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Abstract: The upper Yellow River Basin (UYRB) is an important water source and conservation area.
As well as a warming climate, the region has experienced long-term human interventions, such
as grazing, farming and reservoir construction, since the mid-1980s. The runoff dynamics and its
drivers in the UYRB remain poorly constrained, especially the differences between pastoral and
agricultural areas, due to a lack of detailed measurements. Here, the contributions of climate change,
land-use change and anthropogenic water consumption to runoff changes observed at hydrological
stations were evaluated by combining the observations with scenarios simulated by a process-based
hydrological model. Changes in the pastoral and agricultural areas of the UYRB were then compared
at 10-year intervals during the period 1986–2020. The results indicated lower runoff in the UYRB over
the past 35 years, when compared with that in the baseline period of 1965–1985, due to the negative
influences of both climate change and anthropogenic water consumption. Meanwhile, land-use
change had only a weak influence, due to stable land-use patterns. However, spatial differences in
dominant drivers of runoff reductions were evident between the pastoral area and agricultural area.
Specifically, runoff decreases were caused by the negative influences of climate change in the pastoral
area and anthropogenic water consumption in the agricultural area. A shift in the dominant drivers
after the period 2006–2015 was attributed to the positive influence of climate change and a weakening
of agricultural water consumption and reservoir inflow during the same period. These changes
initially caused a decrease in runoff, and later an increase. These findings contribute to a crucial
evidence base for optimizing water resource management, ecological protection and high-quality
development in the Yellow River Basin.

Keywords: runoff dynamics; dominant drivers; spatiotemporal heterogeneity; upper Yellow River Basin

1. Introduction

The Yellow River (Huang Ho) is central to Chinese culture, where it is considered the
Mother River. The upper Yellow River Basin, as an important water source area and water
conservation area [1–3], is a primary resource for socioeconomic development along the
Yellow River [2,4]. The basin has experienced continuous agricultural and grazing activities,
as well as a warming climate, over the past decades [5–7]. Agriculture in this region depends
heavily on the upper Yellow River water resource [4,8], such that water consumption for
livestock grazing has a direct impact on river runoff. Meanwhile, grazing also changes the
underlying surface conditions (mainly the vegetation cover and soil structure), thereby
influencing the local water cycle [2,9,10]. A series of ecological conservation and restoration
programs (e.g., the Grain for Green Project and Grazing withdraw program) had additional
impacts on the ground surface, with corresponding impacts on the water storage capacity
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and runoff characteristics in this basin [4,11,12]. The construction of reservoirs has also
caused intra- and inter-annual fluctuations in runoff [3,13].

Annual runoff of the upper Yellow River showed a reduction over the past several
decades, while that of the river source regions of the Indus, Mekong, Salween, Ganges,
Yarlung Zangbo, Amu Darya, Syr Darya and Tarim Rivers had obvious inter-annual
variations but no significant trends [1,14,15]. Moreover, anthropogenic water consumption
in these river source regions that originated from the Tibetan Plateau and its surroundings,
known as the Asia water tower, was mainly concentrated in the upper Yellow River
Basin [1,14]. Strong hydrological changes in the upper Yellow River Basin since the mid-
1980s reflect the dual impacts of climate change and human activity [2,6,15,16]. Therefore,
an improved understanding of runoff dynamics and drivers in the upper Yellow River
Basin is urgently needed to reduce demand and optimize water resource management, in
turn supporting ecological protection and high-quality development in the Yellow River
Basin.

Previous studies revealed the general temporal characteristics of runoff changes across
the entire upper Yellow River Basin, using hydrological station observations [2,3,16], and
have qualitatively evaluated the contributions of climate change and human activity to
these runoff changes [4,6,17]. However, the spatiotemporal differences in runoff changes
between agricultural and pastoral areas within the upper Yellow River Basin remain poorly
constrained, yet this knowledge is essential for decision-makers when regulating water
resources [18]. The lack of quantitative data on the difference in runoff between pastoral
and agricultural areas reflects a lack of relevant observations [2,12,19]. Nevertheless, some
quantitative analysis has already been carried out. The elasticity coefficient method was
established based on the Budyko hypothesis for the water balance and employed to measure
the contributions of climate change and human activity to runoff changes [19–21]. The
cumulative slope method was also widely used to quantify these two contributions by
calculating the slopes of fitting lines before and after turning points in series of runoff,
precipitation and evaporation [22]. This mathematical analysis has insufficient physical
basis, due to a lack of knowledge of hydrological processes and their interactions [12,22,23],
and its results remain uncertain. Additionally, detailed measurements of the individual
contributions of climate change, land-use change and anthropogenic water consumption
are rare in the upper Yellow River Basin, especially at different spatiotemporal scales.
Previous measurements have focused more on the influences of climate change and land-
use change [19,21,24]. Significantly, anthropogenic water consumption data are often
difficult to collect directly [25], yet they provide critical information for policymakers
regulating water resources in the Yellow River Basin [2,18]. Additionally, the land-use
change in the previous studies generally included variations in native vegetation cover
associated with climate change, which exaggerated the contribution of land-use change
caused solely by human activities [19–21].

Process-based eco-hydrological simulations of specific scenarios provide an effective
means of measuring the individual contributions of climate change, land-use change
and anthropogenic water consumption to runoff changes. Models can be employed to
simulate runoff dynamics driven jointly by both climate change and land-use change at the
watershed scale, using observed climate and land-use time series [2,25]. Runoff dynamics
driven solely by climate change can also be simulated, by keeping land-use constant at its
initial state throughout the simulation [19,26]. The contributions of climate change, land-
use change and anthropogenic water consumption to runoff changes are then quantified by
comparing the simulated runoff series with observed runoff series at hydrological stations.
The Soil and Water Assessment Tool (SWAT) has been widely applied to implement these
simulations at the watershed and sub-watershed scales and had a good performance in our
study in the Asia water tower region [22,27–29].

This study aims to evaluate spatiotemporal differences in runoff dynamics and its
drivers within a water conservation area of the upper Yellow River Basin over the past
35 years. The runoff series were generated by the SWAT model, based on two scenarios
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that were constructed by observed climatic series and with or without land-use status at
10-year intervals during the period 1986–2020. The changes in simulated and observed
runoff series were quantified by comparing with that in the baseline period of 1965–1985.
The dominant drivers were then identified by comparisons of these runoff changes as noted
above. The differences between agricultural areas and pastoral areas were further analyzed.
These results are expected to support optimization of water resources regulation in the
Yellow River Basin.

2. Materials and Methods
2.1. Study Area

The upper Yellow River Basin above the Lanzhou hydrological station (UYRB) is
located at latitude 32◦09′14”–38◦20′52”N and longitude 95◦52′27”–103◦50′08”E, with a
total catchment area of approximately 223,000 km2, accounting for 29.7% of the whole
Yellow River Basin (Figure 1). The UYRB is the main source of runoff to the Yellow River,
yielding about 60% of the mean annual runoff [2,30]. This basin also has an important
water conservation function [12]. The UYRB features a plateau mountain climate, and over
the past 70 years has experienced increasing precipitation (approximately 4.85 mm per
decade) and warming (approximately 0.12 ◦C per decade) [2,3]. Grassland, forest land and
cropland are the main land-use types, accounting for 79.19%, 12.13% and 6.46% of this basin,
respectively (Figure 2). Animal husbandry and agriculture are the main pillar industries
of local socioeconomic developments [31]. Grazing and farming activities are respectively
concentrated in the sub-basins above and below the Tangnaihai hydrological station in
the UYRB (Figure 2). Agricultural irrigation accounts for the majority of anthropogenic
water consumption, but domestic water and industrial water have followed an increasing
trend [6]. Several reservoirs have been successively built in the sub-basin below the
Tangnaihai hydrological station since 1986 [3].

Remote Sens. 2022, 14, x FOR PEER REVIEW 3 of 16 
 

 

years. The runoff series were generated by the SWAT model, based on two scenarios that 
were constructed by observed climatic series and with or without land-use status at 10-
year intervals during the period 1986–2020. The changes in simulated and observed runoff 
series were quantified by comparing with that in the baseline period of 1965–1985. The 
dominant drivers were then identified by comparisons of these runoff changes as noted 
above. The differences between agricultural areas and pastoral areas were further ana-
lyzed. These results are expected to support optimization of water resources regulation in 
the Yellow River Basin. 

2. Materials and Methods 
2.1. Study Area 

The upper Yellow River Basin above the Lanzhou hydrological station (UYRB) is lo-
cated at latitude 32°09′14″–38°20′52″N and longitude 95°52′27″–103°50′08″E, with a total 
catchment area of approximately 223,000 km2, accounting for 29.7% of the whole Yellow 
River Basin (Figure 1). The UYRB is the main source of runoff to the Yellow River, yielding 
about 60% of the mean annual runoff [2,30]. This basin also has an important water con-
servation function [12]. The UYRB features a plateau mountain climate, and over the past 
70 years has experienced increasing precipitation (approximately 4.85 mm per decade) 
and warming (approximately 0.12 °C per decade) [2,3]. Grassland, forest land and 
cropland are the main land-use types, accounting for 79.19%, 12.13% and 6.46% of this 
basin, respectively (Figure 2). Animal husbandry and agriculture are the main pillar in-
dustries of local socioeconomic developments [31]. Grazing and farming activities are re-
spectively concentrated in the sub-basins above and below the Tangnaihai hydrological 
station in the UYRB (Figure 2). Agricultural irrigation accounts for the majority of anthro-
pogenic water consumption, but domestic water and industrial water have followed an 
increasing trend [6]. Several reservoirs have been successively built in the sub-basin below 
the Tangnaihai hydrological station since 1986 [3]. 

 
Figure 1. The upper Yellow River Basin. Figure 1. The upper Yellow River Basin.



Remote Sens. 2022, 14, 3628 4 of 15Remote Sens. 2022, 14, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 2. Major types of land-use map from 1990s to 2020s. 

2.2. Data 
2.2.1. Observed Runoff Series 

Monthly streamflow series from six hydrological stations (Figure 1) within the UYRB 
during 1965–2020 were obtained from the Yellow River Conservancy Commission of 
China (the agency responsible for quality control and release of the hydrological data). 
These data series recorded observed runoff in the study area, which reflects the joint in-
fluences of climate change, land-use change and anthropogenic water consumption. The 
data were converted to a series of total annual runoff. 

The monthly runoff series from 1965 to 1975 was used to calibrate parameters of the 
SWAT model, while the series from 1976 to 1985 was used for validation of runoff simu-
lations. 

The monthly runoff series for the Lanzhou hydrological station from 1986 to 2020 
reflects overall runoff dynamics in the UYRB, while that from the Tangnaihai hydrological 
station was adopted to represent the pastoral area of the UYRB (Figure 2). The differences 
between these two runoff series were utilized to estimate changes in the runoff dynamics 
in the agricultural area of the UYRB. 

2.2.2. Driving Datasets for Simulating Runoff Dynamics 
Daily climatic series, land-use data, a soil survey geographical database and eleva-

tion data were required by the SWAT model to simulate runoff dynamics. Daily climatic 
variables (Table 1) included temperature, precipitation, solar radiation, relative humidity 
and wind speed at 22 meteorological stations (Figure 1) within the UYRB from 1964 to 
2020, obtained from the China meteorological service center (http://data.cma.cn/en (ac-
cessed on 1 June 2022)). 

Table 1. Climatic datasets for runoff simulations. 

Figure 2. Major types of land-use map from 1990s to 2020s.

2.2. Data
2.2.1. Observed Runoff Series

Monthly streamflow series from six hydrological stations (Figure 1) within the UYRB
during 1965–2020 were obtained from the Yellow River Conservancy Commission of China
(the agency responsible for quality control and release of the hydrological data). These
data series recorded observed runoff in the study area, which reflects the joint influences of
climate change, land-use change and anthropogenic water consumption. The data were
converted to a series of total annual runoff.

The monthly runoff series from 1965 to 1975 was used to calibrate parameters of
the SWAT model, while the series from 1976 to 1985 was used for validation of runoff
simulations.

The monthly runoff series for the Lanzhou hydrological station from 1986 to 2020
reflects overall runoff dynamics in the UYRB, while that from the Tangnaihai hydrological
station was adopted to represent the pastoral area of the UYRB (Figure 2). The differences
between these two runoff series were utilized to estimate changes in the runoff dynamics
in the agricultural area of the UYRB.

2.2.2. Driving Datasets for Simulating Runoff Dynamics

Daily climatic series, land-use data, a soil survey geographical database and elevation
data were required by the SWAT model to simulate runoff dynamics. Daily climatic
variables (Table 1) included temperature, precipitation, solar radiation, relative humidity
and wind speed at 22 meteorological stations (Figure 1) within the UYRB from 1964 to 2020,
obtained from the China meteorological service center (http://data.cma.cn/en (accessed
on 1 June 2022)).

http://data.cma.cn/en
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Table 1. Climatic datasets for runoff simulations.

Climatic Datasets Time Resolution Unit Timespan

Mean temperature day ◦C·day−1

1964–2020
Total precipitation day mm·day−1

Mean solar radiation day W·m−2·day−1

Mean relative humidity day %
Mean wind speed day m·s−1

Land-use data in the UYRB, with a spatial resolution of 30 m for the years 1990,
2000, 2010 and 2020, were provided by the National Tibetan Plateau Data Center (http:
//www.resdc.cn/ (accessed on 1 June 2022)). These data were produced by artificial visual
interpretation using Landsat TM/ETM images over the same period. The land-use data are
of high quality and have been widely applied in eco-hydrological research.

The soil survey geographical database provides physical and chemical characteristics
of soils (e.g., percentages of clay, sand and silt and saturated hydraulic conductivity). We
used the Harmonized World Soil Database version 1.2 from the International Institute for
Applied Systems Analysis and Food and Agriculture Organization of the United Nations.
The HWSD covers over 16,000 different soil mapping units and has high accuracy [32].
Delineation processes follow Winchell et al. (2010) [33].

The ASTER GDEM version 2 with a spatial resolution of approximately 30 m was ob-
tained from NASA’s Land Processes Distributed Active Archive Center. The data have high
accuracy, even in mountainous areas, and have also been widely used in eco-hydrological
models [34]. The elevation data extracted from this dataset were used as the model input.

2.2.3. Anthropogenic Water Consumption Data

Anthropogenic water consumption data were retrieved from statistics published by the
Ministry of Water Resources. Water consumption data for agricultural irrigation, forestry,
industry, domestic use and animal husbandry from 2004 to 2020 were included in the
following analysis. Annual inflows of reservoirs that were built in the agricultural area of
the UYRB from 2009 to 2020 were obtained from the Yellow River Conservancy Commission
of China.

2.3. Method
2.3.1. Scenario Simulations for Quantifying Contributions of Individual Drivers to
Runoff Dynamics

Monthly runoff dynamics in scenario simulations were simulated by the SWAT (semi-
distributed watershed) model [27,35]. The SWAT model was driven by the climate, land-
use and soil characteristics datasets. The mass balance, transport and hydrologic cycling
were simulated for individual hydrological response units identified by their unique
combinations of land-use, soil type and terrain characteristics. The surface runoff and
infiltration were calculated by the soil conservation service curve number method [28,33].
The simulated runoff was routed to the watershed outlet through channel processes. Further
details are found in Neitsch et al. [36].

(1) Model parameterization and validation

The monthly runoff series from 1964 to 1985 were simulated by this model using
observed climate and land-use data as described above. The year 1964 was used for model
initialization and spin-up. The land-use data were assigned their values for the year 1990,
as there was little land development in the study area before the 1990s [2,16].

The simulation from 1965 to 1975 was employed to calibrate the model parameters at
the six hydrological stations of the study area (see Figure 1) using the SWAT-CUP tool [37].
Firstly, sensitive parameters (Table 2) were determined by the degree and significance of
sensitivity (i.e., t-stat and p value) from global sensitivity analysis of the SWAT-CUP [38].
Here, the significance was set to 0.1. Next, the 50–100 iterative simulations with the param-

http://www.resdc.cn/
http://www.resdc.cn/
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eters were performed and compared with the observed runoff series in the corresponding
period. The chosen values of these parameters were adjusted within a reasonable range
as Table 1 to obtain the optimal parameters with minimum simulation error. Then, the
model was run again with the calibrated parameter set to simulate runoff dynamics from
1976 to 1985. The simulated and observed series of monthly runoff were then compared
to verify the reliability of the model. Note that the observed runoff series before 1985 was
considered to reflect the sole influence of climate change, due to the weak human impacts
during that period [15,16]. The Nash–Sutcliffe efficiency coefficient (NSE), coefficient of
determination (R2) and percent bias (PBIAS) were used as metrics in calibration and valida-
tion. Simulations are generally considered to be reliable when 0.75 ≤ NSE ≤ 1.0, R2 ≥ 0.75
and PBIAS ≤ ±10% [39].

Table 2. Parameters used for calibration in the SWAT model.

Parameters Description Value Range

r_CN2 Initial SCS runoff curve number for moisture condition II [−0.2, 0.2]
v_ALPHA_BF Baseflow alpha factor [0, 1]
v_GW_DELAY Groundwater delay time [0, 500]
v_GW_REVAP Groundwater “revap” coefficient [0.02, 0.2]

v_GWQMN Groundwater baseflow threshold (mm) [0, 2000]
v_REVAPMN Groundwater “revap” threshold (mm) [0, 500]

v__CH_N2 Manning’s “n” value for the main channel [0, 0.3]
v_OV_N Manning’s “n” value for overland flow [−0.01, 30]

v__CH_K2 Effective hydraulic conductivity in main channel alluvium [0, 150]
v__ESCO Soil evaporation compensation factor [0.01, 1]
v__EPCO Plant uptake compensation factor [0.01, 1]

v__SMFMX Maximum melt rate for snow during year [0, 10]
v__SFTMP Snowfall temperature [−5, 5]

Notes: The prefix “r” means multiplied by a given value. The prefix “v” means replacement of the initial parameter
with a given value.

(2) Scenario simulations

Scenarios 1 and 2 (Table 3) used observed climatic series during the corresponding
time-span but were run with and without land-use change, respectively. The monthly
runoff series in these scenarios were simulated by the calibrated SWAT model with the
configuration shown in Table 3. Scenario 1 was driven solely by climate change, while
Scenario 2 was driven jointly by climate change and land-use change. The simulated
period 1986–2020 was subdivided into intervals of 10 years to reflect land-use change. The
simulated results from these two scenarios were then compared to evaluate the contribution
of land-use change to runoff changes.

Table 3. Scenario configurations.

Simulated Periods Scenario 1 Scenario 2

1986–1995 observed climatic
series
and

1990 land use

observed climatic
series and

1990 land use
1996–2005 2000 land use
2006–2015 2010 land use
2016–2020 2020 land use

2.3.2. Quantifying the Contributions of Climate Change, Land-Use Change and
Anthropogenic Water Consumption to Runoff Changes

The observed runoff series (RA) before 1985 was considered to solely reflect the
response to climate change, due to the weak human interventions during that period. The
RA during 1965–1985 (i.e., baseline period) was thus adopted as the benchmark from which
to assess human impacts on runoff changes since 1986.

The observed runoff changes (∆RA) were quantified as the differences in annual mean
RA between the simulated periods (Table 3) and the baseline period. Therefore, ∆RA reflects
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the combined responses to climate change (∆RC), land-use change (∆RL) and anthropogenic
water consumption (∆RU). Specifically,

∆RA = ∆RC + ∆RL + ∆RU (1)

∆RC was calculated as the differences in annual mean value between the simulated
runoff series from Scenario 1 (see Table 3) and the RA during the baseline period. ∆RL was
calculated as the difference in the simulated annual runoff between Scenario 1 and Scenario
2. ∆RU was finally calculated as the residual after accounting for ∆RA, ∆RC and ∆RL.

Fractional contributions of climate change, land-use change and anthropogenic water
consumption were then quantified as FCC, FCL and FCU.

FCC = |∆RC|/(|∆RC| + |∆RL| + |∆RU|) (2)

FCL = |∆RL|/(|∆RC| + |∆RL| + |∆RU|) (3)

FCU = |∆RU|/(|∆RC| + |∆RL| + |∆RU|) (4)

The dominant drivers of runoff changes were further explored by comparing the
magnitudes of these individual contributions. To identify significant differences between
contributions, we used a threshold minimum difference of 0.2 between the absolute values
of the fractional contributions. The directions of the dominant drivers were also determined
by the signs of ∆RC, ∆RL and ∆RU, respectively. A positive sign indicated that the factor
had a positive influence on runoff changes, and vice versa. The differences between the
dominant drivers of change in the agricultural and pastoral areas were then analyzed in
the UYRB.

3. Results
3.1. Reliability of Runoff Simulations

The monthly runoff series simulated by the SWAT model showed a good fit (R2 > 0.79)
with the observed runoff during both the calibration and validation period (Table 4). Over-
all, the calibrated SWAT model achieved high accuracy (NSE > 0.77 and |PBIAS| < 10%)
when simulating runoff dynamics in the UYRB and provided a reliable basis for the follow-
ing drivers contribution analysis.

Table 4. Validation of annual runoff series simulated by the SWAT model in the upper Yellow
River Basin.

Hydrological
Stations

Calibration Period Validation Period

NSE R2 PBIAS (%) NSE R2 PBIAS (%)

Jimai 0.84 0.85 2.10 0.77 0.79 −3.25
Maqu 0.89 0.89 0.91 0.84 0.86 −6.52

Tangnaihai 0.89 0.90 −0.64 0.85 0.86 −8.81
Guide 0.90 0.91 −2.04 0.86 0.87 −9.03

Xiaochuan 0.90 0.90 −2.12 0.85 0.85 −0.84
Lanzhou 0.90 0.90 −3.7 0.87 0.87 −4.69

Notes: NSE, R2 and PBIAS are the Nash–Sutcliffe efficiency coefficient, coefficient of determination and percent
bias, respectively.

As shown in Figure 3, the monthly series of simulated runoff at the six hydrological
stations during the calibration and validation periods were highly consistent with the
respective observations. The hydrological processes simulation showed the characteristics
of the monthly runoff, and in particular the high flows from June to October and low flows
from November to April (Figure 3a–f). The simulated fluctuations of the monthly runoff at
these hydrological stations were similar, but the flow variation was different, which yielded
a good match with observations.
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Figure 3. Observed and simulated runoff series during the calibration period (1965−1975) and vali-
dation period (1976−1985) at the hydrological stations in the upper Yellow River Basin. Comparisons
of these two runoff series in (a) the Jimai, (b) Maqu, (c) Tangnaihai, (d) Guide, (e) Xiaochuan and (f)
Lanzhou hydrological stations, respectively.
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3.2. Runoff Characteristics and Their Spatiotemporal Variability

As shown in Figure 4, spatiotemporal differences in runoff changes from 1986 to 2020
were evident in the UYRB. The observed runoff from the entire UYRB during the period
1986–2020 showed a reduction of 64.87 × 108 m3·a−1 compared with that in the baseline
period of 1965–1985, mainly due to climate change and anthropogenic water consumption
(Figure 4a). However, the reduction of observed runoff in pastoral areas was less than that
in the agricultural area (Figure 4b,c). Evidently, the observed runoff changes in the pastoral
and agricultural areas were mainly caused by climate change and anthropogenic water
consumption, respectively (Figure 4b,c). The temporal characteristics of the observed runoff
changes over the past 35 years appeared similar in the entire UYRB, and in the pastoral
area and agricultural area: there was firstly a reduction and then an increase, before and
after the period of 2006–2015 (Figure 4). The abrupt changes in observed runoff were
attributed to positive contributions of climate change and a reduction of anthropogenic
water consumption.
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Figure 4. Runoff changes in in the Upper Yellow River Basin during 1986–2020 compared with
those in the baseline period (1965–1985). The runoff changes are attributed to climate change (∆RC),
land-use change (∆RL) and anthropogenic water consumption (∆RU) in different periods in (a) the
entire UYRB, (b) pastoral area and (c) agricultural area, respectively.

The runoff changes due to climate change (i.e., ∆RC) in the entire UYRB during the
period 1986–2020 were −28.05 × 108 m3·a−1 (Figure 4a), which indicated that climate
change has caused decreasing runoff over the past 35 years. The decrease was mainly due
to changes concentrated in the pastoral area (Figure 4b,c), which indicated that climate
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change had greater contributions to runoff reductions here than in the agricultural area.
Evidently, the runoff changes due to climate change led to a similar temporal pattern in
observed runoff during the corresponding period in the UYRB (Figure 4). These runoff
changes were generally consistent with precipitation changes in the corresponding periods,
but were additionally altered by temperature changes (Figures 4a and 5a,b).
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Changes in (a) annual precipitation and (b) annual mean temperature in different periods compared
with that in the baseline period (1965–1985). (c) Land-use change from 1990 to 2020. (d) Annual
anthropogenic water consumption from 2004 to 2020, and annual inflows of reservoirs built in the
agricultural area from 2009 to 2020.

The runoff changes induced by land-use change (i.e., ∆RL) were unobvious in the
UYRB over the past 35 years (Figure 4), which we attribute to a stable land-use pattern
from 1990 to 2020 (Figure 5c). However, the runoff reduction due to anthropogenic water
consumption was evident in the entire UYRB from 1986 to 2020 and showed an increase
and then decrease before and after the period 1996–2005 (Figure 4). Total anthropogenic
water consumption included water storage in reservoirs and showed a decrease since
2004 (Figure 5d). The runoff reduction due to anthropogenic water consumption in the
period of 2006–2020 was equivalent to the sum of total water consumption and water
storage in hydraulic projects in the agricultural area during the same period (Figures 4a
and 5d). Moreover, agricultural irrigation accounts for the majority of anthropogenic
water consumption (Figure 5d). Clearly, the runoff reductions due to anthropogenic water
consumption were primarily concentrated in the agricultural area that depends on irrigation
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(Figure 4b,c). These results indicated that reservoir regulation and agricultural irrigation are
the main factors influencing anthropogenic water consumption and played strong roles in
the runoff reduction in the agricultural area. Obviously, anthropogenic water consumption
due to forestry and livestock accounts for about 17% of the total water consumption over
the past 35 years (Figure 5d), which indicated that anthropogenic water consumption was
relatively low in the pastoral area.

3.3. Spatiotemporal Heterogeneity of the Individual Contributions to Runoff Changes

Figure 6 illustrates the relative contributions of climate change, land-use change and
anthropogenic water consumption to observed runoff changes in the UYRB from 1986
to 2020. The contributions of climate change and anthropogenic water consumption to
observed runoff changes in the entire UYRB were similar over the past 35 years, but
the contribution of land-use change was unobvious (Figure 6a). Climate change and
anthropogenic water consumption are negative drivers, and exerted similar influences on
the observed runoff reductions in the entire UYRB during the whole study period (Figures
4a and 6a,d). However, the dominant driver of observed runoff changes appeared to
undergo a turning point during the period of 2006–2015: specifically, the observed runoff
increased during the period 2016–2020, when compared with that of the baseline period
of 1965–1985, due to the positive effects of climate change and weakened contributions of
anthropogenic water consumption (Figure 6a,d).
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Figure 6. Relative contributions of climate change, land-use change and anthropogenic water uses to
runoff changes in the upper Yellow River Basin from 1986 to 2020. The contributions are for (a) the
entire UYRB, (b) pastoral area and (c) agricultural area, respectively. (d) Spatiotemporal variations of
dominant drivers in this basin over the past 35 years.
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In the pastoral area, the negative influence of climate change dominated runoff de-
creases during 1986–2020 (Figures 4b and 6b,d). Conversely, the negative influences of
anthropogenic water consumption dominated runoff decreases in the agricultural area
during 1986–2020 (Figures 4c and 6c,d). The positive influence of climate change on ob-
served runoff changes was evident after the period 2006–2015 in both the pastoral area
and the agricultural area (Figure 6d). In the same period, the negative influences of anthro-
pogenic water consumption on observed runoff changes were weakened. The trade-off
between these two influences then induced a shift in the dominant driver of observed
runoff changes.

4. Discussion

Changes and dominant influences of runoff in the UYRB since the mid-1980s remain
poorly constrained yet crucial for ensuring ecological protection and high-quality develop-
ment in the Yellow River Basin [6,15,18]. In particular, spatiotemporal differences in runoff
changes and its drivers between the agricultural area and the pastoral area are of great
concern to policymakers when regulating water resources [2,18]. This study calculated
runoff changes using hydrological observations over the past 35 years, and then quantified
the individual contributions of climate change, land-use and anthropogenic water consump-
tion using scenario simulations with the process-based SWAT model. Differences between
the pastoral and agricultural area in terms of runoff changes and its drivers were further
analyzed at different temporal scales using hydrological statistical datasets. Compared
with the statistical results in previous studies at the entire watershed scale [2,3,19,21], the
results reported in our study are reliable and detailed and are expected to provide crucial
support for optimizing water resource management in the Yellow River Basin. Additionally,
this approach used in our study was well applied to the parts of the Tibetan Plateau and its
surroundings that were the source of the Yangtze, Mekong, Indus, Ganges, Amu Darya
Rivers, etc. [22,24,40], and provided a potential way to clarify the drivers of runoff changes
in these river source regions that have extremely important function of water conservation.

The UYRB, as the most important water source area of the Yellow River Basin and an
exoreic basin of the Asia water tower, plays a key role in maintaining water supplies for
socioeconomic development locally and downstream [2–4,40]. The observed runoff of the
UYRB has reduced since 1986 when compared with that of the period of 1965–1985, mainly
due to climate change and anthropogenic water consumption during the same period.
This result of our study supports similar findings in previous studies [2,3,15,16]. However,
the contribution of land-use change to runoff changes in the UYRB was small, due to the
stable land-use pattern. The land-use and land-cover changes, associated with a series of
ecological conservation and restoration programs, were mainly observed in the middle and
lower reaches the Yellow River, where they markedly reduced the runoff and sediment
load in that region [2,4,6,10]. Therefore, sustainable water resource supply remains a
challenge in the Yellow River Basin [6,16,40]. The strengthening of water-saving measures
provides a feasible solution to mitigate the problem of supply and demand, especially
in the agricultural area of the UYRB where runoff changes have been mainly caused by
agricultural irrigation and reservoir regulation since 1986 [3,6]. Similarly, the water-saving
measures are also workable path to alleviate water resource conflicts in the exoreic basins of
the Asia water tower regions, such as the Indus and Amu Darya River basins, where water
demands of its downstream regions and countries accelerate in the future [40]. Furthermore,
additional feasible policies for sustainable water resource management are urgent to be
formulated based on driving mechanisms of runoff changes, which required combinations
of improved hydrological modeling and comprehensive observations [14,40,41].

Meltwater runoff from perennial glaciers and frozen soil was not considered in this
study and could contribute to the uncertainty in simulated runoff. However, the meltwater
would have tended to increase runoff, whereas water loss was also increasing, due to
increases in evapotranspiration and reservoir drainage [13,16]. The impacts of meltwater
on the changes of total runoff were thus unobvious [3,16]. Moreover, the simulated runoff
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series in this study was highly consistent with the observations from hydrological stations
in both the calibration and validation periods. Therefore, any uncertainty associated with
neglecting the meltwater contribution had little influence on conclusions of this study.

5. Conclusions

The runoff observed at stations in the UYRB appeared to be reduced during 1986–2020
when compared with that in the baseline period of 1965–1985. Similarly, the characteristics
of the observed runoff changes were also found in the runoff series for pastoral areas and
agricultural areas during the corresponding periods. However, the dominant drivers of
the observed runoff changes in these areas showed clear spatiotemporal heterogeneity,
identified by comparing contributions from the different influences in scenario simulations
with the SWAT model. Climate change had a negative influence and mainly caused the
observed runoff reductions in the pastoral area, while anthropogenic water consumption
mainly caused the reduced runoff in the agricultural area. The contribution of land-use
changes to runoff changes was unobvious due to the stable land-use pattern. Climate
change and anthropogenic water consumption were the negative influences that together
caused the observed runoff reduction across the entire UYRB over the past 35 years. A
shift in the dominant influences occurred in the UYRB after the period of 2006–2015, as the
influence of climate change became positive and anthropogenic water consumption was
reduced, resulting in the increase in observed runoff since 2016. Improvement of the SWAT
model by integrating the processes of meltwater runoff will be performed to accurately
predict dynamics in the dominant drivers in such water conservation areas as the UYRB
under future development scenarios.
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