directly by transport capacity. In gullied rolling loess regions,
546 the loose soil particles on the slope and in the slope-gully can easily be carried
547 away by runoff. Therefore, soil erosion is usually limited by sediment transport

548  capacity, which is mainly determined by hydrodynamic conditions (Gong et al.,
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2011). However, if this model is applied in regions out of the Loess Plateau, the
performance of sediment transport equation (20) should be investigated.

(if) Although the results of the gravitational erosion in this study are
reliable for the Loess Plateau, considering only collapses as gravitational erosion
may limit the applicability of the WEP-SED in the watersheds where collapses
do not dominate gravitational erosion. The gravitational erosion in the form of
landslides can be simulated as Wang et al. (2007).

(iii) Human activities have a large influence on the runoff and soil erosion
on the Loess Plateau. A significant reduction of both flow discharge and
sediment transport rate without a decrease in precipitation can be found in Figs.
8 and 9. This is the effect of soil and water conservation measures. However,
these measures, such as terraces and check dams, are difficult to simulate
accurately because of the lack of data. Multi-source data combined with remote

sensing data will be helpful for the applicability of WEP-SED.

6. Conclusions

This study develops a three-process-based distributed soil erosion model
based on the WEP-L. The newly developed soil erosion model refines traditional
two-process models for the Loess Plateau in China, resulting in an innovative
approach to separating gully erosion process from traditional river erosion
process. The physically-based gully erosion process, a unique erosion feature on

the Loess Plateau, clearly explains the link between slope soil erosion and river
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sediment transport. In particular, this research advances our understanding of
gravitational erosion based on mechanical equilibrium principle, which yields a
more accurate and applicable model. We applied the WEP-SED to analyze soil
erosion in the Kuye River basin. The simulated monthly sediment transport rate
from 1956 to 2010 at the Wenjiachuan hydrological station is similar to
observations with a correlation coefficient of 0.76, an NSE of 0.58, and a
relative error of -5.60%, which demonstrates the efficiency and accuracy of the
WEP-SED. The calculated average annual quantity of gully erosion is larger
than that of slope and river erosion, which reflects the fact that the former is a
serious problem in the gullied rolling loess regions of the Loess Plateau and that
the gully erosion process is essential to simulating soil erosion in this area. An
analysis of the sediment transport rate influenced by the flow discharge indicates
that the physical processes associated with runoff and soil erosion are tightly
coupled with each other.

This study is a preliminary attempt to perform physically-based simulations
of soil erosion in the overall processes and this subject requires further research.
Insufficient standard data, including observed gully and gravitational erosion,
limit the applicability of the WEP-SED. Further improvements should
concentrate on enhancing data quality for model implementation and testing.
Moreover, both terraces and check dams are important due to their effects on
sediment retention and reduction in erosion. The effects of soil and water

conservation, as well as spatial and temporal variation in underlying surfaces,
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will be further investigated to improve the mechanisms involved in the

three-process-based soil erosion model on the Loess Plateau.
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