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Abstract: The runoff in the upper reaches of the Heihe River has been continuously abundant for
more than a decade, and this has not happened previously in history. Quantitative analysis of runoff
variation and its influencing factors are of great significance for the ecological protection of the
basin. In this paper, the soil and water assessment tool model was used to simulate runoff in the
study area, and the method of scenario simulation was used to quantitatively analyze the runoff
response with respect to land use and climate change. According to the abruptness of the runoff
sequence, the years before 2004 are categorized as belonging to the reference period, and after 2004 is
categorized as the interference period. According to the analysis, compared with the reference period,
the contribution rate of climate change is 87.15%, while the contribution rate of land use change is only
12.85%. The climate change scenario simulation analysis shows that the change in runoff is positively
correlated with the change in precipitation. The relationship with the change in temperature is more
complicated, but the influence of precipitation change is stronger than the change in temperature.
According to the land use scenario simulation analysis, under the economic development scenario,
the runoff decreased, whereas under the historical trend and ecological protection scenario, the runoff
increased. Additionally, the runoff increased more under the ecological protection scenario.

Keywords: hydrological simulation; quantitative analysis; SWAT model; land use/cover change;
climate change; scenario simulation

1. Introduction

Runoff is the product of the interaction between climate and land use change in a basin [1–3].
Climate change will directly change the spatial distribution and temporal variability of atmospheric
precipitation and change the spatial configuration of runoff [4,5]. Changes in land use can directly lead
to changes in the production and flow processes, which lead to changes in runoff [6,7]. To some extent,
changes in land use also represent the impact of human activities on water resources [8]. Changes in
runoff in a source area will directly affect life production in the middle and lower reaches [9]. This is
crucial to revealing the characteristics of river basin runoff and its evolution against a background of
land use change and climate change [10–12].

For arid and semiarid areas, where meteorological and hydrological monitoring data are scarce,
it is particularly important to select appropriate methods to quantify the contribution rates of land
use and climate change [13]. Many studies have been carried out on the impact of climate and land
use change on the water resources of a basin [14–16]. The main methods used are long-term data
comparative analysis, experimental comparative analysis and watershed hydrological simulation.
The basin test method requires a long period of time and is difficult to implement, and this
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method is not suitable for large-scale watershed research [17]. The long-sequence data statistical
method can be used to analyze hydro-meteorological data trends, but the spatial heterogeneity
of the basin and the mechanism of land use and climate change on the hydrology of the basin
cannot be considered. Large-scale watershed attribution analysis is also difficult [18]. Therefore,
a semi-distributed hydrological model based on physical processes is selected in this paper to evaluate
the hydrological response of climate variability and land use change and to further quantify the degree
of impact. In the model setting, climate change and human activities are assumed to be independent
factors that lead to changes in runoff [19]. The hydro-meteorological sequence is divided into reference
stages and stages affected by land use change. Finally, the natural runoff during the impact of land use
change is simulated, and the contribution of the two factors to runoff is calculated based on the water
balance [20–22].

The main difficulties in this study are the determination of the mutation point and the contribution
rate calculation. The determination of the mutation point uses statistical analysis methods, including
the Mann-Kendall test method, wavelet analysis method, Pettitt test method, cumulative anomaly
analysis method and so on [23–26]. The runoff in the reference period generally takes the measured
runoff in the reference period of the basin as the reference value, and considers that the difference
between the measured runoff and the reference value in the period of impact of land use change is
caused by environmental changes. This difference consists of two parts: one is the climate change
impact contribution, and the other is the contribution of land use change [27]. Using a hydrological
model, according to the different periods of runoff mutation location, the meteorological data and
land use data for different periods are combined to establish a real situation based on the combination
of meteorological data and land use data before the mutation. In addition, the natural runoff is
simulated under the influence of both climate and land use change using the meteorological data
of the time period after mutation. The land use data are used for the pre-mutation time period to
simulate the runoff under the influence of climate change alone using the time before the mutation.
The meteorological data within the segment and the land use data during the post-mutation period
simulate runoff under land use change alone [28–30].

Many researchers have conducted simulations of the upstream runoff for the Heihe River, but the
quantitative analysis is relatively simple and uses the traditional mathematical statistics method [31].
Wang et al. used a wavelet analysis, wavelet neural network model and GIS spatial analysis for
the Heihe River [32]. The analysis and prediction of watershed runoff showed that the increase in
annual runoff has a causal relationship with the increase in upstream air temperature and precipitation.
He et al. used the M-K test and cumulant slope change rate comparison method to calculate the
contribution of climate change and human activities to runoff rate, and the researchers found that
the upper reaches of the Heihe River are dominated by climate change, and the impact of human
activities is small [33]. Other studies have been conducted in the Heihe River Basin. Wang et al.
studied the impact of land use change on hydrological processes in the middle reaches of the Heihe
River and found that human activities dominated the changes in runoff in the middle reaches of the
Heihe River [34]. Zhang et al. studied the effects of irrigation on surface climate in the Heihe River
Basin [35]. Although some scholars have conducted preliminary research on the runoff simulation of
the SWAT model in the upper reaches of the Heihe River, it is necessary to conduct systematic research
on the hydrological effects in the changing environment. Zhao et al. used the Hydrologiska Fyrans
Vattenbalans model to study the corresponding effects of runoff on climate change in the Heihe River
Basin [36]. He et al. used the Variable Infiltration Capacity model to analyze the uncertainty of runoff
simulation in the upper reaches of the Heihe River [37].

In the study of the upper reaches of the Heihe River, the SWAT model is a relatively more used
model, and it is more suitable for simulations with long time periods and continuous spatiotemporal
runoff changes. It is convenient to use the spatial information provided by remote sensing and GIS to
simulate the hydrological effects in many different scenarios. The application of the SWAT model in
the upper reaches of the Heihe River began in the early 21st century. Liu et al. first applied the SWAT
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model to the Heihe River Basin [38]. In later studies, they carried out improvements in the SWAT
model, including the study of the snowmelt module [39]. Due to the small number of meteorological
stations in the Heihe River Basin, Zou, Meng et al conducted a coupling study of SWAT with other
models to obtain a more accurate simulation [40,41]. Zhang, Luo and others used the SWAT model to
simulate the runoff and evaporation of the Heihe River Basin [42,43]. They are analytical studies based
on historical data. In this paper, the contribution rate of climate and land use change to surface runoff
is separated based on hydrological model. And combined with the analysis of different climate and
land use scenarios, on the one hand, it repeals the response of runoff to climate and land use change,
on the other hand, it can make some predictions on the future changes in runoff under climate and
land use scenarios.

In this paper, based on the hydrological model, we calculate the contribution rate of climate and
land use change to surface runoff. Based on the scenario setting method of the model, the response
of surface runoff to climate and land use change is studied. The possible scenarios are used
to predict the runoff under future climate and land use conditions; it also provides a reference
for the rational allocation of water resources in the basin. The main objectives of this paper are
threefold: (1) determining the point of change of runoff based on long-term hydrological sequence;
(2) quantitatively analyzing the contribution rate of climate and land use change to runoff impact;
(3) through the scenario setting simulation method, studying the response of runoff to climate and
land use change. The aim is to provide a reference for the rational allocation of living, production and
ecological water in the basin.

2. Materials and Methods

2.1. Study Area and Data Sources

2.1.1. Study Area

The Heihe River Basin is the second largest inland river basin in China. Due to the arid
and semiarid climate, water shortages are a major factor limiting the sustainable development
of the socioeconomic and ecological environment in the region [44,45]. Recently, the grassland
degradation trend in the Heihe River Basin has been obvious, and the ecological damage is serious [46].
To alleviate this series of problems, in August 2001, the State Council began to carry out comprehensive
management of the Heihe River Basin and implement Heihe River water dispatching and integrated
river basin management [47]. According to the upstream water supply situation, the difference in
different annual water levels has led to an increased contradiction between water and water demand
in the middle and lower reaches [48]. To achieve rational allocation of water resources, the upstream
water supply trend must be understood. The upstream runoff of the Heihe River has been abundant
for more than a decade, and such a history of runoff has never before been seen [49]. Therefore, it is
necessary to analyze the causes of water abundance and combine these data into a model to study the
contribution of climate change and land use factors and to develop and utilize water resources for the
basin, which will provide a reference for rational planning.

The Heihe River originates in the Qilian Mountain region on the northern edge of the Tibetan
Plateau. This area is a typical inland river basin in the arid region of northwest China, located in
the middle of the Hexi Corridor [50]. The upstream area is attached to Qilian County in the Qinghai
Province, and the basin area is approximately 10,000 km2. This area is located in the central part of
the Eurasian continent and is the site of the ancient Silk Road. The study area is far from the sea and
the elevation ranges between 1600 m and 4800 m. Affected by the circulation of the westerly winds in
the middle–high latitudes and the influence of polar cold air masses, the climate in the upper reaches
is dry, and precipitation is scarce and concentrated [51]. The upper Heihe River is the main area
of the Heihe River Basin. Surface runoff mainly comes from atmospheric precipitation and melting
snow and ice. The runoff distribution throughout the year is basically the same as the precipitation
process and during the high temperature season [52]. The runoff and precipitation are concentrated
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in summer and autumn, and the annual average precipitation exceeds 400 mm. This area is sparsely
populated, and the main economic activities are forestry and animal husbandry. The low level of
economic development has led to a limited level of water resource development and utilization [53].
The location of the study area is shown in Figure 1, as well as the distribution of the hydrology and
meteorology stations.

Water 2019, 11, x 4 of 22 

 

low level of economic development has led to a limited level of water resource development and 
utilization [53]. The location of the study area is shown in Figure 1, as well as the distribution of the 
hydrology and meteorology stations. 

 
Figure 1. Upper reaches of the Heihe River Basin. 

2.1.2. Data Sources 

The data used in this paper are divided into two parts. The first part is used to analyze the water 
resource situation in the upper reaches of the Heihe River and the relationship between runoff and 
climate elements. The second part is the data needed for the soil and water assessment tool model 
(SWAT). The model data mainly include two parts: model input data and model calibration 
verification data. Model input data includes DEM data (1000 m × 1000 m), soil data (1:1,000,000), land 
use/cover data (1:100,000), and meteorological data. The model’s calibration verification data is 
primarily the runoff and flow of the hydrological station. The data are based on ARCGIS 9.3 unified 
projection processing, in which all spatial data are converted into a unified projection with a spatial 
reference of Beijing_1954_GK_Zone_17N. DEM data and land use/cover data are from the Cold and 
Arid Regions Science Data Center. According to the standard, land use data are divided into six 
categories: forestland, grassland, water area, cultivated land, unused land, and urban construction 
land, as shown in detail in Table 1 and Figure 2. Soil data are from the HWSD-World Harmony Soil 
Database and include 8 soil classes, 14 soil classes, and 24 subcategories. See Figure 3 for details. The 
time series of climate data were selected from January 1980 to December 2008 and include daily 
precipitation, maximum and minimum temperature, humidity and wind speed. Meteorological data 
and hydrological data were downloaded from the Heihe River Bureau for model calibration and 
evaluation and include the Qilian station, Zhangye station, Yeniugou station, Tuole station, and 
Yingluoxia station, seeing Tables 2 and 3 for details. 
  

Figure 1. Upper reaches of the Heihe River Basin.

2.1.2. Data Sources

The data used in this paper are divided into two parts. The first part is used to analyze the water
resource situation in the upper reaches of the Heihe River and the relationship between runoff and
climate elements. The second part is the data needed for the soil and water assessment tool model
(SWAT). The model data mainly include two parts: model input data and model calibration verification
data. Model input data includes DEM data (1000 m × 1000 m), soil data (1:1,000,000), land use/cover
data (1:100,000), and meteorological data. The model’s calibration verification data is primarily the
runoff and flow of the hydrological station. The data are based on ARCGIS 9.3 unified projection
processing, in which all spatial data are converted into a unified projection with a spatial reference of
Beijing_1954_GK_Zone_17N. DEM data and land use/cover data are from the Cold and Arid Regions
Science Data Center. According to the standard, land use data are divided into six categories: forestland,
grassland, water area, cultivated land, unused land, and urban construction land, as shown in detail in
Table 1 and Figure 2. Soil data are from the HWSD-World Harmony Soil Database and include 8 soil
classes, 14 soil classes, and 24 subcategories. See Figure 3 for details. The time series of climate data
were selected from January 1980 to December 2008 and include daily precipitation, maximum and
minimum temperature, humidity and wind speed. Meteorological data and hydrological data were
downloaded from the Heihe River Bureau for model calibration and evaluation and include the Qilian
station, Zhangye station, Yeniugou station, Tuole station, and Yingluoxia station, seeing Tables 2 and 3
for details.
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Table 1. Land use/cover type.

Land Use Type Land Use Secondary Classification SWAT Code

urban construction land urban resident land, rural resident land URLD
forestland forestland, shrub land, woodland, other woodland FRST

grassland high-covered grassland, medium-covered
grassland, and low-covered grassland HAY

water area lakes, swamps, glacial snow, canals, beaches WATR
unused land sand, Gobi, swamp, bare rock BALD
arable land mountain drylands, plain dryland AGRL
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Table 2. Meteorological station information.

Station Name Longitude/◦ Latitude/◦ Elevation/m

Tuole station 98.42 38.8 3367
Yeniugou station 99.58 38.42 3320

Qilian station 100.25 38.18 2787.4
Zhangye station 100.43 38.93 1482.7

Table 3. Hydrological station information.

Station Name Longitude/◦ Latitude/◦ Elevation/m

Yingluoxia station 100.18 38.82 1700

2.2. Methodology

2.2.1. Mann-Kendall Trend Test

The Mann-Kendall test was performed on the mutation point. The Mann-Kendall test method
is a nonparametric method. The M-K test is simple to calculate, and the results are not disturbed by
a few outliers in the time series such as temperature, rainfall, and runoff. At the same time, it is not
necessary for the sample to follow a certain distribution, and it can clearly indicate the start time of the
sudden change of the time series of temperature, rainfall, runoff, and the like [54].

It is assumed that time series Xt, such as temperature, rainfall, runoff, etc., are composed of n
randomly independent and identically distributed samples, such as X = x1, x2, . . . , xn.

First, construct an order column:

sk = ∑k
i=1 ri, k = 2, 3, . . . , n (1)

when xi > xj, ri has a value of 1, otherwise it has a value of 0.
The order column sk is the cumulative number of times the value of the stat ri at time i is greater

than the value at time j.
Based on the assumption that the sample X = {x1, x2, . . . , xn,} is a random independent and

identical distribution, the normalized order column sk is defined as the statistic UFk.
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UFk =
|sk − E(sk)|√

Var(sk)
(2)

where UF1 = 0, and E(sk), Var(sk) are the mean and variance, respectively, of the cumulative
number sk.

The above process is repeated in time series x in reverse order xn, xn−1, . . . ,x1, making
UBk = −UFk, k = n, n− 1, . . . , 1, UB1 = 0.

Given the significance level α = 0.05, the critical value U0.05 = ±1.96, the two statistical sequence
curves of UFk and UBk, and the two critical values are plotted on the same graph for analysis.

If one of the statistics UFk or UBk is positive, it can be judged that time series such as temperature,
rainfall, and runoff have an upward trend. In addition, when the absolute values of the statistics
UFk or UBk exceed the threshold of the significance level, it can be further judged that the rising or
falling trend of the time series such as temperature, rainfall, runoff, etc. is significant; in particular, the
statistics UFk or UBk are at the level of significance. When the critical values intersect, the intersection
point is the sudden change point, and the corresponding time is the sudden change time of temperature,
rainfall and runoff [55].

2.2.2. Cumulative Anomaly Method

The anomaly is a commonly used statistic that indicates that the runoff deviates from the normal
situation [56]. The difference between a certain value and the average value of a series of values is the
anomaly; that is, xi − x. Any runoff series can be transformed into a sequence with an average value
of 0 after anomaly processing. The cumulative anomaly is a statistical method for judging the trend of
discrete data points by curve. The calculation process involves first calculating the anomaly value of
annual runoff and then accumulating values year-by-year according to the time series to obtain the
variation process of the cumulative anomaly value with time. The trend of discrete data points can be
visually judged by the curve. The cumulative anomaly for a sequence X at a certain time t is expressed
as follows:

Xt = ∑t
i=1(xi − x), t = 1, 2, . . . , n (3)

x =
1
n

n

∑
t=1

xt (4)

The runoff cumulative anomaly curve can be used to characterize the abundance of runoff change.
When the curve changes downward, this indicates that the runoff enters the dry season. An upward
change indicates that the runoff enters the wet season, and a horizontal change indicates that the runoff
enters the flat period.

2.2.3. Soil and Water Assessment Tool (SWAT Model)

The SWAT model is a typical distributed hydrological model based on the GIS platform, which was
developed by the United States Department of Agriculture [57]. The model can predict the trend and
impact of runoff changes under different land use patterns, soil conditions, and river basin management
conditions in large watersheds [58]. The data required for the SWAT model include topography, soil,
land use/cover, weather, hydrology, etc., and different databases can be selected depending on the
purpose of the study [59]. The SWAT-simulated watershed hydrological process is divided into the
land phase of the hydrological cycle and the convergence phase of the hydrological cycle. The entire
water circulation system follows the law of water balance, and the formula is as follows:

SWt = SW0 +
t

∑
i=1

(
Rday −Qsurf − Ea −Wseep −Qgw

)
(5)
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where SWt is the final soil moisture content, mm; SW0 is the initial soil moisture content of the i-th day,
mm; t is the time, d; Rday is the precipitation of the i-th day, mm; Qsurf is the surface runoff of day i,
mm; Ea indicates the amount of evapotranspiration on day i, mm; Wseep indicates the amount of water
entering the vale zone from the soil profile on day i, mm; and Qgw indicates the return flow amount on
day i, mm.

The runoff simulation in the SWAT model is the SCS runoff curve method based on daily
precipitation data and the Green&Ampt infiltration method based on time precipitation data. The SCS
runoff curve number model links soil type, runoff, land use and management measures to provide
a basis for estimating runoff under various land uses and soil types. According to the collected
precipitation data, this paper selects the SCS runoff curve method to simulate the runoff.

The SWAT model has the following basic assumptions: The ratio between the actual water
storage amount F and the maximum water storage capacity S is equal to the ratio of the runoff Q
to the difference between the rainfall P and the initial loss Ia; a linear relationship between Ia and S.
Its rainfall-runoff relationship expression is as follows:

F
S
=

Q
P− Ia

(6)

According to the water balance, it can be obtained that:

F = P− Ia −Q (7)

Therefore, Equation (6) can be derived as follows:

Q =
(P− Ia)

2

S + P− Ia
(8)

Ia is affected by factors such as land use, farming methods, irrigation conditions, canopy
interception, etc. It has a certain proportional relationship with the maximum possible permeability S.
Based on the analysis of a large number of long-term experimental results, the SWAT model provides
that the most suitable scale factor for Ia and S is 0.2:

Ia = 0.2S (9)

S is closely related to the underlying surface factors such as land use type, soil type and slope.
The model can introduce CN to better determine S. The formula is as follows:

S =
25400
CN

− 254 (10)

CN is a dimensionless parameter. The CN value reflects a comprehensive parameter of the
characteristics of the pre-rainfall watershed. It is a combination of factors such as soil moisture, slope,
land use type and soil type.

The principle of runoff simulation of the SWAT model is as follows: when the rainfall reaches
the ground, the water infiltration rate is larger due to the dryness of the surface soil. The continuous
rainfall process causes the soil moisture to increase, which leads to the decrease of water infiltration
rate. When the rainfall intensity is greater than the infiltration rate, the filling begins. Once the surface
is filled, the surface runoff will be generated. The hydrological simulation of the SWAT model is based
on the water balance equation [38].

2.2.4. Parameter Sensitivity Analysis and Model Calibration and Validation

For the calibration of the model, the Yingluoxia hydrological station is selected, which controls
the upstream outlets and has a strong representativeness, which helps to improve the accuracy of
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the model. First, the annual scale simulation is performed, and then the monthly scale simulation is
performed. SWAT-CUP software was used for the calibration of the model. The SUFI-2 algorithm was
used for iterative calculation. According to previous research experience, the parameters were selected
for the LH-OAT sensitivity analysis. First, the initial range of the model is determined, and then
multiple operations are performed until the optimal value of the parameter is determined. The model
was evaluated using the decision coefficient R2 and the model efficiency coefficient NSE to achieve
good results:

R2 =

[
∑n

i=1

(
Qobs

i −Qmean

)(
Qsim

i −Qsmean

)]2

∑n
i=1

(
Qobs

i −Qmean

)2
∑n

i=1

(
Qsim

i −Qsmean

)2 (11)

NSE = 1−

 ∑n
i=1

(
Qobs

i −Qsim
i

)2

∑n
i=1

((
Qobs

i −Qmean

))2

 (12)

where Qobs
i is the observed streamflow, Qsim

i is the simulated streamflow, Qsmean and Qmean are the
average simulated and observed streamflow values, respectively, and n is the simulation number.
The range of R2 is 0~1, and the closer this value to 1, the better the simulation effect. For NSE, greater
than 0.5 indicates that the simulation result is acceptable, and the NSE is between 0.5–0.65, indicating
suitable simulation results [60].

2.2.5. Contribution Rate Calculation

The semi-distributed hydrological model, the SWAT model, is used to calculate the contribution
rate of climate change and human activities to runoff effects. The reference period and the
interference period are accurately divided according to the abrupt position of the runoff, and then the
meteorological, hydrological and land use data rates of the reference period are used to determine the
hydrological model parameters. The period before the runoff mutation point is the reference period,
and the period after the runoff mutation point is the interference period. To analyze the contribution
of the calculation of land use and climate change, the following scenarios are used for analysis; see
Table 4. Based on scenario 1, scenario 3 is compared with the common impacts of land use change on
runoff, scenario 2 is compared with the impact of climate change on runoff, and finally, the impacts
of land use and climate change on runoff during different periods are quantitatively analyzed in the
upper reaches of the Heihe River.

Table 4. Scenarios for quantitative attribution analysis.

Scenarios Land Use/Cover Data Meteorological Data

1 1980s 1980–2003
2 1980s 2004–2008
3 2000s 1980–2003
4 2000s 2004–2008

Q1, Q2, Q3, and Q4 are the average annual runoffs simulated under scenarios 1, 2, 3, and 4,
respectively. In addition, the following formula is used to complete the calculation of the contribution
rate of climate change and land use change.

αc =
Q3 −Q1
Q4 −Q1

× 100% (13)

αh =
Q2 −Q1
Q4 −Q1

× 100% (14)
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2.2.6. Scenario Setting and Model Analysis

To further explore the impact of climate change on runoff in the upper reaches of the Heihe River,
the range of possible future variabilities in climate change, precipitation and temperature changes
were given. The following scenarios are determined: The existing precipitation conditions remain
unchanged, precipitation is increased by 10% and 20%, and the precipitation is reduced by 10% and
20%, which gives a total of 5 scenario options. Additionally, the existing temperature is maintained,
reduced by 0.5 ◦C, 1 ◦C, 1.5 ◦C and 2 ◦C, and increased by 0.5 ◦C, 1 ◦C, 1.5 ◦C, and 2 ◦C, for a total of
9 options.

To further explore the impact of land use on the runoff in the upper reaches of the Heihe River,
according to the scenario analysis of the Western Data Center future trend of land use in the Heihe
River, the ecological protection trend, the economic development trend and historical trend are adopted.
(http://westdc.westgis.ac.cn/) Based on the historical development trend and existing problems of
the Heihe River Basin, this dataset uses the Dyna-CLUE model to simulate land use development
scenarios in the Heihe River Basin in 2020 and 2030.

3. Results and Discussion

3.1. Parameter Sensitivity Analysis and Model Calibration and Validation

Through the sensitivity analysis of the SWAT model, 14 parameters with higher sensitivity were
selected to calibrate and verify the model (Table 5). The initial values and the range of the parameters
can refer to the existing research, which can save time for parameter adjustment and improve efficiency.
The period of 1980–1984 was used as the model’s warm-up period, 1985–1998 was used as the model’s
calibration period, and 1999–2008 was used as the validation period of the model. SWAT-CUP was
used to calibrate the model parameters, and the monthly streamflow at the upstream outlet at the
Yingluoxia station was calibrated and adjusted. The monthly streamflow R2 and ENS at the Yingluoxia
station during the calibration period were 0.75 and 0.65, respectively, and the verification periods were
0.71 and 0.63. The SWAT model is suitable for the upper reaches of the Heihe River. The simulation
results are shown in Figure 3 and Table 6.

Table 5. Parameter sensitivity analysis.

Parameter Sensitive Value Range Fitted Value

CN2.mgt 2 (35,98) 29.532
Ch_K2.ret 5 (−0.01,500) 21.402
Ch_N2.ret 12 (0,0.2) 0.098
ESCO.hru 1 (0,1) 0.815
EPCO.hru 14 (0,1) 0.188

CANMX.hru 10 (0,100) 6.634
SOL_Z.sol 4 (0,3500) 0.187
SOL_K.sol 6 (0,2000) −0.248

SOL_AWC.sol 3 (0,1) 0.358
GWQMN.gw 8 (0,5000) 3398.502
GW_Delay.gw 13 (0,500) 17,795
REVAPMN.gw 11 (0,500) 0.225
GW_REVAP.gw 7 (0.02,0.2) 0.02
ALPHA_BF.gw 9 (0,1) 0.008

CN2: Moisture condition SCS curve number; Ch_K2: River effective water transfer coefficient; Ch_N2: Manning’s “n”
value for the main channel; ECSO: Soil evaporation compensation factor; EPCO: Plant transpiration compensation
coefficient; CANMX: Maximum canopy storage; SOL_Z: Depth from soil surface to bottom of layer; SOL_K:
Saturated hydraulic conductivity; SOL_AWC: Available water capacity of the soil layer; GWQMN: Threshold
water level in shallow aquifer for base flow; GW_Delay: Groundwater delay coefficient; REVAPMN: Threshold
water level in in shallow aquifer for “revap”; GW_REVAP: Groundwater “revap” coefficient; ALPHA_BF: Baseflow
recession constant.

http://westdc.westgis.ac.cn/
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Table 6. Calibration and validation results of SWAT model for monthly streamflow.

Period Measured Average m3/s Simulated Average m3/s Nash-Suttcliffe R2

1985–1998 51.65 58.52 0.65 0.75
1999–2008 66.08 57.62 0.63 0.71
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Figure 3. Calibration and validation results of SWAT model for monthly streamflow.

3.2. Trends in Annual Runoff

Figure 4 shows the linear analysis of the runoff from 1958 to 2017 and the 5-year moving average
curve of the hydrological station at the water outlet of the Heihe source area. In the past 60 years, the
annual runoff of the Yingluoxia shows an increasing trend, on the whole. The annual runoff at the
Yingluoxia station reached its maximum in 2017, at 23.31 × 108 m3, while the minimum appeared in
1971 at 10.32 × 108 m3, with a tendency to change of 0.93 × 108 m3·10 a−1. After entering the 21st
century, runoff is generally large, showing a fluctuating rising trend.Water 2019, 11, x 12 of 22 
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Figure 4. Trend analysis of runoff at Yingluoxia station.

We use a combination of two methods to identify the point of abrupt changes in the runoff
sequence. In the M-K curve, the UFk and UBk graphs are plotted. If the value of UFk or UBk is greater
than 0, this indicates that the sequence is on an upward trend, and less than 0 indicates a downward
trend. When these values exceed the critical line, this indicates a significant increase or decrease.
The range exceeding the critical line is determined as the time zone in which the mutation occurs.
If there is an intersection between the curves of UFk and UBk, and the intersection is between the
critical lines, then the moment corresponding to the intersection is the time when the mutation starts.

As shown in Figure 5a, in the 1980s, the UFk value began to be greater than 0 and was always
greater than 0, indicating that the runoff sequence of Yingluoxia station began to rise from the 1980s.
In 2008, the UFk value was greater than 1.96, indicating that the trend of increasing the runoff was
significant based on a significance level test of 0.05. Also, an intersection of the curves appeared in
2004. As seen in the cumulative anomaly curve of Figure 5b, the cumulative anomaly change process
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can be roughly divided into three stages: from 1958 to 1980, the annual runoff showed a decreasing
trend; from 1981 to 2003, the annual runoff showed a relatively gradual fluctuation trend; after 2004,
runoff showed a clear upward trend. The mutations may be caused by symptoms of climate change,
such as increased precipitation. In the 21st century, the global climate is warming, and the climate in
northwestern China is warm and humid, but there is a significant hysteresis effect, which may lead to
sudden changes of runoff appearing in 2004. Combining the two methods, the mutation point was
set to 2004. Therefore, in the follow-up study, we divided the study period into a reference period
pre-2004 and an interference period after 2004.
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Figure 5. (a) Change trends of the M-K test; (b) Cumulative anomaly of the annual runoff in
Yingluoxia station.

3.3. Precipitation and Runoff Correlation Analysis

The Double Mass Curve (DMC) is a common method for testing the consistency of relationships
between two parameters and their changes. The DMC is the relationship between the continuous
cumulative value of one variable and the continuous cumulative value of another variable plotted
in the Cartesian coordinate system. It can be used to test the consistency of hydro-meteorological
elements. The DMC of the runoff and precipitation in the upper reaches of the Heihe River was
plotted to test the correlation between the two factors. The M-K test and the cumulative anomaly
curve analysis of the annual runoff of the Yingluoxia hydrological station have been well verified in
the precipitation-runoff DMC. As seen in Figure 6, the precipitation-runoff DMC is roughly divided
into three phases, 1958–1979, 1980–2003, and 2004–2014.
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Figure 7 shows the correlation analysis between runoff and precipitation changes. From the
annual scale, the runoff changes are consistent with the precipitation changes, and there is a clear
correlation. In addition, the correlation passed the significance test.Water 2019, 11, x 14 of 22 
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3.4. Contribution of Land Use and Climate Change to Runoff Variation

The different meteorological data and land use data for the designated natural period and
interference period are combined and the runoff contribution rate of land use and climate change
in the Heihe River Basin is calculated according to different scenarios. In the upper reaches of the
Heihe River, the contribution rate of climate change runoff is much greater than the contribution rate
of human activities.

The simulation results are shown in Table 7. The simulated annual runoff is 622.67 m3/s in the
reference period and 710.90 m3/s in the interference period. Compared with the reference period, the
total runoff increased during the interference period by 88.23 m3/s. Among the scenarios, the increase
caused by climate change is 76.89 m3/s, and the increase caused by human activities is 11.34 m3/s.
The contribution rate of climate change is 87.15%, while the contribution rate of human activities is
only 12.85%.

He et al. calculated the contribution rate of climate change and human activities to runoff in the
upper reaches of the Heihe River by the elastic coefficient method, and found that the contribution rate
of climate change is greater than that of human activities, but because of the analysis based on statistical
characteristics, the land use type and soil are ignored the type and other physical mechanisms [32].
Lin et al. identified the effects of climate and land use change on runoff and evapotranspiration
through hydrological model separation. The role of climate change is found to be much greater than
land use change [50]. Meng et al. used the SWAT model to study the Aksu River in the northwest
inland area and found that climate factors and human activities were responsible for 92.28% and 7.72%
of the variability, respectively [61]. These are consistent with the results of this paper.
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Table 7. Simulated response of human activities and climate change in Heihe River Basin.

Time Interval Period Simulated Annual
Runoff m3/s

Total Increase
m3/s

Effect of Human Activities
on Runoff

Effect of Climate Change
on Runoff

Reference period 1980–2003 622.67 —— —— —— —— ——

Interference period 2004–2008 710.9 88.23
Increase m3/s Proportion Increase m3/s Proportion

11.34 12.85% 76.89 87.15%

3.5. Scenario Simulation of Climate Change and Land Use Cover Change

3.5.1. Climate Change Factor

The SWAT model was used to analyze the combined scenarios of different meteorological data.
According to Table 8, the influence of temperature on runoff is complicated, and the increase or
decrease in runoff caused by temperature cannot be determined. When the temperature is lowered,
evaporation is reduced, which leads to an increase in surface runoff. However, when the temperature
rises, the change of surface runoff presents uncertainty due to the conflict effect caused by evaporation
and snowmelt runoff. An increase in temperature causes an increase in evaporation, resulting in a
decrease in surface runoff. At the same time, an increase in temperature will also lead to an increase in
glacial snowmelt runoff, which will increase surface runoff. In the case of maintaining the precipitation
in the upper reaches of the Heihe River, the runoff also changed with the change in temperature, but all
scenarios showed an increasing trend; as the temperature increases, the increase in surface runoff has
been alleviated. The effect of rainfall on runoff is positive. With the temperature of the upper reaches
of the Heihe River remains unchanged, the runoff increases with increasing rainfall, and vice versa.

Table 8. Relative variation of mean annual runoff for different scenarios/%.

Temperature Precipitation

−20% −10% 0 +10% +20%

−2 ◦C −11.87 −4.45 17.39 23.21 38.65
−1.5 ◦C −15.85 −6.76 13.13 18.86 32.97
−1 ◦C −20.69 −7.70 9.11 11.24 21.75
−0.5 ◦C −22.45 −15.33 4.35 8.96 16.50

0 −30.63 −20.85 0 7.45 14.69
+0.5 ◦C −21.35 −9.64 9.2 10.52 22.49
+1 ◦C −23.44 −12.17 6.29 12.48 25.86

+1.5 ◦C −23.96 −12.96 5.36 16.63 26.52
+2 ◦C −25.79 −15.59 4.43 18.72 30.03

Table 9 shows the response of runoff to lower temperatures and higher precipitation. As shown
in Table 9, when ∆T = 0, it means the response of the runoff to the increase of precipitation when the
temperature is constant. It can be seen that the increase in precipitation increases the runoff, and the
more the precipitation increases, the more the runoff increases. When ∆P = 0, it means the response of
the runoff to the temperature decreases when the precipitation is constant. It can be seen that the lower
the temperature, the more the runoff increases, and the more the temperature is lowered, the more
the runoff increases. When both ∆T and ∆P are not zero, it means that the temperature decreases and
the precipitation increases. It can be found that when the temperature decreases and the precipitation
increases, the runoff increases the most.
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Table 9. Response of runoff to temperature reduction and precipitation increase.

Temperature Change Precipitation Change

∆P=0 ∆P=10% ∆P=20%

∆T = 0 0 7.45 14.69
∆T = −0.5 4.35 8.96 16.50
∆T = −1.0 9.11 11.24 21.75
∆T = −1.5 13.13 18.86 32.97
∆P = −2.0 17.39 23.21 38.65

Table 10 shows the response of runoff to both elevated temperature and precipitation. It can be
seen from Table 10 that when ∆P = 0, when the precipitation is constant, the runoff will increase when
the temperature rises. When both ∆T and ∆P are not zero, it indicates the response of the runoff when
the temperature and precipitation increase simultaneously. When the increase of precipitation reaches
10% or more, the runoff increases, indicating that the effect of precipitation on runoff is more significant.
Due to the large area of glaciers in the upper reaches of the Heihe River, when the temperature rises,
the increase of glacial snowmelt will also lead to an increase in runoff.

Table 10. Response of runoff to simultaneous increase in temperature and precipitation.

Temperature Change Precipitation Change

∆P=0 ∆P=10% ∆P=20%

∆T = 0 0 7.45 14.69
∆T = 0.5 9.2 10.52 22.49
∆T = 1.0 6.29 12.48 25.86
∆T = 1.5 5.36 16.63 26.52
∆T = 2.0 4.43 18.72 30.03

Table 11 shows the response of runoff to simultaneous decrease in temperature and precipitation.
From Table 11, when ∆T = 0, it means that when the temperature is constant, the runoff decreases when
the precipitation decreases. When both ∆T and ∆P are not zero, it indicates the response of the runoff
when both temperature and precipitation decrease. It can be seen that the decrease in temperature and
the decrease in precipitation have the opposite effect on runoff. When the precipitation is constant,
the temperature decreases, the runoff increases, and the lower the temperature, the larger the runoff.
When the temperature is constant, the decrease in precipitation will result in a decrease in runoff, and
the lower the temperature, the lower the runoff.

Table 11. Response of runoff to simultaneous decrease in temperature and precipitation.

Temperature Change Precipitation Change

∆P=−20% ∆P=−10% ∆P=0

∆T = 0 −30.63 −20.85 0
∆T = −0.5 −22.45 −15.33 4.35
∆T = −1.0 −20.69 −7.70 9.11
∆T = −1.5 −15.85 −6.76 13.13
∆T = −2.0 −11.87 −4.45 17.39

Table 12 shows the response of runoff to elevated temperatures and reduced precipitation. It can
be seen from Table 12 that when ∆T = 0, and the temperature is constant, when the precipitation
decreases, the runoff will decrease, and the more the precipitation decreases, the smaller the runoff.
When both ∆T and ∆P are not zero, it indicates the response of the runoff when the temperature rises
and precipitation decreases. It can be seen that both the increase in temperature and the decrease in
precipitation can reduce the runoff.
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Table 12. Response of runoff to temperature increase and precipitation decrease.

Temperature Change Precipitation Change

∆P=−20% ∆P=−10% ∆P=0

∆T = 0 −20.69 −7.70 0
∆P = 0.5 −21.35 −9.64 9.2
∆P = 1.0 −23.44 −12.17 6.29
∆P = 1.5 −23.96 −12.96 5.36
∆P = 2.0 −25.79 −15.59 4.43

3.5.2. Land Use Change Factor

According to the historical development trend and existing problems in the Heihe River Basin,
the Dyna-CLUE model was used to simulate the land use scenarios of the 2020 and 2030 (Figure 8).
Considering the actual land use setting in 2000 as a basic scenario, the impact of future land use
changes on runoff was analyzed. The dataset was provided by the Heihe Plan Science Data Center,
National Natural Science Foundation of China.

Under natural scenarios, land-use change evolves according to existing trends. The ecological
protection scenario is to strictly limit the land use type to occupy land for forest land, grassland and
water land, strictly implementing the measures of returning farmland to forests and grasslands. Under
circumstances of economic development, with the development of the social economy and the increase
of the urban population, the demand for industry, residential and public land is urgent, leading to the
continuous expansion of the urban scale, leading in turn to an increase in urban construction land and
cultivated land.
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When both ∆T and ∆P are not zero, it indicates the response of the runoff when the temperature rises 
and precipitation decreases. It can be seen that both the increase in temperature and the decrease in 
precipitation can reduce the runoff. 
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The land use scenario simulation results are shown in Table 14. In 2020, under the natural growth 
scenario and ecological protection scenario, runoff showed an increasing trend, but the degree of 
increase was different between the scenarios, while under economic development, runoff showed a 
decreasing trend. Under the natural growth scenario, the area of grassland decreased, the area of 
cultivated land and bare land increased, and by 2030, the amount of runoff increased. Under the 
ecological protection scenario, the area of arable land and bare land decreased, and the area of 
forestland and grassland increased. The increase in runoff was larger than that under the natural 
growth scenario, which shows that the increase in forestland and grassland has a greater impact on 
the increase in runoff than that of cultivated land or bare land. In future planning, the area of 
ecological land such as forest and grass can be appropriately increased. 

Figure 8. Distribution of land use types under different simulation scenarios. (a) Natural growth
scenario in 2020, (b) Natural growth scenario in 2030, (c) Ecological protection scenario in 2020,
(d) Ecological protection scenario in 2030, (e) Economic development scenario in 2020, (f) Economic
development scenario in 2030.

It can be seen from Table 13 that under the future scenario, land use areas of various types will
increase or decrease to different degrees. Under natural growth, from 2020 to 2030, the cultivated
land will increase, and the forest and grassland area will decrease. Under the protection situation,
from 2020 to 2030, the area of cultivated land, forest land and grassland will increase, and the area
of bare land will decrease. Under the economic development situation, from 2020 to 2030, the area
of cultivated land will increase, the area of bare land will increase, and the area of forest land and
grassland will decrease.

Table 13. Area ratio of different land use scenarios.

Type of Landuse Natural Growth Scenario Ecological Protection Scenario Economic Development

2020 2030 2020 2030 2020 2030

AGRL 12.009% 12.569% 11.565% 11.778% 12.889% 13.764%
FRST 12.930% 12.786% 13.060% 13.102% 12.680% 12.413%
HAY 35.344% 34.824% 35.753% 35.848% 34.533% 33.728%

WATR 2.295% 2.294% 2.294% 2.293% 2.290% 2.290%
URLD 0.983% 0.986% 0.959% 0.972% 1.037% 1.091%
BALD 36.439% 36.541% 36.369% 36.007% 36.570% 36.714%

The land use scenario simulation results are shown in Table 14. In 2020, under the natural growth
scenario and ecological protection scenario, runoff showed an increasing trend, but the degree of
increase was different between the scenarios, while under economic development, runoff showed
a decreasing trend. Under the natural growth scenario, the area of grassland decreased, the area of
cultivated land and bare land increased, and by 2030, the amount of runoff increased. Under the
ecological protection scenario, the area of arable land and bare land decreased, and the area of
forestland and grassland increased. The increase in runoff was larger than that under the natural
growth scenario, which shows that the increase in forestland and grassland has a greater impact on the
increase in runoff than that of cultivated land or bare land. In future planning, the area of ecological
land such as forest and grass can be appropriately increased.

In the future land use scenario, the SWAT model is used to simulate, and the results show that
the runoff increases or decreases in different situations. In the case of natural growth and ecological
protection, runoff shows an increasing trend. However, in the case of ecological protection, the increase
in runoff is more significant. Under the economic development situation, the runoff is reduced due to
the large reduction in grassland area. It can be seen that the construction of ecological construction
land such as forest land and grassland can, to a certain extent, improve the regional microclimate,
improve the soil environment, reduce the surface temperature, reduce the direct evaporation of water,
and have a positive effect on the surface runoff.
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Table 14. Change of runoff under land use/cover scenarios.

Land Use/Cover Change Scenarios Change Rate of Runoff

2020
(a) 0.27%
(c) 0.34%
(e) −0.10%

2030
(b) 1.57%
(d) 3.74%
(f) −0.22%

4. Conclusions

By analyzing the impact of climate and land use change on runoff in this paper, a qualitative
analysis is turned into a quantitative analysis for the development and utilization of water resources
in the Heihe River Basin, providing a reference base. In this paper, the runoff change trend at the
Yingluoxia station in the upper reaches of the Heihe River over the past 60 years is analyzed and
combined with the SWAT model to simulate runoff. We combine different scenarios of climate and
land use change to simulate surface runoff. The results show the following:

(1) The annual runoff in the upper reaches of the Heihe River is increasing. The long-term runoff
sequence was mutated in 2004. Therefore, the runoff sequence was divided into the reference
period before 2004 and the interference period after 2004.

(2) The SWAT model has good applicability in runoff simulation of the Yingluoxia hydrological
station. It can be used for contribution rate calculations and scenario simulations.

(3) The contribution rates of climate change and land use to watershed runoff are very different.
In the upper reaches of the Heihe River, the contribution rate of climate change to runoff change
is 87.15%, while human activities contribute only 12.85%.

(4) According to different temperature and rainfall scenarios, the simulation analysis shows that
decreased temperature causes increased surface runoff. However, when the temperature rises,
the change of surface runoff presents uncertainty due to the conflict effect caused by evaporation
and snowmelt runoff. While an increase in rainfall will lead to an increase in runoff, but the
amount of increase will differ. It can be found that when the precipitation increases and the
temperature decreases, the runoff increases the most. When the temperature increases and the
precipitation decreases, the amount of runoff reduction is most significant.

(5) Land use in different scenarios has different effects on runoff. Both natural and ecological
conservation trends lead to increased runoff, but the increase in runoff is greater under the
ecological protection scenario, while under economic development, runoff showed a decreasing
trend. The increase of forest land and grassland area caused the increase of surface runoff. It can
improve the regional climate to a certain extent and have a positive effect on surface runoff. Also,
the cultivated land has a negative contribution to soil and water conservation and has a negative
effect on the occurrence of surface runoff.

Although climate change plays a key role in the runoff changes in the UHRB, the impact of
human activities cannot be ignored. Against the background of climate change, according to the water
resource utilization management objectives, watershed management measures can be adjusted to
realize the rational layout of land use and then change the river basin runoff trend, which provides
a reference for effective scientific planning in river basins. In the future watershed management
process, while meeting upstream water demand, the land use structure can be adjusted and rationally
distributed, thereby increasing the upstream water output and ensuring water use in the lower reaches
of the basin. In this paper, research regarding a certain contribution rate was conducted, but there are
still many factors that have not been considered. For example, climate change can be combined with
evapotranspiration, and other human activities can also be added to considerations for further research.
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