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Abstract: The impacts of climate change on hydrological cycles and water resource
distribution is particularly concerned with environmentally vulnerable areas, such as the
Loess Plateau, where precipitation scarcity leads to or intensifies serious water related
problems including water resource shortages, land degradation, and serious soil erosion.
Based on a geographical information system (GIS), and using gauged hydrological data from
2001 to 2010, digital land-use and soil maps from 2005, a Soil and Water Assessment Tool
(SWAT) model was applied to the Xichuan Watershed, a typical hilly-gullied area in the
Loess Plateau, China. The relative error, coefficient of determination, and Nash-Sutcliffe
coefficient were used to analyze the accuracy of runoffs and sediment yields simulated by
the model. Runoff and sediment yield variations were analyzed under different precipitation
scenarios. The increases in runoff and sediment with increased precipitation were greater
than their decreases with reduced precipitation, and runoff was more sensitive to the
variations of precipitation than was sediment yield. The coefficients of variation (Cvs) of the
runoff and sediment yield increased with increasing precipitation, and the Cv of the sediment
yield was more sensitive to small rainfall. The annual runoff and sediment yield fluctuated
greatly, and their variation ranges and Cvs were large when precipitation increased by 20%.
The results provide local decision makers with scientific references for water resource

utilization and soil and water conservation.



Water 2015, 7 5639

Keywords: SWAT model; precipitation; runoff; sediment yield; simulation; the Xichuan
River; the Loess Plateau

1. Introduction

Climate change as a result of both natural factors and human activities is altering the earth’s hydrologic
cycles to various degrees [1,2]. Climate change affects hydrology mainly through changes in precipitation,
temperature, and evaporation [3,4], and it subsequently influences the temporal-spatial distributions of
runoff and sediment, as well as the patterns of runoff and sediment transport [5]. The impacts of climate
change on water resources and the hydrologic cycles have long been a focus of the international
community [6,7]. Research on this issue began as early as the 1980s. In 1985, the World Meteorological
Organization (WMO) published a summary report of their study of the impacts of climate change on
hydrology and water resources and proposed several evaluation and test methods. In 1987, the WMO
proposed analyzing the sensitivity of hydrology and water resources to climate change. This issue
was also discussed in the 2007 international conference of the International Union of Geodesy and
Geophysics (IUGG). The Intergovernmental Panel on Climate Change (IPCC) of the United Nations
analyzed the impacts of climate change on hydrology and water resources from 1990 to 2007. In its
technical report [8], the IPCC highlighted that the global and regional water resource problems caused
by climate change are crucial issues. Changes in precipitation and temperature have significant effects
on runoff and water availability, particularly in semiarid and arid regions [9].

China has always considered the impacts of climate change on water resources to be important and
has actively carried out a series of scientific studies to support research on the impact of the changing
environment (due to global changes and human activities) on water cycles [5,10]. For instance, the
National Planning Outline for Mid- and Long-term Scientific and Technological Development (2006—2020)
issued by the State Council of China in 2006 pointed out that research on the impacts of global climate
change in China is a focus, with special emphasis on the impacts of climate change on hydrologic cycles
and regional water resources, especially in arid regions with fragile ecological environments [11].

Currently, studies of the impacts of climate change on runoff and sediment mainly focus on two
aspects. Some studies analyze the changes in the temporal-spatial distributions of runoff and sediment
and the patterns of runoff and sediment transport that are caused by changes in climate factors, such as
precipitation and temperature, whereas other studies analyze the trends of the changes in runoff and
sediment under future climate change scenarios. The main method for quantitatively evaluating and
studying the impacts of climate change on runoff and sediment is to use watershed hydrological models.
The most commonly used models are statistical regression models, water balance models, and distributed
physical models [9,12]. Of these models, the Soil and Water Assessment Tool (SWAT) [13], which was
developed by the US Department of Agriculture in the 1990s, has been widely applied to watersheds
around the world [14-20]. There are two types of predicted future climate change scenarios. First, changes
in temperature, precipitation, and evaporation are hypothesized based on the trends and ranges of the
meteorological changes in the study area, as well as specialized knowledge, experience, and the time-series
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statistical analysis method, which is easy to design and apply [21-23]; Second, different climate change
scenarios can be simulated using models, such as the General Circulation Models [19,24].

Previous studies have shown that the precipitation in the Yellow River Basin has decreased significantly
since the 1970s [10,25] although variation trends may differ in sub-basins. Precipitation is the main
source of runoff and one of the driving factors of soil and water losses in the Loess Plateau [26,27], where
water resources are scarce. Therefore, in the context of global climate change, studying the impacts of
changes in precipitation on the runoff and sediment production in the Yellow River Basin is important
for the sustainable utilization of water resources. Most previous studies of the impacts of changes in
precipitation on water resources in the Yellow River Basin have focused on the entire basin [28,29] or
the basin at relatively large scales [30—32]. Relatively few studies have focused on small watersheds. In
addition, most studies have focused on the impact of precipitation on the runoff and have rarely
investigated the impact of precipitation on the sediment yield. In fact, high sediment content is an
important and unique characteristic of the rivers in the Loess Plateau, China. Sediment transport requires
a considerable amount of water [33] and competes with other water uses. Thus, it is imperative to
consider sediment when studying the water resource problems of these rivers.

This study used the Xichuan Watershed, a typical small basin in the hilly and gully area in the Loess
Plateau, as a target area, and used ArcGIS, MATLAB, and SPAW [34,35] to process observed
meteorological and hydrological data. Then, a localized SWAT model was constructed, calibrated, and
validated. Using the SWAT model under different precipitation scenarios, the study quantitatively
predicted the impacts of changes in precipitation on the runoff and sediment yield in this small watershed
and analyzed the characteristics of the changes in runoff and sediment production with the aim of
providing a scientific basis for the management and sustainable utilization of water resources in basins
that are similar to the study area.

2. Methodology

Based on the spatial and attribute data, including meteorological data, hydrological data, soil map,
land use map, and a digital elevation model (DEM), this study investigated the characteristics of the changes
in the precipitation, runoff, and sediment yield in the study area. Spatial and attribute databases of the
SWAT model were developed. After determining the parameters of the SWAT model and verifying
the predicted results from the model, we quantitatively analyzed the impacts of changes in precipitation
on the runoff and sediment production in the study area using precipitation change scenarios. Figure 1
shows the technical workflow of the study.

This study used AVSWAT, developed by integrating the SWAT into ArcView for the analysis.
AVSWAT has powerful spatial analysis and processing functions and is convenient to use. The SWAT
model consists of three sub-models: the hydrological process sub-model, the soil erosion sub-model
and the pollution load sub-model. This study mainly uses the hydrological process and the soil
erosion sub-models.
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Figure 1. Technical workflow of this study.

2.1. Study Area

The Xichuan River is a tributary of the Yanhe River (a tributary of the Yellow River) with a total
length of 61.5 km. The Xichuan Watershed is located west of the Yanhe River Basin between 108°50" E
and 109°20’ E and between 36°30’ N and 36°45' N, covering an area of 801 km? [36]. The mean runoff
of the watershed was 169.04 x 10° m*® from 2001 to 2010. The river originates in Caofeng Village,
Zhidan Town in Zhidan County and flows past Xihekou Village, Zhuanyaowan Town and Gaoqiao
Village in Ansai County and Zaoyuan Village in the Baota District and eventually flows into the Yanhe
River near Shifogou in the Baota District. The Zaoyuan Hydrological Station (ZHS) is located 13 km
upstream from the mouth of the Xichuan River, and it controls 90% area (719 km?) of the whole
watershed (Figure 2).

The Xichuan Watershed has a continental monsoon climate where winters are cold and dry with little
precipitation, whereas summers are warm with abundant precipitation. Precipitation is unevenly
distributed and mainly concentrated in the summer and fall, accounting for 54.3% and 27.7% of the total
annual precipitation. Floods in this watershed have relatively short durations, rising and falling suddenly
with high sediment concentrations [37].

The soil types in this watershed include yellow loessial soil, red clay soil, alluvial soil, and dark
loessial soil. The yellow loessial soil, developed from the parent loess, is the main soil type, covering
more than 80% of the total basin area. The vegetation coverage of the watershed is very low, belonging
to the forest steppe zone. Both natural and artificial vegetation types are present, mainly consisting of crops,
evergreen coniferous forests, deciduous coniferous forests, deciduous broad-leaved forests, shrubs,

and grasslands.
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Figure 2. Location of the study area.

More than 80% of the basin area suffers soil erosion by water. The multi-year mean sediment
discharge is 1330.2 x 10* t/a. Since the 1970s, a series of water and soil conservation and ecological
construction projects have been implemented and have substantially improved the ecological
environment in the watershed [38].

2.2. Data and Data Preprocessing

The main data used in this study included Digital Elevation Model (DEM) data, a land use map, a
soil type map, precipitation data, temperature data, and the boundary of the Yanhe River basin. Table 1
lists the data descriptions and sources.

Table 1. List of data that were used in this study.

Data Type Temporal/Spatial Resolution Source
. . Data Application Environment Sharing
DEM data Grid format, 30 m/grid ) )
Platform of the Chinese Academy of Sciences
. Data Application Environment Sharing
Land use map At the scale of 1:100,000, compiled at 2005 . )
Platform of the Chinese Academy of Sciences
) . Data Application Environment Sharing
Soil type map At the scale of 1:1,000,000, compiled at 2005 ) )
Platform of the Chinese Academy of Sciences
Meteorological ~ Daily precipitation, daily maximum temperature and China Meteorological Data Sharing
data daily minimum temperature between 1990 and 2010 Service Website
Runoff and Monthly runoff and sediment yield The Zaoyuan Meteorological Station
sediment yield between 2001 and 2010 in the Yan’an City

The data required for the SWAT model included geospatial data, a non-spatial attribute database,
meteorological data, and hydrological and sediment data for model calibration and verification. Spatial
data processing, grid calculations, and interpolations were conducted using ArcGIS, and the statistical
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analysis was performed using Excel. All spatial data used in the SWAT were converted to the Albers
equal-area conic projection. The whole area was divided into 31 sub-basins using the DEM and each
sub-basin contained 5—16 hydrological response units (HRUs), which is the basic unit in SWAT model.

2.3. SWAT Model Development
2.3.1. Model Construction

The SWAT model requires the land use classification scheme developed by the US Geological Survey
(USGS). It also requires the auxiliary land use attributes with parameters provided by the USGS. The
land use map used in this study had to be reclassified to meet these requirements. After reclassification,
the main land use types included farmland (39.30%), typical grassland (32.60%), meadow grassland
(13.09%), deciduous coniferous forest and deciduous broad-leaved forest (8.90%), bush wood (5.05%),
evergreen forest (0.86%), barren land (0.09%), water body (0.05%), and rural villages (0.05%) [35].

The soil data included the spatial distribution and physical and chemical attributes of the soils. The
soil map was produced based on the 2005 soil survey of the study area. The physical attributes of the
soils mainly included the thicknesses, silt contents, clay contents, bulk densities, organic carbon
contents, effective water contents, saturated hydraulic conductivities, and the available field capacities.
These attributes control the movement of the water and air in the soil and have an important role in the
water cycles. This study established a users’ soil parameter database based on these characteristics.

The soils were divided into four hydrologic groups. For the same precipitation and surface conditions,
soils with similar runoff production capacities were classified into a single hydrologic group [39].

The wet density of a soil, the available effective water in a soil layer and the saturated hydraulic
conductivity coefficient can be calculated using the SPAW model [34,35]. The SPAW model is a daily
hydrologic budget model for agricultural fields. It also includes a routine for the daily water budgets of
inundated ponds and wetlands that utilizes the field hydrology of the watershed.

The soil erosion factor (K) is often used to evaluate soil erodibility. K is calculated based on the
organic carbon and particle compositions of the soil using the method proposed by Williams [40].

The observed meteorological input data mainly included the precipitation, daily maximum and
minimum temperature data from 2001 to 2010. The SWAT model includes a built-in weather generator.
If some data were not available, the weather generator simulated daily meteorological data based on
multi-year monthly mean data that were provided in advance. The “pcpSTAT” and “dew(2” procedures
were used to calculate daily precipitation and temperature to obtain the related parameters and generate
the weather data that were needed for simulations.

The measured runoff and sediment data were collected at ZHS (Figure 2) from 2001 to 2010. They
were used in sensitivity analysis and parameters calibration. The measured daily precipitation data were
used to simulate daily runoff using the Soil Conservation Service (SCS) curve method [39]. The potential
evaporation was derived using the Penman-Monteith method [41]. The variable storage coefficient
method [42] was used in the river channel routing simulation.
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2.3.2. Sensitivity Analysis, Validation, and Testing of the SWAT Parameters

The parameter sensitivity analysis module was used to analyze the sensitivities of the parameters
in the runoff and sediment simulations. This module uses the Latin hypercube one-factor-at-a-time
(LH-OAT) method [43]. The objective of this analysis is to analyze and determine which input parameters
have the most significant impacts on the output when their values are changed. Important parameters are
selected to highlight their impacts on the simulation and to reduce the time that is needed for parameter
adjustment. In this study, the simulated runoff and sediment yield were compared with actual gauged
data at ZHS (Figure 2). The important factors affecting the precision of the simulation in the watershed
were determined after analyzing the sensitivity of each parameter.

The runoff and sediment yield parameters were calibrated in sequence. Three indexes, including
the relative error (Re) [44], the coefficient of determination (R?) [45] and the Nash-Sutcliffe coefficient
(Ens) [46] were chosen to statistically test the accuracy of the calibrated and validated runoff and
sediment yield outputs. If Re = 0, the model prediction is the same as the observed data. If Re > 0, the
model prediction is larger than the observation. If Re < 0, the model prediction is less than the observed
value. R? was obtained from the linear regression in Microsoft Excel. The larger the R* value, the better
simulation of the model. If the value of Ens is greater than 0.75, the simulation is excellent. If Ens is
between 0.36 and 0.75, the simulation is satisfactory, and if Ens is less than 0.36, the simulation
is unsatisfactory.

2.4. Precipitation Scenarios

Based on land use maps in 2005 and the climate conditions from 2001 to 2010, the calibrated
and verified SWAT model was used to simulate the impacts of precipitation on the runoff and
sediment yield by altering the input climate conditions (precipitation). Spatial variability in precipitation
was not considered in the simulations because the study area is a small watershed with limited
precipitation stations.

Precipitation scenarios were determined based on the variation characteristics of the precipitation
in this area. During the study period, the annual precipitation did not show significant increasing or
decreasing trend in this area. A previous study [47] also showed no significant increasing or decreasing
trend in the Yanhe River basin. The mean annual precipitation in the study area from 2001 to 2010 was
514 mm. Thus, we considered four precipitation change scenarios:

(1) the annual mean precipitation increases by 20%, i.e., 617 mm;
(2) the annual mean precipitation increases by 10%, i.e., 565 mm;
(3) the annual mean precipitation decreases by 10%, i.e., 462 mm; and
(4) the annual mean precipitation decreases by 20%, i.e., 411 mm.

2.5. Variance Analysis

The coefficient of variation (Cv) was used to reflect the inter-annual changes in the precipitation and
runoff. It is calculated using the following equation:

Cv=— (1)
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where SD is the standard deviation of a variable and M is the average value of the variable. The greater
the value of Cv of precipitation or runoff, the greater the extent of the inter-annual change in the
precipitation or runoff is, and the possibility of occurrences of floods or droughts increases. The smaller
the value of Cv of the inter-annual precipitation or runoff is, the smaller the extent of the inter-annual
change in the precipitation or runoff is, which is more beneficial to the utilization of water resources. Cv
also reflects the characteristics of the inter-annual change in the sediment yield. The greater the value of
Cv of the sediment yield indicates that the sediment yield changed greatly, and disasters such as soil
erosion are more common. On the other hand, the smaller the value of Cv of sediment yield is, the smaller
changing extent of the sediment yield is, which is more beneficial to water and soil conservation.

The changing rate (CR) is another parameter that expresses the changes in the runoff and sediment yield:

X; — Xo

CR =
Xo

X 100% (2)

where Xi represents the simulated annual mean runoff or sediment yield under the ith precipitation
scheme, and Xo represents the simulated annual mean runoff or sediment yield under the actual conditions.

3 Results
3.1. Characteristics of the Variations of Runoff and Sediment Yield

The Xichuan Watershed is in a continental monsoon climate region. The runoff mainly originates
from precipitation and is thus significantly affected by precipitation. With the data measured at the ZHS
between 2001 and 2010, the changes in the runoff and sediment yield in the watershed during this
10-year period were analyzed and compared with precipitation changes.

Figure 3 shows the distributions of the monthly mean precipitation and runoff between 2001 and
2010. The precipitation and runoff are both concentrated in the flood season (from June to September).
The most intense monthly precipitation occurs in July, which accounts for 20.4% of the annual total,
and the maximum monthly runoff occurs in August, accounting for 20.1% of the total annual runoff.
The minimum monthly precipitation occurs in December (0.75% of the total annual precipitation),
and the minimum monthly runoff occurs in January (3.38% of the total annual runoff). The seasonal
precipitation and runoff distributions in the watershed are extremely uneven. Precipitation and runoff
are mainly concentrated in the summer and fall. Summer precipitation accounts for 54.3% of the total
annual precipitation, and summer runoff accounts for 45.7% of the total annual runoff. Fall precipitation
accounts for 27.7% of the total annual precipitation, and fall runoff accounts for 23.3% of the total annual
runoff. Figure 3 also shows that, during the spring and winter, the changes in the precipitation and runoff
are gentle, and the precipitation and runoff are relatively stable. The runoff is slightly affected by
precipitation during this period. Generally speaking, the runoff in the Xichuan Watershed is mainly
generated by the base flows in the spring and winter and by precipitation in the summer and spring.
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Figure 3. Comparison of the monthly measured runoff and precipitation.

Figure 4 shows the distributions of the monthly mean precipitation and sediment yields between
2001 and 2010. The annual sediment yield is generally consistent with the runoff pattern. The sediment
yield is mainly concentrated in flood seasons. The maximum sediment output (16,406 t/m) occurs
in August. Both the maximum runoff and the maximum sediment yield occur one month after the
maximum precipitation. In the Loess Plateau, sediment production is usually accompanied by runoff
with eroding capability. That the maximum peaks of runoff and sediment yield occurred within the same
month is understandable. Besides precipitation, runoff and sediment generation processes are related to
many other factors, including soil properties, topography, and land cover change. These factors are
heavily influenced by human activities. In this watershed, a series of infrastructure reforms, water and
soil conservation, and ecological projects, especially the well-known Grain-to-Green Program started in
1998 [48], were undertaken before and during the study period. Specific practices, including changing
slopes into terrace fields, afforestation in barren land, constructing silt dams and reservoirs, returning
farmland to forest or grassland etc., could retard the processes of runoff generation and soil erosion [49].
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Figure 4. Comparison of the monthly measured sediment yield and precipitation.
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In general, high-intensity precipitation will affect the runoff and sediment yield in a basin only after
time has passed since the precipitation. The sediment yield in the watershed is mainly concentrated in
the summer because high-intensity precipitation frequently occurs in that season, and precipitation is the
main source of the runoff, which is main driving force of sediment output; therefore, the runoff and
sediment exhibit significant seasonal variations [9].

Inter-annual runoff changes are often affected by factors such as climate change, human activities,
and changes in the underlying surface conditions. Table 2 shows the statistical characteristics of the
precipitation and runoff at ZHS. The annual mean precipitation and runoff at the ZHS from 2001 to 2010
are 513.38 mm and 169.04 x 10° m?, respectively. The maximum precipitation at ZHS (634.3 mm)
occurred in 2007, and the maximum runoff (235.89 x 10° m*) occurred in 2002. The minimum precipitation
(441.6 mm) and minimum runoff (95.08 x 10% m®) at ZHS both occurred in 2008. The Cv values of the
inter-annual precipitation and runoff between 2001 and 2010 are both relatively small (0.13 and 0.29,
respectively). Therefore, in this 10-year period, the variation in precipitation in the watershed was
insignificant, and the water resources were relatively stable, favoring the use of water resources.

Table 2. Annual characteristics of precipitation, runoff and sediment yield during 2001-2010.

Maximum Value Minimum Value
Variable Mean Value Cy Year of Year of
Value Value
Occurrence Occurrence
Precipitation 513.38 mm 0.13 634.30 mm 2007 441.60 mm 2008
Runoff 169.04 x 10°m> 029 235.89 x 10°m® 2002 95.08 x 10° m® 2008
Sediment 1,330.20 x 10*t  0.84 3,161.40 x 10*t 2002 122.70 x 10*t 2006

The sediment discharge is related to many factors, such as the topography and landforms of the basin,
vegetation cover, precipitation, and precipitation intensity. In recent decades, the changes in the sediment
yield in the Xichuan Watershed were relatively complicated due to the impacts of climate change and
human activities. The mean sediment yield at ZHS between 2001 and 2010 is 1330.2 x 10* t (Table 2).
During 2001 to 2010, the sediment discharge changed significantly, and soil erosion was relatively
severe. The Cv value of the inter-annual sediment discharge at ZHS between 2001 and 2010 is relatively
large (0.84). The maximum sediment yield at ZHS between 2001 and 2010 (3161.4 x 10* t) occurred in
the same year as the maximum runoff (2002), and the minimum sediment yield (122.7 x 10* t) occurred
in 2006.

3.2. SWAT Calibration and Validation Results

In this study, the year of 2001 was used as the warming period, data in 2002—2006 was used for model
calibration, and data in 2007-2010 was used for model validation. The calibration procedure follows the
method introduced by [36] with the following steps:

Step 1: model initiation—run the model and read the required data and parameters;

Step 2: runoff simulation—produce the simulated monthly runoffs and compare them to the actual
observed values;

Step 3: if runoff simulation reaches the condition of —20% < Re < 20%, R*>> 0.6, and Ens > 0.5, then
go to the next step for sediment yield simulation; otherwise, the adjust the parameters “Base flow
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recession constant,” “Snow pack temperature lag factor,” “Soil evaporation compensation factor,”
“Available water capacity,” “Threshold depth of water in the shallow aquifer required for return flow to
occur,” and “Groundwater ‘revap’ coefficient” and go back to step 2;

Step 4: sediment yield simulation—produce the simulated monthly sediment yields and compare
them to the actual observed values;

Step 5: if sediment yield simulation reaches the condition of —20% < Re < 20%, R>> 0.6, and Ens > 0.5,
then the simulation is successfully ended; otherwise, adjust the parameters “USLE equation support
practice factor,” “Linear parameters for calculating the channel sediment rooting,” and “Peak rate
adjustment factor for sediment routing in the main channel” and go back to step 4.

Figures 5 and 6 show comparisons between the observed and simulated monthly runoffs and sediment
yield at ZHS during the model calibration period. Figures 7 and 8 show the results during the model
validation period. Table 3 compares the parameters of the simulated monthly runoff and sediment yield
in the model calibration and validation periods.
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Figure 5. Comparison between the simulated and observed monthly runoff in model calibration.
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Table 3. Evaluation results of the SWAT model performance.

Runoff Sediment Yield
Re R? Ens Re R? Ens
Calibration (2002-2006) 9.10% 079 0.73 1420% 0.78 0.67
Verification (2007-2010) 11.20% 0.88 0.82 17.50% 0.83 0.71

Simulation Period

As illustrated in Figures 5-8, the difference between simulated runoff/sediment yield and observed
values is smaller during the calibration period than during the validation period, while the variation trend
of runoff/sediment yield is more consistent with the trend of observed data during the validation period
than in the calibration period. These differences can also be supported by the statistics in Table 3. Table 3
also shows that in the model validation period, the values of Re between the simulated and observed
monthly runoffs and between the simulated and observed monthly sediment yields are 11.2% and 17.5%,
respectively, and the values of R? are 0.88 and 0.83, respectively. The Ens values of runoffs and sediment
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yields are 0.82 and 0.71, respectively. The SWAT simulated values generally reflect the actual changes
in the runoff and sediment yield, and the SWAT model can be used for the subsequent scenario analysis.

3.3. Responses of Runoff and Sediment Yield to Precipitation Changes

We also simulated the runoff and sediment yields under the four precipitation scenarios described in
Section 2.4. Keeping the other inputs the same, the four precipitation scenarios were input to the
validated SWAT model, and the daily runoff and sediment yield were simulated for the year of 2002
to 2010. Table 4 shows the nine-year (2002—2010) mean values. Figure 9 shows the trends and changes
in the runoff and sediment yield under these precipitation scenarios.

Table 4. Responses of annual runoff and sediment yield to precipitation changes.

P P P P
Simulated Item Compared Value P
(1% +20%) (1% + 10%) (1% -10%) (1% —20%)
Runoff Simulated value (m*)  156.14 207.20 184.81 135.28 112.58

Sediment yield ~ Simulated value (10*t) 101.09 120.49 112.87 90.93 85.04

40.00%
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20.00% -

10.00% | I .
S 0.00% .
-10.00% - r
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P (1+20%) P (1+10%) P (1-10%) P (1-20%)

Precipitation Scenarios
Figure 9. Changing rate of annual runoff and sediment yield change to precipitation change.

The results show that the runoff and sediment yield in this watershed under the four precipitation
scenarios have the following characteristics:

(1) The runoff and sediment yield increase with increasing precipitation and decrease with decreasing
precipitation, which is consistent with the actual situation. Precipitation has a direct impact
on runoff, and sediment is transported by runoff. Therefore, the trends of the changes in the
precipitation, runoff, and sediment are similar.

(2) When precipitation increases by 10%, the runoff and sediment yield increase by 18.36% and
11.54%, respectively. When precipitation decreases by 10%, the runoff and sediment yield
decrease by 13.36% and 10.05%, respectively. The increases in the runoff and sediment yield are
greater than the decreases in the runoff and sediment yield. The change in the runoff with
precipitation is greater than the change in the sediment yield with precipitation. Therefore,
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precipitation has a more significant impact on the runoff than the sediment yield. The runoff
generated by precipitation is only one of several factors that affect sediment production and
sediment production may also be affected by other factors, such as vegetation cover, soil bulk
density and land use changes.

(3) When precipitation increases by 20%, the runoff and sediment yield increase by 32.7% and
19.20%, respectively. Thus, water resources will become relatively abundant when the annual
precipitation intensity is relatively high, so it will be necessary to focus on preventing floods and
sediment loss. When precipitation decreases by 20%, the runoff and sediment yield decrease by
27.9% and 15.88%, respectively. In these cases, water resources will be relatively scarce and it
is necessary to take measures to prevent and combat droughts.

Based on the simulation results, the Cv values of the annual runoff and sediment yield are statistically
calculated for the four precipitation scenarios. Figure 10 shows the trends and changes in the Cv values
of the annual runoff and sediment yield for the precipitation scenarios.

1.2
Runoff
1 - B Sediment yield
0.8 -
S 0.6
0.4 1
0.2 1
0
P (1+20%) P (1+10%) P (1-10%) P (1-20%)

Precipitation Scenarios
Figure 10. Coefficients of variation of annual runoff and sediment yield to precipitation changes.

The Cv values of the annual runoff and sediment yield both decrease with decreasing precipitation.
The Cv values vary between 0.18 and 0.46 for the annual runoff, and vary between 0.51 and 0.98 for the
sediment yield. Therefore, the Cv values of the annual runoff are smaller than those of the sediment
yield. The decreased Cv value of the sediment yield with decreasing precipitation is more apparent than
its increase with increasing precipitation, indicating that the Cv of the sediment yield is more sensitive
to a decrease in precipitation. When precipitation increases by 20%, the Cv value of the annual runoff
is 0.46 and that of the annual sediment yield is 0.98, which also demonstrates that when the precipitation
intensity is relatively high, the annual runoff and sediment yield fluctuate significantly, and floods
and soil erosion will occur frequently, which will be detrimental to the utilization and management
of the water resources in the watershed.
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4. Discussion

By studying the impacts of different precipitation scenarios on runoff and sediment yield in the
Xichuan Watershed, we found that the runoff and sediment yield in the basin increase with increasing
precipitation and decrease with decreasing precipitation and that the increase is more significant than
the decrease. Precipitation has a more significant impact on runoff than on sediment yield. However,
researchers have not yet reached a consensus about whether runoff and sediment production is more
sensitive to a decrease or an increase in precipitation, as well as whether runoff or sediment production
is more sensitive to changes in precipitation.

In a study of the response of runoff production in the Fox Basin in Illinois (US) to changes in
precipitation, Elias [19] found that runoff production is more sensitive to increases in precipitation.
In an investigation of the impact of climate change on runoff and sediment production in the purple,
hilly area of Sichuan Province, China, Zeng et al. [50] found that the annual mean runoff and sediment
yield increased with increasing precipitation. For the same change in precipitation, the percentage
change in the sediment yield was almost twice the percentage change in the runoff. The runoff and
sediment yield were more sensitive to decreases in precipitation than to increases, and the changes in the
runoff and sediment yield with decreasing precipitation were more significant. The surface conditions
of an area can thus affect the impact of precipitation on the runoff and sediment production in the area.
In addition, another important parameter of climate change, namely temperature, will affect runoff
variations. In the parameter sensitive analysis, the snow pack temperature factor is the second most
sensitive parameter in the SMAT model [36], which means that melting snow is an important source of
precipitation in the study area. Xia et al. [51] also discovered that when the temperature varied between
0 °C and 1 °C, the monthly runoff in the Hanjiang River Basin increased with increasing precipitation
more than it decreased with decreasing precipitation. However, with increasing temperature, the extent
to which the monthly mean runoff increased with increasing precipitation gradually decreased, whereas
the extent to which it decreased with decreasing precipitation gradually increased. This might be
attributed to the fact that an increase in temperature had a greater impact than precipitation on
evapotranspiration in the basin.

This study uses the SWAT model to simulate changes in the runoff and sediment yield under several
precipitation scenarios and preliminarily reveals the characteristics of the changes in the runoff and
sediment yield in a small basin typical of the hill and gully area of the Loess Plateau. However, several
problems in this study merit further research and investigation. (1) Several climate factors have impacts
on runoff and sediment production. However, this study only considers the impact of precipitation and
does not consider the impact of changes in temperature on the runoff and sediment production.
Evapotranspiration is an important factor that affects surface runoff. Due to the lack of evapotranspiration
data for the basin, it is not possible to calibrate and verify the evapotranspiration in the basin. Therefore,
this study does not investigate the changes in evapotranspiration in the basin that are caused by changes
in precipitation. Additional studies should be conducted to investigate the impact of other factors
(e.g., temperature, evapotranspiration) on the runoff and sediment production; (2) This study did not
consider the spatial distribution of precipitation that will bring uncertainty to the results of model
simulation. Because the study area only covers 719 km?, the assumption of a uniform precipitation is
acceptable. When the method is extended to large river basins, the spatial distribution of precipitation
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should be considered. Since the HRU is the basic spatial unit in the simulation, the spatial distribution of
precipitation can be considered by inputting different precipitation data for different HRUs if more
precipitation stations are available. (3) Due to the data availability, the precipitation scenarios were set
using the empirical method, a method used by other researchers in this situation [21,23]. In future studies,
efforts should be made to collect basic data and use climate output models to predict precipitation to
conduct in-depth investigations on the trends of future climate change.

5. Conclusions

A SWAT model was parameterized in the Xichuan Watershed, a typical hilly and gully loess area in
the Loess Plateau, China. The variations of runoff and sediment yield were simulated using the calibrated
SWAT model and scenario analyses. Based on the simulation, we found that the increases of runoff and
sediment yield with increasing precipitation are more apparent than their decreases with decreasing
precipitation. Precipitation has a more significant impact on runoff than on sediment yield. The Cv values
of the annual runoff and sediment yield both increase with increasing precipitation. However, the Cv
value of the annual runoff is relatively smaller than the Cv value of the sediment yield when precipitation
increases, and the Cv value of sediment yield is more sensitive to a decrease in precipitation than is that
of runoff. The different characteristics of variations in runoff and sediment yield suggests proper
strategies in the utilization and management of the water resources in this watershed.
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