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Aims: Antecedent soil water content (ASWC) is an important factor affecting soil water infiltration, runoff and soil
erosion on slopes but it is difficult to measure or forecast accurately and is not often reported in soil erosion
databases.

Methods: Runoff plots (12 m x 5 m) were used to collect runoff and sediment during the rainy seasons between
April 2010 and October 2013 on the Loess Plateau, China. The HYDRUS-1D model was calibrated and tested using
the data collected from the plots. The relationships of ASWC with runoff and sediment yield were investigated

K ds:

H?,ggsfm using the model output values for ASWC.

Rainfall Results: The model performance was satisfactory, with a mean Nash-Sutcliffe model efficiency coefficient of
Runoff 0.411 and a root mean square error of 0.031 during the four study years. Runoff was directly affected by rainfall

Soil water content amount and rain intensity. Furthermore, runoff typically increased with ASWC.

Conclusions: HYDRUS-1D can provide temporal ASWC data that could be used for runoff prediction.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Soil erosion is an important global environmental problem that
markedly influences the environment and social development (Fu
et al., 2011; Higgitt, 1991). The Loess Plateau has long suffered from
the most severe soil loss and runoff in China (Fu et al., 2009; Ni et al.,
2004; Zheng, 2006), which has led to land and environmental degrada-
tion within the region and beyond, since sediments and pollutants can
travel beyond its boundaries (An et al,, 2008). Many studies have inves-
tigated the impact of antecedent soil water content (ASWC) on soil ero-
sion and nutrient loss (Brocca et al., 2008; Huet et al., 2012; Mamedov
et al., 2006; Paola et al., 2013; Qiu et al., 2001). Duiker et al. (2000)
found that ASWC was the most effective factor when determining sed-
iment yield. Vahabi and Nikkami (2008) reported that the effects of
both vegetation cover and ASWC determined sediment yield from the
Taleghan watershed in Iran, where soil textures ranged from light to
heavy on slopes of 12% to 30% under different vegetation covers (9% to
49%). The ASWC influences water infiltration, which in turn affects the
occurrence of runoff and erosion (Gao et al.,, 2011). Wei et al. (2007a)
found that, with increasing ASWC at a depth of 10 cm, there was a re-
duction in water infiltration and experimental plots produced more
runoff and sediments. Runoff production is a function of changes in
both the soil surface in response to wetting and the rate of application
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of water to the soil surface (Bowyer-Bower, 1993). The ASWC parame-
ter has been added to the criteria for the Soil Conservation Service-
Curve Number (SCS-CN) in order to improve runoff estimation
(Huang et al., 2007; Lal et al., 2015). The influence of ASWC on soil ero-
sion has increasingly been considered in order to obtain more accurate
estimates of soil losses.

There is a variety of ways by which to measure soil water content.
Commonly used instruments for measuring soil water content are neu-
tron probes (Huo et al., 2008) and time domain reflectometers (TDR)
(Brocca et al., 2009; Gao et al., 2011). However, the use of TDR may
not be suitable for multiple site observations in the field due to the ex-
pensive equipment (Calamita et al., 2012). Long-term monitoring of
soil water content can provide the antecedent water content before a
number of rainfall events (Gao et al., 2011; Qiu et al., 2003). However,
soil water content monitoring at the watershed scale is difficult because
of its space-time variability and because field measurements are costly
and time consuming. Furthermore, where there is measured runoff
data, typically the corresponding ASWC has not been measured. This
creates a problem since ASWC is required as an input for runoff and sed-
iment models. A possible solution is to construct a model that simulates
soil water content data continuously. At present, such models include
the Rangeland Hydrology and Erosion Model (RHEM) (Zhang et al.,
2011a), the Bridging Event and Continuous Hydrological (BEACH)
model (Vahedberdi et al.,, 2009), the Multiple Linear Regression (MLR)
model (Liu et al., 2011), and the Water Dynamic Model (WDM)
(Celestino Ladu and Zhang, 2011). Among these models, the HYDRUS-
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1D model (Simunek et al., 2012) is based on the Richards' equation,
with an added term for root water uptake. It can simulate the compo-
nents of the entire soil water hydrological process including, for exam-
ple, evapotranspiration, precipitation or irrigation, and deep drainage
(Fan et al., 2012; Tafteh and Sepaskhah, 2012; Xu et al., 2005; Zhang
et al,, 2011b). This model has served an important role in studies
of the vadose zone and has been used in a variety of applications
(Simunek et al.,, 2008a).

The main objective of this study was to determine if the use of
HYDRUS-1D could provide a method for predicting ASWC effects on
runoff and soil erosion on the Loess Plateau where only runoff and sed-
iment yield data existed. In order to achieve this, HYDRUS-1D was used
to simulate continuous soil water contents to generate values of ASWC
for rainfall-runoff events. An assessment was made of the accuracy of
the model predictions of ASWC by comparing the measured and pre-
dicted data. Based on the results of this analysis, we then considered
the applicability of the model for predicting ASWC on the Loess Plateau
and suggested further research that could be undertaken.

2. Materials and methods
2.1. Site description

The study site was located at Shenmu Erosion and Environmental
Experimental Station, Institute of Soil and Water Conservation, Ministry
of Water Resources, Chinese Academy of Sciences, Northwest Agricul-
tural and Forestry University, in Yulin City, Shaanxi Province, China
(110°317E, 38°50'N). The study site was situated in the Liudaogou wa-
tershed (110°21’-10°23'E, 38°46’-38°51’N) on the Loess Plateau. This
location is in the wind-water erosion crisscross region, which is subject
to severe soil erosion caused alternately by wind and water (Tang,
1990). The climate is semi-arid, which is characterized by extreme sea-
sonal differences in temperature and precipitation. A very dry winter
and spring often leads to droughts and, with typically low amounts of
precipitation, the area is then susceptible to wind erosion and sand-
storms. In contrast, the summers are relatively wet and are character-
ized by intense rain and hail storms. The concentration of the rainfall
in a small number of intense rainstorms leads to floods and water ero-
sion. The mean annual rainfall is 437.4 mm and the mean annual tem-
perature and the mean daily maximum and minimum temperatures
are 8.4 °C, 13.8 °C and 3.1 °C, respectively. The annual mean number
of days with gale force winds (equal or greater to Force 8 on the Beau-
fort scale) is 16.2, and the annual mean number of days having dust
storms is at least 4 (Li et al., 2005). The rainy season is between June
and September during which approximately 80% of the total annual
rainfall occurs (Zhu and Shao, 2008). The terrain is characteristically
typical of the loess hilly-gully region, in which gullies formed by erosion
dissect the deep loessial deposits of the Plateau.

2.2. Experiment methods

The experiment was conducted between April 2010 and September
2013. Only one set of controlled experimental conditions, with three
replications, was considered in this pilot study. Three parallel experi-
mental runoff plots (length: 12 m; width: 5 m; slope: 15°) enclosed
by a cemented slab stone wall (20 cm aboveground and 30 cm under-
ground) were established on a cultivated slope in 2002. The plots
were separated by 1.5 m of bare soil. The plots were mainly planted
with green beans (Vigna radiata (Linn.) Wilczek) during the study period
according to the local farming practice. The mean crop yield over four
years was 5 336 kg ha™'. The leaf area index (m? m~2) (LAI) was mea-
sured in triplicate with an LAI2000 Plant Canopy Analyzer Instrument
(LI-COR Biosciences, Lincoln, U.S.A.) each week during the growing sea-
son, and belowground biomass in soil samples extracted by auguring
was measured once in each plot at the end of the growing season.

A meteorological station located close to the experimental plots au-
tomatically recorded the meteorological data (rainfall amount and rain-
fall duration, wind speed, maximum and minimum daily temperatures,
daily solar radiation) between April and October in each of the four
study years. Rainfall intensity was measured using a HOBO RG3-M
(Onset Computer Corporation, Bourne, US.A.).

The mean volumetric soil water content of the soil surface layer
(0-6 cm) was measured using a Hydra Probe (Incorporated Company
of Stevens Water Monitoring Systems, Portland, Oregon, U.S.A.) at 10-
day intervals during the growing season in 2010 and 2012. However,
in 2011 and 2013, the measurements were made, at the same intervals,
only during the months of August and September. The Hydra Probe has
an accuracy of 4+0.03 cm® cm ™3 after it has been calibrated for the local
soil. The probe conveniently measures the mean soil water content of
the 0-6 cm soil layer, the thickness of which is restricted by the length
of the needles of the probe, which are 6 cm long. At the time of measure-
ment, the probe was pushed into the soil vertically and five measure-
ments were made and averaged. Soil water contents in the soil profile
(0-200 cm) was measured using a neutron probe (CNC, Beijing,
China) in April, May, June, July, August, September and October in
2010 and 2012, but in April, August, and October in 2011, April, June,
August, and October in 2013. These soil water content measurements
were used to calibrate the HYDRUS-1D model. Antecedent soil water
content was taken to be the water content simulated on the day before
a rainstorm.

Runoff and sediments were funneled into collection buckets at the
lower outlets of the experimental plots (Fig. 1). Pairs of collection
buckets (diameter 60 cm, depth 100 cm) were positioned at two
heights. When the upper bucket was full, excess runoff was split so
that only one seventh of the runoff and sediment flowed into the
lower bucket. This arrangement can collect samples from heavy rain-
storms using small buckets. The amounts of runoff and sediments
were measured after each rain event. The runoff was determined by
measuring the water depth in the bucket. The contents of the bucket
were then thoroughly mixed, and three 1-L subsamples were removed
from each bucket during mixing. If the runoff water was less than 3 L,
only the water depth was measured due to the low amount of soil ero-
sion. The subsample was allowed to stand for 24 h to allow the sedi-
ments to settle. Excess water was decanted, and the sediment mass
was then determined after oven-drying at 105 °C for 24 h.

2.3. HYDRUS-1D modeling

The HYDRUS-1D is used here to simulate soil water content, a one-
dimensional variable saturation soil water model (Simunek et al.,
2008b). The van Genuchten-Mualem models the variation of K(h)
with soil water content where

0,—0
0, 54rm h<0
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where the effective saturation, S, is
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and 6, is the residual water content, 6; is the saturated water content, ¢,
n and I are empirical parameters that determine the shape of the soil
water retention curve where « is related to the inverse of the air-
entry suction, while n and [ are related to the pore size distribution
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Fig. 1. The arrangement of collection buckets at the lower outlets of the experimental plots.

and a pore-connectivity, respectively, and Kj is the saturated hydraulic
conductivity.

2.3.1. Boundary conditions

The soil was a coarse-textured loessial soil. Loess is an aeolian sedi-
ment formed by the accumulation of wind-blown silt. It is usually ho-
mogeneous, highly porous and vertical capillaries are abundant, the
Loess has a much higher vertical than horizontal permeability
(Parsons et al., 2009; Mu et al., 2003). Based on the structure and texture
of the soil, lateral movement of soil water was assumed to be negligible.
The simulation run with daily time steps and the model was used to
simulate the soil water movement processes in the 0-200 cm soil layers
of the experimental plots because the maximum rooting depth of the
green beans growing in the plots was 60 cm. The upper boundary select-
ed was the atmospheric boundary with the surface layer, which permits
water to build up on the soil surface. However, runoff did not be simu-
lated and zero, maximum height of water at soil surface was set up in
this simulation. The lower boundary was set for free drainage conditions
due to the deep soil in the study where the water table is much deeper
than the domain of interest. Initial condition was a measured soil water
content in the soil profile using a neutron probe in April, 2010.

2.3.2. Meteorological conditions

The HYDRUS-1D model required the input of meteorological condi-
tions such as rainfall, potential soil surface evaporation (E,, mm d—h
and potential transpiration (T,, mm d™1). Daily rainfall was input as
the original rainfall minus measured runoff because runoff was not
simulated. Potential soil surface evaporation (E,) and potential transpi-
ration (T,) were calculated. Evapotranspiration (ET, mm d ') calculat-
ing software (Ref-ET: Reference Evapotranspiration Calculator,
University of Idaho Extension, U.S.A.) based on the Penman formula
used inputs of the area's meteorological data, i.e., the maximum and
minimum temperatures, wind speed, and solar radiation, to calculate
the reference ET (ETo, mm d~'). Typically, the E, and T, for the study
area were calculated using the following equations (FAO, 1996):

T, = ET, (1—e""”“) — ET,SCF (5)

E, = ETpe *' — ET((1—SCF) (6)

where LAI is the leaf area index (dimensionless), SCF is the soil cover
fraction (dimensionless), which was appropriate for the vegetation can-
opy of the study area; and k (dimensionless) is the radiation extinction
coefficient by the canopy that was taken as 0.463 (Ritchie, 1972).

2.3.3. Plant growth condition

Factors affecting the transpiration of the plants were the above-
ground and belowground biomasses. The LAl was related to the above-
ground biomass and affected the ratio of leaf transpiration to
evaporation (Sammis et al., 1985). The belowground biomass was di-
rectly related to the development of the plant root system, which affect-
ed water uptake by the plants. Therefore, the LAl was measured as an
input to separate potential transpiration and evaporation. The root
water uptake, depending on pressure head conditions at different
depths actual root uptake is either equal to potential root uptake or
lower was derived by using the Feddes model, using the option of
“small grain” plant from the model's database, and then the determined
Feddes root uptake parameters were used as the defaults. The root
growth factor was calculated based on the assumption that 50% of the
root depth was reached at the midpoint of the growing season. The ini-
tial root growth depth was assumed to be zero and the maximum root
depth was based on measured data determined in this study from the
same soil samples used to estimate below-ground biomass (Simunek
et al., 2008b).

2.34. Calibration and validation of the model

We assumed that soil water movement would be restricted to one
vertical dimension because the study site was homogeneously textured
with high sand content and non-layered. 200 cm depth soil profile is de-
scribed as two different layers, cultivated (0-20 cm) and undisturbed
layer (20-200 cm). The initial soil hydraulic properties that were typical
of the soil in the Shenmu area were considered based on the HYDURS-
1D using of previous study on this soil (Fan et al.,, 2012). We calibrated
the model using the full 4 years of data in soil profile. There were nine
observed nodes from 40-200 cm soil layer, but an additional observed
node was set at the depth of 3 cm which was considered as an average
of 0-6 cm soil layer in the cultivated layer. The measured soil water con-
tents in 0-30 cm did not be used to calibrate because the neutron probe
soil water content measurements close to soil surface is not accurate.
The inverse solution module in HYDRUS-1D optimizes the soil hydraulic
parameters, o, n and K;. The parameters used in the HYDRUS-1D model
after optimization is given in Table 1.

Table 1
Characteristic parameters of soil water content.

0, A o n K.

'S
(cm® cm™3) (cm?ecm™3) (em™ 1) (emh™1)
0-20 cm 0.05 0.40 0.029 1.32 5.00
20-200 cm 0.05 0.40 0.020 1.30 416




The performance of the HYDRUS-1D model was assessed by using
two criteria. First, the Nash-Sutcliffe model efficiency coefficient
(NSE) (Nash and Sutcliffe, 1970) was used to assess the predictive
power of the model; NSE was calculated by:

ENI (Pi—0;)?
NSE=1——PL (7)

(Oi_oave)2

-

I
—_

where P; is the predicted soil water content; O; is the observed soil water
content; O, is the mean soil water content of all the observed events,
and N is the number of observations, i.e., the number of measured events.
Second, the root mean square error (RMSE) (Bhuyan et al., 2002), a com-
monly used criterion for model validation, was used to quantify the
agreement between the measured data and the model predictions:

RMSE =

2.3.5. Statistical analysis

Simple linear regression analysis was carried out using SPSS 13.0
Version (SPSS Inc., Chicago, Illinois, U.S.A.) to study the relationships be-
tween runoff and factors that affect it, including soil water content, in
particular the antecedent value. The F-test was used to test for the sig-
nificance of regressions at the P < 0.01 level.

3. Result
3.1. Rainfall characteristics

Strong seasonal and annual variations of rainfall were observed
during the study periods and most of the annual rainfall occurred in
rainstorm events in the period between June and September in the
years 2010 to 2013 in the Liudaogou watershed (Fig. 2). The total annual
rainfall was 434 mm in 2010, 324 mm in 2011, 572 mm in 2012, and
669 mm in 2013; the maximum recorded 24 h rainfall amount of
69.7 mm occurred on 13 September 2013. Each year, 55%-70% of the an-
nual rainfall occurred in the period of June to September, which was
lower than the mean value of 80% (Zhu and Shao, 2008). We defined
an erosive rainfall as one that had a total rainfall amount of at least

200
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10 mm, because rainfall amounts of less than 10 mm produced no run-
off; hence, there were 25 erosive rainfalls during the study period.

3.2. Runoff and sediment yield

Rainfall amount and the 30-min maximum intensity (Isp), i.e., the
phase of the storm of 30-min duration during which the highest rainfall
intensities occurred, had significant impacts on runoff (P < 0.01). There
were 18 runoff events during the study period, and all the events oc-
curred between July and September. These events resulted in a total
runoff depth of 170.3 mm and a total soil loss that was equivalent to
55,572.5 kg ha™ ! in the entire study period of 2010 to 2013. During
the study period, the total rainfall was 1926.7 mm and, hence, the
total runoff constituted 8.8% of the total rainfall. The experimental
plots generated the most amount of runoff (50.1 mm; or 12.0% of the
annual rainfall) and sediment yield (5223.7 kg ha™') in 2010 during
the four study years. In 2010, there were seven rainfall events that pro-
duced runoff and sediment, which accounted for almost half of such
events that occurred during the whole study period. Storm runoff ex-
hibited statistically significant linear relationships with both rainfall
amount and I3 (Fig. 3).

The amount of suspended sediment increased with the increases in
total runoff amount (Fig. 4). There was a statistically significant linear
relationship (P < 0.01) in the 12 m x 5 m experimental plots but,
when runoff exceeded 10 mm, the suspended sediment exhibited a
higher variability in the relationship with runoff. This relationship was
expected since, in general, larger amounts of runoff having the same
runoff rate would carry more sediment. Furthermore, where the runoff
rate was increased by the more intense rainstorms, which were also as-
sociated with larger runoff amounts, the overland flow would have a
greater shear force that would detach more soil particles as well as hav-
ing a higher carrying capacity (An et al., 2008). However, there were
two rainstorm events (on 11 August and 19 September in 2010)
where relatively large amounts of runoff (27.3 mm and 16.1 mm) re-
moved relatively little soil (3091.3 kgha=!and 12554 kg ha—'). A pos-
sible reason for this phenomenon was the development of a soil surface
seal by rainfall that occurred on two consecutive days before the runoff
was actually produced. Loessial soils are susceptible to soil sealing,
which results from raindrop impact and the physicochemical dispersion
of soil particles (Agassi et al., 1981). A consolidated surface seal reduces
the amount of small loose particles on the soil surface that are more
readily removed by overland flow while forming a surface that is resis-
tant to detachment (Bradford et al., 1987). It has also been shown by
Levy et al. (1997) and Mamedov et al. (2006) that an aging effect,
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Fig. 2. Monthly rainfall during the rainy season (April to October) for 2010 to 2013.
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Fig. 3. Effects of (a) rainfall amount and (b) 30-min maximum intensity (i.e., the phase of the storm of 30-min duration during which the highest rainfall intensities occurred) on runoff in

2010-2013; R? is the determination coefficient of the linear correlations.

which in our case could be considered to occur during the low intensity
rainfall period prior to the main storm that produced runoff, results in
further increases in the cohesive forces between soil particles. Further-
more, other factors might have affected the amounts of runoff and sed-
iment produced from the experimental plots. For example, vegetation
likely altered soil infiltration, and dynamically affected soil surface
roughness during a rainstorm. These factors are the type that often pro-
duces the most uncertain data that is the least readily available. Demon-
strably, soil erosion had been significantly reduced by planting alfalfa or
simply by stopping farming altogether on the same slope as the one
used in this study (Fan et al.,, 2010). Therefore, given the complexity of
the interaction of all of the above factors, temporal variation in erosion
events during the study period was large.

3.3. HYDRUS-1D simulated soil water content

Fig. 5 shows that the HYDRUS-1D model simulated the daily SWC
changes at 3 cm depth during the study period. The simulation exhibit-
ed the interstorm variations of SWC. The minimum and maximum
SWC measured in the plots were 0.07 and 0.30 cm® cm ™3, respectively.
For about 6 of the 42 measurements, overestimation of SWC by the
model is apparent, while underestimation occurs about four times.
However, the prediction indicators and visual identification indicated

12000
® L}
_~ 10000 -
g
= 8000 -
<9
= 6000
5 y=324.46x+54.74
£ 4000 4 (R*=0.52)
3 °
W
2000 -
®
0 _
0 10 20 30
Runoff (mm)

Fig. 4. Relationship between runoff and sediment yield during 2010-2013; R? is the deter-
mination coefficient of the linear correlation.

that the modeled results were acceptable. Thus, the differences between
the means of the measured soil water values and those produced by the
model simulations were generally small. The RMSE values ranged from
0.026 to 0.037, while the NSE values for the individual study years
ranged from 0.324 to 0.499, where a value of 1 would indicate the
model perfectly simulated the data (Table 2). The mean NSE for the
four-year study period was 0.411, which indicates that the efficiency
of the model simulation was acceptable (Krause et al., 2005).

3.4. Relationships between antecedent soil water content and runoff

The probability of generating runoff was affected by different
ASWCs. If ASWC was greater than 0.12 cm® cm ™3, 85% of the erosive
rainfalls produced runoff. Runoff tended to increase with the increase
in the antecedent soil water content (ASWC) that was determined by
the HYDRUS-1D model, but the relationship was not statistically signif-
icant (P = 0.14; Fig. 6a). However, there were three rainfall events that
generated very high runoff amounts when the ASWCs were relatively
low. The measured meteorological data showed that the 30-min maxi-
mum intensities of these three events were greater than 24 mm h™!
and that the amounts of rainfall were greater than 54 mm. The crop
was growing well when these events occurred on 11 August 2010, 19
August 2011, and 21 July 2012. When the rainfall amount and intensity
are both relatively high, the steady state phase of the infiltration process
would affect total runoff to a greater extent than the effect of ASWC,
which would become less significant (Castillo et al., 2003). Since such
highly erosive rainfall events are rare in the study region, accounting
for only 12% of all rainstorms, it was decided to examine the relationship
between runoff and ASWC after these three aberrant events were re-
moved from the dataset. Under these field conditions, aberrant events
were considered to have occurred when the rainfall amount exceeded
54 mm and the runoff amount was greater than 20 mm. After doing
so, ASWC was found to be significantly correlated to the runoff amount
(determination coefficient, R> = 0.62; P <0.01) (Fig. 6b). This indicates
that runoff was directly affected by ASWC in most of the rainfall-runoff
events occurring during this study.

4. Discussion

4.1. The capability of the HYDRUS-1D model to simulate the soil water
content

The model performed well, although the NSE value differed among
the study years. The NSE was lower in 2011 and 2012 than in 2010
and 2013. However, the simulated soil water content was comparable
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Fig. 5. Simulated and measured water contents in the 0-6 cm soil layer for the four study years (2010-2013).

Table 2
Prediction indicators of the HYDRUS-1D model simulation of soil water content in the
0-6 cm soil layer between 2010 and 2013.

2010 2011 2012 2013 Mean
NSE® 0.486 0.324 0.334 0.499 0.411
RMSE 0.026 0.037 0.026 0.034 0.031
n 12 7 17 6

RMSE, root mean square error; n, sample number.
@ NSE, Nash-Sutcliffe efficiency.

to measured results over all four years. Soil type and LAI were the key
parameters affecting model performance (Chen et al., 2014). Therefore,
soil parameters could be used for a particular soil texture over a long pe-
riod after corrections and validations had been made using an observa-
tional database. Meteorological data, which includes air temperature,
solar radiation, humidity, wind speed and rainfall, is relatively easy to
collect from local meteorological stations. The data requiring in situ
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measurements are the LAI, root depth and SWC. However, for a given
site and crop species, the long-term mean seasonal changes of LAl and
root depth can be substituted for in situ measurements of these plant
parameters in the HYDRUS-1D simulations. Simple vegetation charac-
terizations, such as the use of those two parameters, does appear to
cause problems with estimations of water lost in plant transpiration, es-
pecially from the deeper soil layers. However, SWC has been better sim-
ulated by HYDRUS-1D for upper soil layers than for full soil profiles
(Chen et al., 2014). Therefore, the performance of the HYDRUS-1D in
modeling the changes in the SWC of the upper 0-6 cm soil layer in
this study area was reasonable, and values of ASWC could be obtained
that were considered to be reliable. It is better to monitor soil water con-
tent in situ automatically, which would improve the calibration and
validation of the model. In addition, many studies have shown that
the HYDRUS-1D model can simulate soil water content well in many di-
verse locations around the world over a wide range of conditions, such
as soil type and climate and degree of vegetation cover (Fan et al., 2012;
Simunek et al., 2008c; Xu et al., 2005; Zhang et al., 2011b).
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Fig. 6. Relationships between the antecedent soil water content (taken as the measured soil water content on the day before a rainstorm event) and runoff with (a) all the data included
and (b) the three aberrant rainfall-runoff events (in the circle) removed; R? is the determination coefficient of the linear correlation.
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4.2. ASWC influences on runoff and sediment yield

Many studies have shown that the factors affecting runoff and sedi-
ment yield include slope gradient, rainfall intensity and vegetation cov-
erage (Huang et al.,, 2010; Huang et al,, 2013; Nadal-Romero et al., 2015;
Peng and Wang, 2012; Wei et al., 2007b). Even though increases in
slope gradient and rainfall intensity increased the sediment yield and
sediment concentration, the actual contributions were also dependent
on soil type and the ASWC (Defersha and Melessa, 2012). Vahabi and
Nikkami (2008) found that sediment yield was linearly and positively
correlated to slope gradient, vegetation coverage, ASWC, and sand con-
tent under the conditions of a given rainfall intensity. Higher ASWCs
also resulted in more intense erosion in this study. In a semiarid region
such as the Loess Plateau, the predominant runoff mechanism is the
overland flow resulting when rainfall intensity exceeds the soil infiltra-
tion capacity. For such a mechanism, the ratio of rainfall intensity to the
soil hydraulic conductivity determines the generation of overland flow.
The increase of soil infiltration capacity due to lower levels of SWC
would reduce soil erosion in the water-wind crisscross region of the
Loess Plateau. Runoff may be caused by continuous rainfall for several
days because a greater volume of precipitation falls later in the storm
meaning that most of rain falls on wet soil, which is more saturated.
For example, there were 4 rainfall events from 3 August to 11 August
in 2010 that led to three runoff events. Furthermore, the consecutive
rainstorms also produced the highest amount of runoff (27.3 mm on
11 August 2010) during the four years. Another high runoff event
(16.0 mm) occurred on 19 September 2010. This runoff event was
also affected by the preceding rainfall event of 17 September 2010.
The highest amount of runoff in this year was affected by these two
large events, indicating that runoff was also controlled by the non-
uniform distribution of rainfall in this region. However, for high intensi-
ty events, especially for those with high rainfall amounts (the rainfall
events of 35 and 25 mm), the rainfall intensity (50 mm h™!) far
exceeded the soil infiltration capacity regardless of the ASWC (Castillo
et al,, 2003). In this study, three out of the 18 rainfall-runoff events did
not relate to ASWC because of their high rainfall intensities (30-min
maximum >24 mm h™~!) and high total rainfall amounts (>54 mm).

Previous studies have clarified the relationship between ASWC and
soil erosion in small watersheds (Bowyer-Bower, 1993; Brocca et al.,
2008; Castillo et al., 2003; Radatz et al., 2013; Truman et al., 2011;
Zhang et al., 2011b). The addition of soil water content data for the
upper 10-cm soil layer to a database that also includes rainfall could im-
prove the runoff predictive capability of the generalized regression neu-
ral network model for 13-km? and 137-km? catchments (Tayfur et al.,
2014). At the small watershed scale, the averaged ASWC of the upper
5-cm soil layer has often been used for runoff modeling. This is because
it has been difficult to ascertain the actual SWC at different locations
within the watershed (Zhang et al., 2011a) where SWC would probably
be distinctly different due to a variety of land use patterns (Fan et al.,
2010; Shi et al., 2013; Wang et al., 2013). The impact of ASWC on soil
erosion was verified at the small plot scale in this study after ASWC
was simulated by the model. The generation of runoff under less intense
storms is not fully dependent on the ratio of rainfall intensity to infiltra-
tion but the saturation of the top soil is important (Castillo et al., 2003;
Martinez-Mena et al., 1998). The close relationship between ASWC and
runoff indicated that saturation-excess overland flow, more dependent
on ASWC than the infiltration-excess, happened more frequently in
soils with higher permeability. Similar results at the hillslope scale
were reported by Scherrer et al. (2007) and Ruggenthaler et al. (2015).

It would be relatively simple to run individual HYDRUS-1D simula-
tions for each typical land use within a catchment. This would then facil-
itate the investigation of the relationship between ASWC and soil
erosion as well as to its spatial variability within a watershed. Therefore,
the use of the HYDRUS-1D model as a tool in runoff and erosion studies
can help to investigate the effect of changes in infiltration caused by var-
ious factors on overland flow. For example, in coarse textured soils on

the Loess Plateau, soil water can be depleted after changing the land
use from cropland to shrubland or forest plantations. The storage deficit
can become high enough that more rainfall goes into soil storage and
less is lost as runoff (Farrick and Branfireun, 2014). This might suggest
that the cause of the reduced runoff observed following such a land
use change is due to the dryer soil profile resulting from the higher
was consumption of the more recent vegetation rather than or in addi-
tion to the effect of the plants on the water flow on the slopes. This
hypothesis may be validated in future studies on the Chinese Loess Pla-
teau. Large-scale ecological restoration programs on the Plateau have
introduced vegetation that has drastically decreased deep soil water
storage relative to that in farmland and native grassland Wang et al.,
2013; Yang et al., 2014). At the regional scale, deep soil desiccation
has been observed under forests, shrubland and pastures (Chen et al.,
2008; Wang et al., 2011). However, because water movement into
and within the soil matrix is also important for runoff generation from
highly permeable soils that remain unsaturated, this desiccation can re-
sult in more rainwater entering and being redistributed within the soil
profile and this water can then be used by the plants (Farrick and
Branfireun, 2014). Furthermore, the HYDRUS-1D model is capable of
simulating the soil water content in different soil layers. This is useful
for determining the thickness of the upper soil layers where the water
content has an effect on the relationship between ASWC and runoff.
These issues should be investigated in the future.

5. Conclusion

Soil water content is one of many factors controlling runoff on the
Loess Plateau. The ASWC can be an important factor in determining
the runoff amount and sediment yields. This study was carried out to
determine if the HYDRUS-1D model could accurately predict the soil
water content and reasonable values of ASWC. Based on measured
data collected at intervals during a four-year period, the HYDRUS-1D
model was found to simulate soil water content reasonably well
(mean NSE = 0.411) in the upper soil layer (0-6 cm) of farmland on a
watershed slope. The model provided continuous parameter values, in-
cluding ASWC, which could be used to predict runoff and sediment yield
from hillslopes. Runoff and sediment yield increased with the increase
of rainfall amount and with ASWC. When the ASWC was greater than
0.12 cm® cm ™3, the probability of generating runoff could be as great
as 85% when the rainfall amounts exceeded 10 mm in the study area
during the study period. Therefore, the HYDRUS-1D model was consid-
ered to be a viable means by which to determine ASWC and other
parameters that could then be used in models to predict erosion and
runoff on the Loess Plateau.
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