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ABSTRACT. High-peak short-duration surface runoff is the primary cause of severe soil erosion and hyper-concentrated sediment-
laden flow in the Loess Plateau of China. This paper proposed a model to simulate the process of hillslope soil erosion in the Loess
Plateau, which is essential to support environmental friendly land use and conservation policies. Infiltration excess runoff in this region
is simulated by calculating the infiltration rate of land surface in each hillslope unit. The time series of surface runoff are used as the
input to simulate soil erosion process with the same time step of several minutes. A dimensionless equation with obvious physical basis
is proposed to quantify the amount of erosion according to the runoff. Two parameters denoting soil erodibility and microtopography
are raised in the equation and are proved reasonable by experimental data. The parameters are further calibrated and validated using
data from field plots. At last, satisfiable results are achieved when used the model with continuous rainfall data from a watershed in the
Loess Plateau, by which the proposed hillslope soil erosion model is approved playing a crucial part in building up a comprehensive

watershed model.
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1. Introduction

The Loess Plateau, the center of loess deposits with an ar-
ea of about 630,000 km?, lies in the arid and semi-arid region
in the Northwest China. This region has the typical monsoon
climate with an annual precipitation of 150 ~700 mm. Howev-
er, the potential evaporation can reach as high as 1400 ~ 2000
mm. Precipitation primarily occurs in summer and early fall
seasons with high-peak short-duration characteristics. The am-
ount of soil erosion resulted from intensive surface runoffs ge-
nerated during those storms contributes over 70% of annual se-
diment yield. There are mainly two aspects contributing to the
complexity and uniqueness of soil erosion processes in the Lo-
ess Plateau. One is that sediment concentration in this highly
erodible region can easily reach 1,000 kg/m’, which rarely ha-
ppens in other river basins. The other is that the steep slope of
hillslopes exceeds the assumption of gentle slope in most ero-
sion models for farmland and rangeland. Soil erosion in steep
hillslopes is caused by not only water flow but also gravity. Na-
mely, collapse and landslide frequently happen in gully region
and lead to notable gravitational erosion amount.

Many researchers have developed various statistical soil
erosion models through regression analysis of data from cer-
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tain subbasins of the middle Yellow River basin. For example,
Lietal. (1998) proposed relationships between flood discharge
and sediment concentration of the Kuye River. Cai et al. (2004)
set up a model to estimate soil erosion amount of each storm
event of the Chabagou watershed. However, the amount of soil
erosion highly depends on the temporal and spatial distribu-
tion of rainfall, but those statistical models do not reproduce
the whole process of soil erosion, which makes the estimation
of erosion amount somewhat unreliable. Furthermore, if a soil
erosion model does not run on a fine temporal resolution, it is
incapable of being integrated into a comprehensive watershed
model. That is because non-equilibrium sediment transport in
river network, which not only carries sediment particles but al-
so deposits them or entrains more sediment in water flow, is
generally dynamically simulated after soil erosion.

Although physically-based soil erosion models, such as
CREAMS (Knisel, 1980), WEPP (Flangan and Nearing, 1995),
and ANSWERS-2000 (Dabral and Cohen, 2001), overcame
most weaknesses of statistical models. But they are not widely
used for the soil erosion process in the Loess Plateau of China
due to two reasons. Firstly, the development of upland rills and
gullies in the Loess Plateau are more extensive and intensive
than the rill space assumption in those models. Secondly, high
sediment load in runoff in the Loess Plateau may increase the
detachment rate in rills rather than that of weakening assumed
in those models (Foster and Meyer, 1972).

In virtue of the development of information technologies,
such as Remote Sensing (RS) and Geographical Information
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System (GIS), river basins are expected to be delineated and
simulated digitally. Wang et al. (2007) developed a framework
of watershed modeling for the Yellow River, namely the Digi-
tal Yellow River Model (DYRIM). The DYRIM takes the ad-
vantages of digital elevation model (DEM), drainage network
codification (Li et al.,2009), RS- and GIS-based parameter ac-
quisition, and parallel computing to facilitate physically-based,
distributed-parameter and continuous simulations of hydrolo-
gical, soil erosion and sediment transport processes in river ba-
sins. The DYRIM is designed to comprise a rainfall-runoff mo-
del for hillslopes, a hydraulic soil erosion model for hillslopes,
a gravitational erosion model for gully region, and a non-equi-
librium sediment transport model for channels.

The first version of the hillslope soil erosion model that
meets the demand of DYRIM is briefly introduced by Wang et
al. (2007). That erosion model takes the time series of surface
runoff as its input to obtain the detailed process of soil erosion
with the same time step as runoff, but the parameters in that
model are not carefully investigated. This paper proposes an
improved version of the hillslope soil erosion model. Two pa-
rameters denoting soil erodibility and the microtopography of
hillslope respectively are clearly introduced and verified using
experimental data in this paper. For application, the proposed
model is integrated in the framework of the DYRIM and is ap-
plied to the Chabagou watershed to prove its validity.
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Figure 1. Modeling schematic of the soil erosion and
sediment transport processes in the Loess Plateau of China
[adopted from Li (2008)].

2. The Hillslope Soil Eerosion Model

Splash erosion, sheet erosion and rill erosion are concep-
tualized to a general process of hillslope soil erosion in this stu-
dy as shown in Figure 1. By assuming that the erosion process
occurs uniformly in the contour direction, it reduces to a one-
dimensional process along the hillslope. In this paper, the time
series of surface runoff are used as the input to estimate the
amount of soil erosion at each time step. The influences of fac-
tors such as soil property, slope, roughness, and vegetation co-

ver to soil erosion and rainfall-runoff processes are considered
separately through introducing a set of physical parameters into
the models.

The dot-filled part in Figure 2 is a basic unit to illustrate
the soil erosion process. In Figure 2, variable x denotes the dis-
tance from the top of the hillslope, and Ax denotes the length
of the basic unit along the hillslope. In this paper, it is assumed
that among all the sediment particles passing the observation
section, m,-Ax layers of them are newly detached from the ba-
sic unit. That is, the eroding rate is m, layers of particles per
meter along the hillslope.

Detached Soil

})}'f”::-‘v

Figure 2. A basic unit (the dot-filled part) on the surface of a
conceptual hillslope for the illustration of soil erosion
process.

In order to quantify the mass of newly detached sediment
particles, in this paper the thickness of one layer of particles is
assumed to be equal to the median diameter D of the particles.
Thus, the mass of particles per layer per square meter is (1 —
0.5)-Dp,, where p; is the density of sediment particles (kg~m‘3),
and 0, is the porosity of the surface soil (m*/m®) and equals to
the saturated volumetric water content.

Therefore, soil erosion rate, namely the amount of soil de-
tached per square meter per second, can be calculated in the
way in this paper as:

e =(1-6 )mDpyv, ()

.. 2 -1 .. -1 . . .

where e, is in kg-m™s™; m, is in m"; v is the velocity of parti-
-1 . .

cles (m-s™) and is estimated as:

vEay 2

where a is a coefficient smaller than 1; v is the velocity of the
water flow (m-s‘l).

In sheet flow, hydraulic radius equals to runoff depth. Ac-
cording to the Manning’s equation, v is calculated as:

v=h"J"%/n 3)

where n is the Manning’s coefficient; 4 is the runoff depth (m);
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and J is the slope of hillslope.

Flow discharge per meter width at position x, which is kn-
own from the rainfall-runoff model, is denoted as ¢, and equ-
als to vh. g, is used to eliminate / from Equation (3), and thus
v is solved as:

V_qf/s =315 73/10 &)

By putting Equations (2) and (4) into Equation (1), e, can
be determined as:

e‘x:(l 6 )am D/OS f/s —3/5J3/1(J (5)

To describe the dynamics of soil erosion, in this paper m,
is proposed to be correlated to flow strength and the erodibili-
ty of surface soil as:

m.D=k® (6)

where £ is the coefficient related to the erodibility of surface
soil, @, is the Shields parameter denoting the strength of flow
at the position x, f is the index related to the eroding efficien-
cy of runoff. All those parameters are dimensionless.

According to the study of sediment incipient motion in ri-
ver channels (Cao et al., 2006), the value of the index £ can be
determined by fluid and sediment characteristics. However, mi-
crotopography has significant impact on the convergence of fl-
ow on hillslope surface. The concentrated flow, e.g. in rills, can
erode more particles than sheet flow. Therefore, microtopo-
graphy is crucial to determine the amount of soil erosion, and
should be taken as the main factor determining the exponent
(i.e. the parameter §5) on flow strength.

The Shields parameter in Equation (6) is expressed as:

Pu_ M

0, =
p=p, D

Q)

where p,, is the density of sediment laden flow (kg-m™). Re-
placing % by ¢,/v in Equation (7) and then putting it into Equa-
tion (6) lead to:

Vi
mezk(—p'" ] 0 0 @®)
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Putting Equation (8) into Equation (5) yields:

P P 3y Tpd 352
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Surface runoff is assumed to be generated uniformly in a
hillslope so that:

4= qex (10)

where ¢, is the surface runoff rate (m-s™). Putting Equation
(10) into Equation (9) leads to:

3,2 3,2

AR
e =(1-6 )akpsDﬂ(Lj PP )
pS - m

us

In the area of a hillslope, the characteristics of soil and
microtopography basically do not vary largely, thus the para-
meters k and £ can be assumed constant with x. Moreover, p,,
increases from the top to the bottom in a hillslope, and is de-
termined by e,. If an expression of p,, is put into Equation (11),
e, can not be solved out in a simple form. Erosion rate of a
whole hillslope can be obtained by integrating Equation (11)
along the slope and multiplying the result by the width of hill-
slope. The p,, is assumed constant for the integration, and the
integrated result is:

L A3
E:B'J'erdx:B';(l-é’u?)akva’/’ B
‘ 3p+7 ‘ Py~ Py
Jm"w §/‘ng/‘§: > (1.9

B
_ =(8-1)
akp DP| —Lr__| 557
s )k p, (ps— m]
7ﬂ7 ,ﬂ,

JIO IOqS A (12)

where E is the erosion rate of a hillslope (kg:s™); B is the wid-
th of the hillslope (m); ¢, is the runoff per meter width at the
bottom of the hillslope (m*s™). The density of sediment laden
flow, p,,, can be calculated by averaging the density of the cl-
ear flow at the top and that of the turbid flow at the bottom of
the hillslope, because the actual range of the density of flow
in a watershed is limited.

Equation (12) indicates that the erosion rate has an expo-
nential relationship with surface discharge under given geome-
trical and physical parameters. The exponential terms in Equa-
tion (12) are determined by the parameter f; and the coeffici-
ents are calculated with k and other physical parameters.

3. Physical Meanings of Parameters k and g

In some popular soil erosion models, such as RUSLE in
AnnAGNPS (Bingner et al., 2009), rainfall characteristics and
soil erodibility are the main factors determining soil erosion
amount, and microtopography is not directly considered. The
WEPP model and ANSWERS-2000 take microtopography into
consideration, but leave the rill space a tough problem for high-
ly erodible regions. This paper intends to quantify microtopo-
graphy by a parameter £ in the proposed model. In this section,
the physical meanings of parameters & and f are explained by
experimental data (Xu et al., 1995a), so that the reasonability
ofthe newly introduced parameter 5 can be validated.

In Xu’s experiment, the artificial hillslope is 8 m wide and
10.5 m long on average by considering its fan-shaped toe. The
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Table 1. Statistics of the Exponential Relationships Between g;and E for Different Sets

Set 1 2 3 4 5 6 7 8 9 10
Exponent  0.77 1.08 1.37 0.51 1.30 1.33 1.12 1.58 1.32 1.35
R’ 0.96 0.55 0.60 0.14 0.90 0.98 0.81 0.58 0.56 0.68

average gradient is 0.0638, and the median diameter of the lo-
ess particles is 0.076 mm. 10 artificial rainfall events with 90-
minute duration and 0.0938 mm/s intensity were simulated wi-
th intervals from one to two days. Furthermore, the final land-
form of the previous rainfall event was used as the initial land-
form of a current rainfall event. As for the microtopography pro-
cess, the tiny and shallow rills are considered as under deve-
lopment among the experimental sets 1 to 4; whereas, the rills
are relatively stable among the following experimental sets (Xu
et al., 1995b).

The amounts of runoff and soil erosion of each rainfall ev-
ent are shown in Figure 3. Because of the sequential experi-
ment design, the moisture content of soil increased dramatica-
lly at first, and then more slowly, which made runoff increased
dramatically from Set 1 to Set 2, and then slightly. The ero-
sion amount shows a tendency of firstly increase with runoff
and then decrease, as in Figure 3. It is implied that the erosion
amount is not only correlated to runoff, but is also affected by
the development of hillslope microtopography. At the later st-
age of the experiment, the hillslope microtopography was fully
developed so that soil erodibility decreased correspondingly;
therefore, the amount of soil erosion could significantly de-
crease.

0.6 600
" Runoff

0.5 " Sediment yield | i~
> 4 s00 &
2
g | <
&? 0.4 e
5] | 400 >~
5 03 [ k=
a £
L 1300 5
0.2 3
wn

0.1 200

Set

Figure 3. The sequences of runoff yield and erosion amount.

In a certain rainfall event, the values of k and £ are sup-
posed to be independent on time. Thus, the power of ¢; in Equa-
tion (12) can be estimated by curve fitting with the experimen-
tal data as shown in Table 1. The majority of the erosion pro-
cess is highly correlated to the corresponding runoff process
except for the experimental set 4. In that set, the rills were in
fast developing period caused by stochastic erosion events, and
the erosion rate varied too dramatically to be accurately mea-
sured. Thus, that set will be omitted in the following discussion.

Values of the parameter f are calculated with the estima-
ted values of the exponent of g; in Equation (12); and values
of the parameter k are fitted through using the least square me-

thod according to Equation (12) with the experimental data.
Since the value of a can not be estimated separately from £ in
this study, it is assumed equal to 1. Those two parameters vary
with the experimental sets as in Figure 4. The value of the pa-
rameter k dramatically decreases firstly, and then keeps rela-
tively stable. The variation of & is consistent with that of the
soil erodibility of the slope surface. At the beginning, the loo-
se soil on surface could be detached easily; while lower layer
soil became relatively more stable after hydraulic consolidat-
ing and coarsening at the later stage. Therefore, the parameter
k is regarded as the nondimensional soil erodibility.

Bk

. 4

k(107)

Figure 4. Variations of parameters £ and f§ with experimental
sets.
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Figure 5. Pairs of k and f calibrated by using data from
in-door experiment and field plots.

For the parameter f, it increases at the beginning and then
vibrates within a relatively small range, which is consistent wi-
th the development of rills on the hillslope. This consistency
implies that the eroding efficiency of surface runoff increases
with the strengthened convergence of runoff due to the deve-
lopment of rills. Thus, for a certain soil type, the value of the
parameter f mainly depends on the microtopography. When the
microtopography is stable, the variation of the calibrated f is
caused by random events such as collapse in rills. In general,
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Figure 6. Soil erosion processes denoted by simulated and measured sediment discharges at the outlet of Plot 7: (a)
August 22, 1967; (b) August 25, 1967; (c) August 26, 1967; (d) July 15, 1968; (e) July 25, 1968; and (f) August 22,

1968.

each parameter of k£ and $ has its own physical meaning, whi-
ch partly proves the reasonability of the developed hillslope
soil erosion model.

4. Validation and Application

4.1. Validation in Field Plots

In this section, data from field plots are used to validate
the proposed model. The Chabagou watershed, with an area of
205 km’, locates in a typical region of the gullied Loess Plat-
eau. According to field measurements, the median size of soil
particles is 0.08 mm approximately for the whole watershed.
In the 1950s and 1960s, field observations of rainfall-runoff
and soil erosion were carried out at experimental plots in the
Chabagou watershed. Among the plots, Plot 4,2, and 3 are rec-
tangle hillslopes from hill top with the same gradient of 0.404,
and with the lengths of 20m, 40m, and 60m respectively. Data
from those plots in 1967 and 1968 are used to calibrate the pa-
rameters k and . Measured runoffs and sediment concentra-
tions are in the interval of 1 to 2 minutes. All rainfall-runoff
events with more than 5 data points are chosen for parameter
calibration respectively. Therefore, 21 sets of k£ and f are ob-
tained, as plotted in Figure 5.

Figure 5 presents that parameter £ is highly correlated to
k in logarithm. The relation between f and £ is also given in
Figure 5. The correlation shows a stable connection between
soil erodibility and microtopography under certain geographi-
cal and under-lying conditions. That is, larger £ denoting high
eroding efficiency of runoff usually occurs after the develop-
ment of rills and tiny gullies. Accompanying with the deve-
lopment of microtopography, the soil erodibility & is decreased
by the lost of incompact surface particles. The development of
microtopography may cycle annually in farmland, because ri-
1ls and tiny gullies are erased by tillage. However, the erosion
parameters are more or less invariable in storm seasons in the
studied region, since microtopography can fast evolve to a sta-
ble condition after only one or two rainstorms.

Observed data from Plot 7, a natural hillslope covering
5740 m’, is chosen to validate the developed erosion model.
The equivalent length of the hillslope is 110 m, and the gradi-
ent of the 40% long and most mild segment at the bottom is
0.344. The average value of parameter £ in Plot 3 (the longest
one) is 3.54 x 107, and g is 1.62 by using its relation with .
These values of & and f are used for Plot 7. All the observed
data of rainstorms in 1967 and 1968 are used for the valida-
tion. Equation (12) is used in each time step with measured run-
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off as the input. Simulated values at the outlet of Plot 7 are
compared with measured values as shown in Figure 6. It is in-
dicated that simulated soil erosion processes basically agree
with measured processes. The errors of peak sediment dischar-
ge are less than 70% except for the most intensive rainstorm
as in Figure 6(d). The model will be further tested in water-
sheds to check out whether the over estimation of soil erosion
in heavy rainstorm is occasional, or systemic that caused by
be the proposed model itself.

@

L\.ﬂ'egetationj

(b)

S [ = S A Pn Vegetation canopy

Wa
Subsoil layer _L —

Figure 7. Schematics of hillslope rainfall-runoff simulation:
(a) a conceptual hillslope (the soil is divided into two layers:
topsoil and subsoil); (b) hydrological responses simulated in
different layers.

4.2. Integration in the DYRIM

The proposed model is integrated into the DYRIM so that
continuous simulations of rainfall-runoff, soil erosion, and se-
diment transport in watersheds can be achieved. In the inte-
grated model, at each time step rainfall-runoff is simulated fir-
stly and then the results are taken as the input of the soil ero-
sion model. Since hillslope runoffs are the input, the rainfall-
runoff model is briefly introduced here.

The influence of ground water on hillslope surface runoff
is ignored in this study, because the unsaturated zone of soil
can be dozens of meters deep in the Loess Plateau. Hillslope
soil is divided into two layers: topsoil and subsoil, as shown
in Figure 7(a). The bottom of the topsoil layer is parallel to

6

the hillslope surface, and the subsoil layer is triangle shaped
in the longitudinal cross-section view of the hillslope. Infiltra-
tion-excess flow is mainly considered in the model, along wi-
th related processes such as vegetation interception, evapora-
tion, soil water flow, and water redistribution between the two
soil layers. All simulated hydrological responses are shown in
Figure 7(b).

The mass conservation equations of the canopy storage,
topsoil water and subsoil water are:

Bew_p_p_E, (13.1)
ot

ow,

—*=4(4.,-9.,~E,)- 0, (13.2)
ot

ow,

a—td:A'qm—di (133)

where S,,, is the canopy storage (m), ¢ is time (s), P is the rain-
fall intensity (m/s), P, is the net rainfall intensity (m/s), E.,, is
the evaporation rate of canopy water (m/s), W, is the water sto-
rage of topsoil(m®), ¢., is the infiltration rate of land surface
(m/s), q.4 is the infiltration rate from topsoil to subsoil (m/s),
E, is the evaporation rate of topsoil water (m/s), O, is topsoil
drainage (m’/s), W, is the water storage of subsoil (m’), Qga 18
subsoil drainage (m?*/s).

The value of g, to simulate the soil erosion process is cal-
culated as:

¢,=(P,—q,,)-L,whenP,> g, (14)

where P, is the output of canopy layer simulated with the Kri-
stensen-Jensen approach as in MIKE SHE WM (Vazquez and
Feyen, 2003), and q., is the output of infiltration simulation of
the topsoil layer as follows.

By assuming that the moisture content at the vertical mi-
ddle of the topsoil layer equals to its average value, and the
surface soil is saturated during rainfall, the infiltration process
from the land surface to the topsoil is generalized as one-dimen-
sional vertical seepage, where the unsaturated Darcy’s law can
be used. The relative hydraulic conductivity of unsaturated to
saturated soil is expressed by an exponential function of the sa-
turation degree. The pressure drop from the land surface to the
middle of topsoil layer equals to the differences of the gravity
and matric potentials. The matric potentials are estimated by us-
ing exponential function of the saturation degree of soil. There-
fore, the variation of infiltration rate can be calculated with the
volumetric water content of topsoil 6, as:

qzu = KZMS B

XOVAS
I+ Ax 1_'_2& gu(t) ’ (15)
2 h

u
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where K, is the saturated vertical hydraulic conductivity of
the topsoil (m/s); 6, is the saturated volumetric water content
of the topsoil (m*/m’); exponent B, is determined by the gr-
ain composition of soil; 4, is the thickness of the topsoil layer
(m); and a, (m) and b, are the matric potential coefficients of
the topsoil.

To calculate the variation of 0, all the contributing pro-
cesses are simulated. The redistribution of soil water, that is,
the exchange of water between the topsoil and the subsoil lay-
ers, is calculated following the unsaturated soil hydrodynamics.
Discharge from the topsoil layer is simulated using Darcy’s law
when its water content is greater than the soil storage capacity,
though it merely happens in the Loess Plateau. Soil water eva-
poration is simulated with soil water content and potential eva-
poration by using the equation proposed by Fu (1981), in whi-
ch the variation of soil water content in different stages is sm-
oothly considered.

Simulated flow and sediment discharges of a hillslope are
treated as direct inputs of subsequent models to simulate the
movements of water and sediment in the river reach corres-
ponding to that hillslope. Confluence and flow routing in the
drainage network are simulated using a diffusive wave method,
and non-equilibrium sediment transport is simulated using the
method proposed by Fei and Shao (2004). Therefore, water and
sediment movements in a whole watershed can be simulated
with the DYRIM (Wang et al., 2007).

Legend:
+ Rainfall station
4 Hydrology station

Figure 8. The drainage network of Chabagou watershed
(extracted from 50 m x 50 m DEM).

4.3. Application in Watershed

The integrated model is applied to the Chabagou water-
shed. With the 50 m x 50 m resolution DEM, the watershed is
delineated by 4,763 units (a river reach with 2 or 3 hillslopes)
with an average hillslope area of 0.017 km”. The drainage net-
work, rainfall stations and hydrological stations are shown in
Figure 8. There are six hydrological stations and 31 rainfall sta-
tions.

Rainfall (mm)
May to Sept., 1967

High : 496

5

ot}

Low ;3

Figure 9. Distribution of precipitation in the simulated
period in the Chabagou watershed.
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Figure 10. Daily precipitation of Caoping Station (a rain
storm occurred in August 26 contributed to the maximum
flood peak in that year).

Table 2. Statistics of Runoff Simulation in all the
Hydrological Stations

Station Drainage Error of  Error of pfak NSE of
Area runoff discharge discharge
(km’) (%) (%)
Shejiagou 4.26 259 -3.5 0.35
Tuoerxiang 5.74 -50.0 57.1 0.53
Sanchuankou 21.0 49.3 33.7 <0
Xizhuang 49.0 -14.2 0.2 0.73
Dujiagoucha  96.1 -28.0 1.0 0.89
Caoping 187 -3.6 -3.3 0.90

" The flood peaks were all counted on August 26"

Rainfall-runoff, soil erosion, and sediment transport pro-
cesses in 1967 are simulated with precipitation data from those
31 rainfall stations. According to the recorded rainfall proce-
sses with time steps in the vicinity of 12 minutes, the time step
for simulation is set as 6 minutes. The period from May to Sep-
tember in 1967 is selected as the period for rainfall-runoff ca-
libration. The nearest neighbor method is adopted to spatially
interpolate rainfalls so that the precipitation distribution is ge-
nerated as shown in Figure 9. The daily precipitation at Cao-
ping Station is shown in Figure 10 as an example.
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Comparison of the observed and simulated discharges at
Caoping Station, which is used for the optimization of rain-
fall-runoff parameters, is shown in Figure 11. The results of er-
ror analysis for runoff yields, flood peaks and the Nash-Sutcli-
ffe coefficient of efficiency (NSE) of all the gauge stations are
listed in Table 2. There are mainly two reasons resulting in the
errors of runoff simulation, especially in small tributaries. One
is that the recorded data of all rainfall stations are not in the
same time interval; thus rainfall intensities are not spatially eq-
ually expressed. The other is that the spatial distribution of un-
derlying parameters is not considered due to the lack of data.

Table 3. Statistics of Sediment Discharge Simulation in all
the Hydrological Stations

Station Measured Simulated  Error of NSE of
sediment  sediment sediment  sediment
discharge  discharge  discharge concentration
(tons) (tons) (%)

Shejiagou 5.57x10°  6.99x10* -7 0.69

Tuoerxiang  7.53x10*  3.28x10*  -41 0.35

Sanchuankou 2.15x10°  4.21x10° 96 0.43

Xizhuang 9.08x10°  6.80x10°  -25 0.63

Dujiagoucha ~ 2.32x10°  1.56x10°  -33 0.76

Caoping 3.64x10°  3.76x10° 3 0.60

« Simulated
er Field

May-1 May-16 May-31 Jun-15 Jun-30 Jul-15 Jul-30 Aug-14 Aug-29 Sep-13 Sep-28
Date

Figure 11. Comparison of field and simulated flow
discharges at Caoping Station.

With the simulation results of hillslope runoff, soil erosion
on hillslopes and non-equilibrium sediment transport in chan-
nels are further simulated by using the DYRIM. Gravitational
erosion in gully slopes that also contributes to sediment disch-
arge is also simulated using the module (Wang et al., 2005) in
the DYRIM, which is introduced by Li et al. (2008). The pa-
rameters of £ and £ used in the hillslope erosion model are
3.54 x 107 and 1.62, respectively, same as those used in mo-
del validation in field Plot 7. The simulated sediment dischar-
ges and their NSEs at all stations are listed in Table 3. Most
stations have NSE greater than 0.5. Sediment concentrations
at four stations as shown in Figure 12 also indicate that the si-
mulated and observed sediment discharges are in the same or-
der of magnitude. The distribution of hillslope soil erosion in
the whole watershed as shown in Figure 13 is consistent with
the distributions of rainfall intensity and slope gradient in the
watershed. The hillslope erosion modulus in several regions
With2 high concentrated precipitation is larger than 20,000 tons
/km”.
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Figure 12. The comparison of measured and simulated
sediment concentrations: (a) Tuoerxiang, (b) Xizhuang, (c)
Dujiagoucha, and (d) Caoping.

With hillslope soil erosion as the main source of sediment,
the integrated model DYRIM is notably effective in simulat-
ing the whole processes of rainfall-runoff, soil erosion, and se-
diment transport in watersheds. In the continuum of simula-
tion, the proposed hillslope erosion model plays a critical role.
Soil erosion simulation with the same time step as that in hy-
drological and hydro-dynamical models can maintain the con-
tinuity of the simulations of those dynamical processes. There-
fore, detailed sediment-graphs can be simulated from measured
or forecasted rainfall inputs rather than upstream sediment-
graphs. The developed soil erosion model helps to advance tra-
ditional sediment transport model for river channels to an in-
tegrated system with hydrological model that covers a whole
river basin.
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Hillslope erosion (tons/km?)
July to Sept., 1967
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Figure 13. Distribution of hillslope erosion in Chabagou watershed shows its correlation with rainfall intensity and

hillslope gradient.

However, distributed simulation of rain-runoff is difficult
in arid and semi-arid areas due to remarkable variations of in-
filtration rate and soil moisture. The simulation of soil erosion
process in this paper is based on the rain-runoff simulation re-
sults that inevitably bring errors into soil erosion simulation.
This is approved by the fact that most of the simulation errors
of sediment discharge and flow discharge have the same ten-
dencies. Moreover, errors from the simulations of gravitation-
al erosion, flow routing and sediment transport also contribute
to the errors of simulated sediment concentrations. Therefore,
the simulation accuracy of sediment discharge depends on all
the modules of water and sediment movement processes and
their hybrids in a watershed.

In this paper, the two key parameters of developed model
are estimated from a few field plots experiments, thus they are
only valid and suitable for watersheds with similar soil pro-
perty of loess and land surface with sparse vegetation and nu-
merous rills.

5. Conclusions

In this paper, splash erosion, sheet erosion and rill erosion
are generalized as a unified process of hillslope soil erosion.
To simulate this process, a model taking surface runoff as its
input is developed. Two dimensionless parameters are propos-
ed, namely the parameter & that presents soil erodibility and
parameter f that reflects the effect of microtopography on the
confluence of runoff, respectively. They are proved reasonable
by using indoor experimental data.

The developed model is validated using measured data
from field plots. The model is integrated into the DYRIM, and

is applied to simulate soil erosion processes in the Chabagou
watershed. The results indicate that the developed model can
reasonably simulate soil erosion processes in the Loess Pla-
teau.

After integrating all relevant models, the DYRIM can si-
mulate all hydrological and sediment processes in a river ba-
sin to facilitate the investigation of soil erosion and sediment
runoffs. Since the simulated process of hillslope erosion is in
the time step short enough to dynamically simulate the hyper-
concentrated sediment laden flow in river channels, the erosion
model proposed in this paper plays a crucial part in building
up the whole modeling system.

Future research efforts can be made in (a) identifying ty-
pical values of parameters & and f for different soil textures
and microtopographies, (b) investigating the impacts of vege-
tation, land use and soil water conservation measures on para-
meters £ and S, and (c) verifying whether the proposed model
has scale effect problems and making efforts to achieve a scale-
independent version.
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