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Abstract: Quantifying the long term impacts of climate and land cover change on streamflow is of
great important for sustainable water resources management in inland river basins. The Soil and
Water Assessment Tool (SWAT) model was employed to simulate the streamflow in the upper reaches
of Heihe River Basin, northwestern China, over the last half century. The Sequential Uncertainty
Fitting algorithm (SUFI-2) was selected to calibrate and validate the SWAT model. The results
showed that both Nash-Sutcliffe efficiency (NSE) and determination coefficient (R2) were over 0.93
for calibration and validation periods, the percent bias (PBIAS) of the two periods were—3.47%
and 1.81%, respectively. The precipitation, average, maximum, and minimum air temperature were
all showing increasing trends, with 14.87 mm/10 years, 0.30 ◦C/10 years, 0.27 ◦C/10 year, and
0.37 ◦C/10 years, respectively. Runoff coefficient has increased from 0.36 (averaged during 1964
to 1988) to 0.39 (averaged during 1989 to 2013). Based on the SWAT simulation, we quantified the
contribution of climate and land cover change to streamflow change, indicated that the land cover
change had a positive impact on river discharge by increasing 7.12% of the streamflow during 1964
to 1988, and climate change contributed 14.08% for the streamflow increasing over last 50 years.
Meanwhile, the climate change impact was intensive after 2000s. The increasing of streamflow
contributed to the increasing of total streamflow by 64.1% for cold season (November to following
March) and 35.9% for warm season (April to October). The results provide some references for
dealing with climate and land cover change in an inland river basin for water resource management
and planning.
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1. Introduction

Water resource pressure has become one of the important factors that affect social and economic
sustainable development and ecosystem security [1,2]. It is widely recognized that climate and land
cover changes are two important factors affecting water resources availability in water-constrained
regions [3–6]. Affected by the changing environment, climate-related water issues such as flood
and drought occur frequently and result in serious consequences in these regions [7,8]. Therefore,
the impacts of climate change and land cover change on water resources availability are of great
concern for sustainable development, especially in arid and semi-arid inland river basins [9,10].

Climate change alters the hydrological cycle in a direct way by influencing the distribution of
precipitation, variations of evapotranspiration and streamflow [11,12]. Meanwhile, climate change
is always coupled with the land cover change [13]. Climate and land cover changes result in more
complex interactive relationships among precipitation changes, temperature changes, and runoff
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changes [14]. Quantitatively assessing the impact of climate and land cover changes on water resource
availability is a significant issue for hydrological science [10,15,16]. Today, high-quality land cover
types can usually be acquired via remote sensing technology developed after the 1980s. Hydrological
models, such as the SWAT [17,18], TOPMODEL [19], and VIC [20], are commonly used to study the
effect of climate change on the hydrological cycle. Based on physical mechanisms, hydrological models
offer a framework for conceptualizing and investigating the relationships between climate, land cover,
and hydrological processes in various categories of time and space [21,22]. Hydrological models
consider the hydrological processes and their interactions with the environment [13,21,22].

There are numerous studies that investigate the impacts of climate and land use/cover changes
on water resources availability based on hydrological model [10,23–26], but few address how climate
change impacts streamflow at a long time period and what role land cover change plays in runoff
change. These issues remain to be resolved [16,27]. In order to fully understand the interaction between
the hydrological processes and changing environment, we need to apply a method to distinguish the
climate change impact from the impact of land cover change on streamflow changes. However, due to
the scarcity for the land cover maps before the 1980s, it is impossible to drive the hydrological model
using observed land cover types as input parameter for many regions, especially for the mountainous
regions of inland river basins over a long term period. Here, we come up with a new method trying to
understand the climate change impact on streamflow over a relative long time period. Based on change
point analysis [6,22], the streamflow is divided into two phases, the previous phase (baseline) and the
latter phase (effect period). During the latter phase, the land cover map can be collected by remote
sensing methods. Thus, the hydrological model can be calibrated using observed streamflow, climate
condition, and land cover map in the latter phase, and then the calibrated parameters are entirely used
to simulate runoff in the previous phase. The difference between the observed and simulated runoff
for the previous phase accounts for the impact of land cover change on streamflow. The difference
between the simulated runoff for latter phase and the previous phase is considered to quantify the
impact of climate change on streamflow. Thus, we can distinguish the contribution of climate change
from the land cover change in order to understand the impacts of the changing environment.

The mountainous region of an inland river basin is one of the most sensitive areas for climate
change [28–30]. Thus, we chose the upper reaches of the Heihe River Basin (HRB) as our study area.
We have described the basic situation in our previous study [31]. There are several studies simulating
hydrological processes in the HRB [1,17,29,32–35]. However, there has been little work done to assess
the impact of the changing environment on streamflow of the upper mountainous watershed over
a long time period. Yang et al. [36] have identified the separate impacts of climate and land cover
changes on hydrological processes in upper stream of HRB based on the obtained climate data and
land use/cover change data from 1981 to 2010. However, their study only focused on conditions over
30 years; long-term study on the climate and land cover change impacts still remains to be addressed.
In this study, we prolong the time series in order to quantify the impacts of climate and land cover
changes on streamflow in a longer time series. We selected the SWAT model to facilitate this research
based on its wide use. In order to know what changes have happened for the hydro-meteorological
processes in this area, we choose several variables—precipitation, days of precipitation, air temperature
(average, minimum, and maximum), and streamflow—to analysis the variation trends.

2. Materials

2.1. Study Area

The Yingluoxia watershed (YLX watershed) is located at the upper reaches of HRB covering
an area of 10,018 km2 (Figure 1). It is the main region for streamflow generation, contributing about
90% of the water resources of the Heihe main stream. The Yingluoxia (YLX) hydrological station
is located in the outlet of the watershed and monitors the runoff of the watershed. The climate in
the watershed is characterized as cold and dry in winter and hot and wet in summer. The annual
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precipitation tends to decrease from east to west and increase from 200 mm to 700 mm with the
increasing altitude. Detailed information about the YLX watershed can be found in Yin et al. [31] and
Cheng et al. [37].
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2.2. Data Availability 

The ASTER GDEM, with a resolution of 30 m, was used as the digital elevation model (DEM) 
data in this study, as shown in Figure 2a. The hydrological and meteorological observation data were 
all acquired from the portal of http://westdc.westgis.ac.cn. The land cover map was obtained with 
the type groups, including alpine meadow (51.1% of the YLX watershed), grassland (14.2%), forest 
land (18.8%), bare land (15.4%), and glacier (0.5%). The land cover map in this study was interpreted 
from the remote sensing image in 2001 by the Institute of Botany of the Chinese Academy of Sciences. 
The land cover map is shown in Figure 2b. The soil map (scale 1:1,000,000) comes from the China Soil 
Scientific Database (CSSD), as shown in Figure 2c. Related main soil properties were processed as 
described in our previous study [31]. 

Daily climate data, including precipitation, maximum and minimum air temperature, average 
wind speed, relative humidity, and sunshine duration, were obtained from the records of the six 
meteorological stations in Figure 1. Monthly river flow data was obtained from the YLX hydrological 
station for the observation period from 1961 to 2013. 

Figure 1. Location of the Heihe River Basin, the meteorological station, and hydrological station in and
surrounding the Yingluoxia (YLX) Watershed.

2.2. Data Availability

The ASTER GDEM, with a resolution of 30 m, was used as the digital elevation model (DEM)
data in this study, as shown in Figure 2a. The hydrological and meteorological observation data were
all acquired from the portal of http://westdc.westgis.ac.cn. The land cover map was obtained with
the type groups, including alpine meadow (51.1% of the YLX watershed), grassland (14.2%), forest
land (18.8%), bare land (15.4%), and glacier (0.5%). The land cover map in this study was interpreted
from the remote sensing image in 2001 by the Institute of Botany of the Chinese Academy of Sciences.
The land cover map is shown in Figure 2b. The soil map (scale 1:1,000,000) comes from the China Soil
Scientific Database (CSSD), as shown in Figure 2c. Related main soil properties were processed as
described in our previous study [31].

Daily climate data, including precipitation, maximum and minimum air temperature, average
wind speed, relative humidity, and sunshine duration, were obtained from the records of the six
meteorological stations in Figure 1. Monthly river flow data was obtained from the YLX hydrological
station for the observation period from 1961 to 2013.

http://westdc.westgis.ac.cn.
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Figure 2. The DEM (a), land cover (b), soil type (c), sub basins, and Hydrologic Response Units (d) of 
the YLX watershed. 

3. Methodologies 

3.1. Distinguishing the Impacts of Climate and Land Cover Changes 

We considered that the observed streamflow series reflect the interactive relationship between 
climate and land cover changes. Due to lack of the available land cover maps from the 1960s to the 
1980s, it is hard to achieve good performance when we simulate the hydrological processes using the 
SWAT model. Based on the change point analysis [38], both temperature and precipitation in 
Northwest China underwent abrupt change around 1987. Considering the length of time series, we 
took 1989 as a demarcation point. Some studies also indicate that climate change shifted around 1989 
[39,40]. Thus, we divided the streamflow into two phases, the previous phase (1964 to 1988, 25 years) 
and the latter phase (1989 to 2013, 25 years). During the latter phase, we collected the land cover map 
[41] as described in the data availability section and calibrated and validated the SWAT model. Then, 
the calibrated model was used to simulate runoff in the previous phase. The real streamflow 
(observed streamflow) was the reflection of interactions between climate change and land cover 
change. In the previous phase SWAT simulation, we used the calibrated SWAT model expecting to 
get a perfect result; however, we used the changed land cover map (constructed in 2001) to drive the 
model, so the simulated runoff could be considered as the result affected by the land cover change. 
The difference between observed and simulated runoff in the previous phase could be considered as 
the impact of land cover change as shown in the left part of the flowchart (Figure 3). We used the 
same land cover map in the previous phase simulation and latter phase simulation; however, the 
climate was changing, so the differences between the simulated runoff of the two phases were 
considered to quantify the impact of climate change on streamflow. Finally, we distinguished the 
impact of climate change from land cover change. The flowchart is shown in Figure 3. 

Figure 2. The DEM (a), land cover (b), soil type (c), sub basins, and Hydrologic Response Units (d) of
the YLX watershed.

3. Methodologies

3.1. Distinguishing the Impacts of Climate and Land Cover Changes

We considered that the observed streamflow series reflect the interactive relationship between
climate and land cover changes. Due to lack of the available land cover maps from the 1960s to the
1980s, it is hard to achieve good performance when we simulate the hydrological processes using
the SWAT model. Based on the change point analysis [38], both temperature and precipitation in
Northwest China underwent abrupt change around 1987. Considering the length of time series,
we took 1989 as a demarcation point. Some studies also indicate that climate change shifted around
1989 [39,40]. Thus, we divided the streamflow into two phases, the previous phase (1964 to 1988,
25 years) and the latter phase (1989 to 2013, 25 years). During the latter phase, we collected the
land cover map [41] as described in the data availability section and calibrated and validated the
SWAT model. Then, the calibrated model was used to simulate runoff in the previous phase. The real
streamflow (observed streamflow) was the reflection of interactions between climate change and land
cover change. In the previous phase SWAT simulation, we used the calibrated SWAT model expecting
to get a perfect result; however, we used the changed land cover map (constructed in 2001) to drive the
model, so the simulated runoff could be considered as the result affected by the land cover change.
The difference between observed and simulated runoff in the previous phase could be considered as
the impact of land cover change as shown in the left part of the flowchart (Figure 3). We used the same
land cover map in the previous phase simulation and latter phase simulation; however, the climate
was changing, so the differences between the simulated runoff of the two phases were considered to
quantify the impact of climate change on streamflow. Finally, we distinguished the impact of climate
change from land cover change. The flowchart is shown in Figure 3.
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3.2. Soil and Water Assessment Tool (SWAT) Model and Model Setup

The SWAT model is a physically based hydrological model developed by the United States
Department of Agriculture [42]. It is effective in modeling hydrological components and process
responses such as climate change, land cover change, and different watershed management at variable
time scales with semi-distributed treatment for large river basins [43]. In this study, we simulated the
snow and glacier melt by using an elevation banded temperature index method—the detail can be
found in reference [31].

The hydrologic cycle as simulated by SWAT is based on the water balance equation,

SWt = SW0 +
t

∑
i=1

(Rday −Qs − Ea − wseep −Qg) (1)

where SWt is the final soil water content (mm), SW0 is the initial soil water content on day i (mm), t is
the time (days), Rday is the amount of precipitation on day i (mm), Qs is the amount of surface runoff
on day i (mm), Ea is the amount of ET on day i (mm), wseep is the amount of water entering the vadose
zone from the soil profile on day i (mm), and Qg is the amount of return flow on day i (mm).

According our previous study [31], the model setup included four steps: watershed discretization
and sub-basin characteristics derivation, HRU definition, parameter sensitivity analysis, and model
calibration and validation. In the watershed discretization, the YLX watershed was discretized into
43 sub-basins as shown in Figure 2d. In the HRU definition, the 43 sub-basins were delineated into
2650 HRUs on the basis of land cover type, soil type, and terrain features, as shown in Figure 2d.
In this step, the land cover related parameters (such as maximum potential leaf area index, canopy
height, root depth, optimal (base) temperature for plant growth, and harvest index) were read from
the SWAT model attribute database and were then written into every HRU attribute file. The land
cover–related parameters stored in the SWAT model attribute database were obtained from field
investigation and measurement. The soil-related parameters were also read from the attribute database
and were then written into every HRU attribute file. During the simulation, the SWAT model read the
HRU parameters from the HRU attribute file to calculate water balance of the HRU.

3.3. Model Calibration and Confirmation Analysis

In this study, calibration and uncertainty analyses were performed by SUFI-2 [44]. In SUFI-2,
95PPU (95% prediction uncertainty) was calculated at the 2.5% and 97.5% levels of the cumulative
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distribution of output variables. Based on the sensitivity analysis and our previous study [35,45],
15 parameters were chosen, whose final fitted parameter value are shown in Table 1.

Table 1. Parameters involved in the calibration procedure and final fitted values.

Parameter 1 Description Parameter Range Fitted Value

r_CN2.mgt Initial SCS runoff curve number for
moisture condition II −0.4~0.2 −0.225

v_ALPHA_BF.gw Base flow alpha factor (days) 0.0~0.5 0.25

v_GW_DELAY.gw Groundwater delay time (days) 90.0~180.0 165.0

v_GWQMN.gw
Threshold depth of water in the

shallow aquifer required for return
flow to occur (mm)

0.0~2.0 1.0

v_GW_REVAP.gw Groundwater ‘rewap’ coefficient 0.0~0.2 0.033

v_ESCO.hru Soil evaporation compensation factor 0.5~0.9 0.70

v_CH_N2.rte Manning’s ‘n’ value for the main
channel 0.0~0.3 0.05

v_CH_K2.rte Effective hydraulic conductivity in
main channel alluvium (mm/h) 5.0~40.0 10.83

v_ALPHA_BNK.rte Base flow alpha factor for bank storage 0.0~1.0 0.50

r_SOL_AWC.sol Available water capacity of the soil
layer (mm H2O/mm soil) −0.2~0.4 −0.10

r_SOL_K.sol Saturated hydraulic conductivity
(mm/h) −0.8~0.8 −0.53

v_SFTMP.bsn Snowfall temperature (◦C) −2.0~1.0 −1.5

v_SMFMN.bsn Melt factor on December 21 (mm
H2O/◦C-day) 0~10.0 3.5

v_SMFMX.bsn Melt factor on June 21 (mm
H2O/◦C-day) 0~10.0 7.5

v_TLPAS.sub Temperature lapse rate (◦C/km) −8.0~−4.0 −5.5
1 r_: parameter value is multiplied by (1 + a given value) or relative change; v_: parameter value is replaced by
given value or absolute change.

The Nash-Sutcliffe Efficiency (NSE), the determination coefficient (R2), and the percent bias
(PBIAS) are frequently used measures in hydrologic modeling studies [45], which are calculated as,

NSE = 1−

n
∑

i=1
(Oi − Pi)

2

n
∑

i=1

(
Oi −Oavg

)2
(2)

R2 =

(
n
∑

i=1
(Oi −Oavg)(Pi − Pavg)

)2

n
∑

i=1

(
Oi −Oavg

)2 n
∑

i=1

(
Pi − Pavg

)2
(3)

PBIAS =

n
∑

i=1
(Pi −Oi)

n
∑

i=1
Oi

× 100% (4)
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in which, Pi is the simulated streamflow, Oi is the observed streamflow at time step i, respectively,
whereas Pavg and Oavg are the average simulated and observed streamflow values in time period 1, 2,
. . . , n.

3.4. Mann-Kendall Trend Test

The Mann-Kendall (M-K) test, based on the work of Mann [46] and Kendall [47], was used to
assess the influence of a trend base on non-parametric testing. The M-K test is widely used for trend
analysis in hydrology and climatology [37,48–50].

The change levels of meteorological variables in this study were estimated by the application of
the Sen Slope method. This technique calculates the slope as a change in measurement correlated with
units of temporal change. It offers the advantages of allowing for missing data, avoiding assumptions
on distribution of data, and averting the effects of gross data errors and outliers [51]. The Sen Method
can eliminate the consequences of missing data or anomalous trends by using the median of the series
of slopes as the judgmental foundation. The expression is given by,

β = Median
(xj − xi)

(j− i)
, ∀j > i (5)

where 1 < j < i < n. the estimator β is the median over all combinations of record pairs for the
whole data set. A positive value of β indicates an “increasing trend,” and a negative value indicates
a “decreasing trend.”

4. Results and Discussion

4.1. Model Performance

According to the distinguish method described in Section 3.1, we divided the streamflow into
two phases: the Impact Testing phase (IT phase, 1964–1988) and the model Calibration and Validation
phase (CV phase, 1989–2013). In this study, we divided the Calibration and Validation phases into three
sub-periods: the first sub-period (1986 to 1988) was set as warming up period, the second sub-period
(1989 to 2000) was used to calibrate the model, and the last sub-period (2001 to 2013) was applied to
validate the model with the observed streamflow data at Yinluoxia station as target.

We estimated the performance of the modeling results such as NSE, R, and PBIAS for different
periods, which can be seen in Table 2. The results of the SWAT simulation was fairly in accordance with
the observed river flow at the monthly time scale with an NSE of 0.93 during calibration and validation
periods (Figure 4), which is a very good performance according to the classification standard [45].
Moreover, the high values of R2 reflect high correlation between the simulated results and the observed
data, as shown in Figure 5. Even though the values of PBIAS indicated that the average tendency of the
simulated data underestimated the observed data a little, the general performance was still acceptable.

Table 2. Values of NSE, R, and PBIAS in different study periods.

Period NSE R2 PBIAS (%)

Calibration (1989–2000) 0.93 0.95 −3.47
Validation (2001–2013) 0.93 0.93 1.81

The CV phase (1989–2013) 0.93 0.93 −0.59
The IT phase (1964–1988) 0.92 0.94 7.12
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precipitation of the YLX watershed. 

Moreover, the 95PPU model results are shown in Figure 4, wherein the shaded region show the 
uncertainty of the model parameter without accounting for the uncertainties of the model structure 

Figure 4. Monthly observed and simulated river discharge in the YLX hydrological station during the
calibration period (a) and the validation period (b) with the uncertainties of simulation and monthly
precipitation of the YLX watershed.

Moreover, the 95PPU model results are shown in Figure 4, wherein the shaded region show the
uncertainty of the model parameter without accounting for the uncertainties of the model structure
and model input. The results revealed that SWAT is an effective tool in simulating the hydrological
processes in the upper stream of HRB, with very satisfactory accuracy by the P-factor of 86% and
R-factor of 0.72 in the calibration period.

Sustainability 2017, 9, 1278  8 of 16 

and model input. The results revealed that SWAT is an effective tool in simulating the hydrological 
processes in the upper stream of HRB, with very satisfactory accuracy by the P-factor of 86% and R-
factor of 0.72 in the calibration period. 

 

Figure 5. Scatter plots the observed and simulated streamflow for the calibration (a) and the validation 
(b) periods in the study area. 

4.2. The Change in Hydro-Meteorological Variables 

We employed precipitation, days of precipitation, air temperature (average, minimum, and 
maximum), and streamflow data to represent the changes in hydro-meteorological processes. A 
precipitation day here is defined as a day with more than 1 mm of precipitation. Figure 6 and Table 
3 show that great changes happened among the hydro-meteorological variables over the last 50 years. 
The annual precipitation increased significantly, by 1.49 mm/year for β value during the period (p < 
0.05). Days of precipitation in the year increased by 0.132 day/year for β value with non-significance. 
The monthly changes in precipitation and days of precipitation in the month increased more in warm 
seasons than in cold seasons. The annual average, minimum, and maximum air temperatures 
increased significantly (p < 0.01). The increasing trends of precipitation and temperature were in 
accordance with the results of QLX meteorological station [52]. The increasing magnitude of 
minimum air temperature was largest among the three air temperature variables. Compare to their 
monthly changes, the increase magnitudes in cold months were larger than that in warm months. 
The annual streamflow also increased significantly by 0.937 mm/year for β value (p < 0.01). The 
monthly streamflow increased in all months with significant magnitudes, except in May and July. It 
should be noted that the streamflow was increasing obviously in wet season due to the large variation 
of precipitation. The results of this section were partly demonstrated in our previous study [31]. 

Table 3. Annual statistics of hydro-meteorological series, their average, trends, and significance 
during 1964–2013. 

Variable Average Slope of Regression 
Line (year−1) M-K Test β (year−1) Significance 

Precipitation (mm) 420.65 1.542 2.52 1.487 <0.05 
Days of precipitation (days) 75.32 0.134 1.42 0.132 - 

Average air temperature (°C) −2.83 0.030 4.82 0.030 <0.01 
Minimum air temperature (°C) −10.17 0.039 5.50 0.037 <0.01 
Maximum air temperature (°C) 6.58 0.026 3.84 0.027 <0.01 

Streamflow (mm) 160.28 0.914 3.92 0.937 <0.01 

Figure 7 shows the correlativity of accumulated precipitation and streamflow in two periods. 
Compare to the two periods of scatter plots, we can clearly find that the rainfall-runoff relationship 
has been changed. For the same precipitation, the runoff yield for the period after 1989 was larger 

Figure 5. Scatter plots the observed and simulated streamflow for the calibration (a) and the validation
(b) periods in the study area.

4.2. The Change in Hydro-Meteorological Variables

We employed precipitation, days of precipitation, air temperature (average, minimum, and
maximum), and streamflow data to represent the changes in hydro-meteorological processes.
A precipitation day here is defined as a day with more than 1 mm of precipitation. Figure 6 and
Table 3 show that great changes happened among the hydro-meteorological variables over the last
50 years. The annual precipitation increased significantly, by 1.49 mm/year for β value during the period
(p < 0.05). Days of precipitation in the year increased by 0.132 day/year for β value with non-significance.
The monthly changes in precipitation and days of precipitation in the month increased more in warm
seasons than in cold seasons. The annual average, minimum, and maximum air temperatures increased
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significantly (p < 0.01). The increasing trends of precipitation and temperature were in accordance with
the results of QLX meteorological station [52]. The increasing magnitude of minimum air temperature
was largest among the three air temperature variables. Compare to their monthly changes, the increase
magnitudes in cold months were larger than that in warm months. The annual streamflow also
increased significantly by 0.937 mm/year for β value (p < 0.01). The monthly streamflow increased in
all months with significant magnitudes, except in May and July. It should be noted that the streamflow
was increasing obviously in wet season due to the large variation of precipitation. The results of this
section were partly demonstrated in our previous study [31].

Table 3. Annual statistics of hydro-meteorological series, their average, trends, and significance
during 1964–2013.

Variable Average Slope of Regression
Line (year−1) M-K Test β (year−1) Significance

Precipitation (mm) 420.65 1.542 2.52 1.487 <0.05
Days of precipitation (days) 75.32 0.134 1.42 0.132 -

Average air temperature (◦C) −2.83 0.030 4.82 0.030 <0.01
Minimum air temperature (◦C) −10.17 0.039 5.50 0.037 <0.01
Maximum air temperature (◦C) 6.58 0.026 3.84 0.027 <0.01

Streamflow (mm) 160.28 0.914 3.92 0.937 <0.01
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Figure 6. Information about the variables: (A) precipitation, (B) number of days of precipitation,
(C) average air temperature, (D) minimum air temperature, (E) maximum air temperature, and (F)
streamflow at YLX station. Left panel (A1–F1): annual average. Middle panel (A2–F2): monthly
average. Right panel (A3–F3): monthly distribution of variation magnitudes of β value for each
variable, black bar represent significance at 0.05 and gray bar represent not significant.
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Figure 7 shows the correlativity of accumulated precipitation and streamflow in two periods.
Compare to the two periods of scatter plots, we can clearly find that the rainfall-runoff relationship
has been changed. For the same precipitation, the runoff yield for the period after 1989 was larger than
that for the period before 1989. This means the runoff coefficient has increased during the entire period,
while the runoff coefficient has changed from 0.36 (averaged during 1964 to 1988) to 0.39 (averaged
during 1989 to 2013). However, what caused these changes? What were the impacts of climate and
land cover changes on the streamflow? These subjects will be emphasized in the following sections.
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4.3. The Effects of Land Cover and Climate Change on Streamflow

4.3.1. Identifing the Effects of Land Cover Change on Streamflow

As described in previous section, we divided the study period into the IT phase and the CV phase.
During the CV phase, we calibrated and validated SWAT model using observed streamflow, climate
condition, and land cover map, and then the calibrated parameters were entirely used to simulate runoff
in the IT phase. In this study, we reran the calibrated SWAT model in the IT phase using the current
land cover map. Because the model was calibrated during the CV phase, the simulated streamflow in
IT phase was considered as the results of land cover changes. Meanwhile, the observed streamflow in
the IT phase was considered to be the result before the land cover changes. Therefore, the differences
(simulated streamflow minus observed streamflow) between the observed and simulated streamflow
for the IT phase were regarded as the impacts of land cover change on streamflow.

Figure 8 showed the differences between the observed and simulated streamflow during the
IT phase and the CV phase. Compared to the simulated streamflow in CV phase, there was a great
different between the simulated and observed streamflows in the IT phase. These differences reflected
the impact of land cover change on river discharge. The differences for the river discharge (bottom box
in Figure 8) were almost above zero in the IT phase. This indicated that the land cover change had
a positive impact on river discharge. According to the model performance of the IT phase, the value
of NSE and R2 were 0.92 and 0.94, respectively, which indicated that the performance was perfect.
However, the PBIAS was 7.12%, which meant that the simulation streamflow was higher than the
observed streamflow (Table 2). Meanwhile, the PBIAS of −0.59% in the CV phase demonstrated that
the bias caused by the model was almost negligible; thus, we regarded the PBIAS (7.12%) in the IT
phase was induced by the impact of the land cover change. Figure 9 also reflects the positive effect of
land cover change, although this impact was not obvious, which reflects the small change in land cover.
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4.3.2. Quantifying Climate Change Contribution to Streamflow

The observed streamflow was coupled with the interaction of climate and land cover. In this
case study, we simulated the streamflow over the last 50 years, assuming a changing climate and
constant land cover. In order to eliminate the impacts of land cover changes on streamflow, we chose
the simulated river discharge series, instead of the observed discharge series, to assess the contribution
of climate change to streamflow. The average of decadal simulated precipitation (PCP), average
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temperature (ta), and streamflow (R) were calculated as shown in Table 4. The average temperature
was continuously increasing in every decade except the 1970s. Compared to the values in 1960s,
the precipitation and streamflow decreased in the 1970s and the 1990s by 10.90 and 12.35, and 13.56 mm
and 15.66 mm, respectively. The precipitation and streamflow both increased in the 1980s and after
2000. It should be noted that streamflow in the 2010s increased more obviously, with a value of
23.40 mm compare to the streamflow, than in any other decade before the 2010s. This indicates that the
intensive influence of climate change on streamflow in the 2010s was more obvious than in any other
decades from the 1960s onward.

The variation of streamflow was consistent with precipitation: both decreased in the 1970s and
1990s and increased in the 1980s and after 2000, which illustrates that the change to streamflow was
mainly impacted by precipitation change. However, when the precipitation increased by 20.79 mm and
17.84 mm in the 1980s and 2010s, the streamflow increased by 22.30 mm and 23.40 mm, respectively,
which demonstrates that the change of streamflow was also impacted by temperate change. According
to Wu et al. [32], temperature warming induced the increase of snowmelt and glacier melting,
consequently increasing the streamflow. Therefore, without considering the impact of land cover
changes, the streamflow change was affected by precipitation change (rising) and temperature change
(rising). According to our pervious study, the runoff coefficient was sensitive to precipitation and not
to temperature [31]. We can see from the Table 4, compare to the 1960s, without considering land cover
change impacts, the streamflow due to climate change decreased in the 1970s and 1990s by 8.11% and
9.39%, and increased in the 1980s, 2000s, and 2010s by 13.35%, 4.32%, and 14.01%, respectively. Overall
the streamflow increasing due to climate change by 14.08% of total streamflow over the last 50 years,
in agreement with the results of Wu et al. [53] and Zhang et al. [17]. The latest study also confirmed
that the climate dominate the streamflow effects more significantly in the upper stream of the Heihe
River rather than land cover change [36].

Table 4. Impacts of climate change to streamflow during the 1960s to the 2010s.

Decade PCP
(mm) ta (◦C) R (mm)

PCP
Change

(mm)

ta
Change

(◦C)

R
Change

(mm)

PCP
(%)

ta
(%)

R
(%)

1960s 510.37 −1.55 167.10 - - - - - -
1970s 499.47 −1.66 153.54 −10.90 −0.11 −13.56 −2.14 −7.10 −8.11
1980s 531.16 −1.53 189.40 20.79 0.02 22.30 4.07 1.29 13.35
1990s 498.02 −1.05 151.44 −12.35 0.50 −15.66 −2.42 32.26 −9.39
2000s 522.06 −0.46 174.31 11.69 1.09 7.21 2.29 70.32 4.32
2010s 528.21 −0.42 190.50 17.84 1.13 23.40 3.50 72.90 14.01

Figure 10 shows decadal changes of monthly precipitation, average temperature, and streamflow
compared to values from the 1960s. The changes of monthly precipitation distributed unevenly within
the year that were mainly increased from June to September, except for a sharp decrease in September
in the 1990s, and mainly decreased in April, May, October, and November. Most of the monthly
average temperatures increased, except for decreases from March to May. We have already discussed
that the streamflow change was an interaction of precipitation change and temperature change without
considering land cover change. It was the same in the monthly scale: the decreasing precipitation in
April and May and decreasing temperature from March to May resulted in the streamflow decreasing
from April to June. In addition, the increasing precipitation from July to September was accompanied
by the rising temperature from June to September, which caused the streamflow rise from July to
September. The abrupt reduction of precipitation in September in the 1990s caused the increase
of streamflow.
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Figure 10. Decadal changes of monthly precipitation (a), average temperature (b), and streamflow (c)
compare to the baseline of 1960s.

Generally, great changes have occurred from April to October, during which period the
precipitation occupied over 90% of the total annual precipitation, and the streamflow count was 84%
of total annual streamflow. Basically, the streamflow decreased from April to June for all five decades,
except the streamflow increased in June during the 1980s and the 2010s. However, the streamflow is
crucial to agricultural irrigation and stability of the oasis in the middle stream of Heihe River during
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this period. The decreasing of streamflow might lead to grain reduction and oasis retreat. Meanwhile,
the streamflow increased from August to October, except when the streamflow decreased in September
and October during the 1990s. According to Figure 6, the peak of monthly streamflow occurred in July
and August. The obvious increase of streamflow during this period could lead to the intensity of flood
and high risks of hazards. Overall, climate change makes the intra-year distribution of streamflow
more uneven. The climate streamflow–related potential risks have increased, consistent with the
results of Zhang et al. [17]. In addition, the streamflow increased in almost all decades in the cold
season from November to the following March. Over the last 50 years, the streamflow induced by
climate change in the cold season increased 15.2 mm and in warm season (April to October) increase
by 8.5 mm. The increasing of streamflow contributed to the increasing of total streamflow by 64.1% for
cold season and 35.9% for warm season.

5. Conclusions

Understanding and quantifying the impacts of climate change and land cover change on
hydrological response are of great significance for fine water resource management and planning in
water-limited regions, especially in inland river basins. In this study, we employed the SWAT model
to simulate the monthly streamflow of the upper reaches of Heihe River Basin over last 50 years.
The simulation results were very satisfactory. Based on the simulation results, we calculated the
contribution of climate change and land cover change to the streamflow increasing.

We concluded that the climate change and land cover change both contributed to the increase
of the streamflow, whereas climate change was the main factor, consistent with the conclusions of
several previous studies [17,36,53]. Because of the changes to climate and land cover, the rainfall-runoff
relationship has varied, which has also been demonstrated in previous studies [1,31].

In this study, although the impacts of climate change and land cover change have been
successfully examined, there is still room for improvement. For example, the uncertainty linked
to the parameters should be quantified. All analyses done were based on only a chosen parameter;
however, the hydrological response to different parameters can be different. Therefore, the parameter
uncertainty should be tested in future.

This study can provide some references for dealing with climate change and land cover change in
inland river basin water resource management and planning. As mentioned previously, millions of
people are sustained by the streamflow of YLX watershed. This study shows a decreasing streamflow
in the spring and increasing streamflow in the summer caused by changes of climate and land cover,
which perhaps should push policymakers to change their water management planning [17].
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