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Abstract

Changes in water and sediment conditions in the Upper Yellow River Basin (UYRB), which
contains the ecological barrier and “water tower” of the entire Yellow River Basin, directly affect
the development of the downstream ecological environment. In this study, the impacts of recent and
potential land use and climate changes on runoff and sediment load were investigated through statistical
analysis, land-use maps, scenario estimations, and hydrological modelling. The temporal trends and
abrupt changes in hydro-meteorological elements from 1957-2010 were analysed using linear regressions
and moving-t tests. Transformations in land use from 1990 to 2014 were determined using a transfer
matrix analysis. The back propagation neural network was constructed to modify and integrate several
general climate models, and it projected the climate change evolution characteristics in the UYRB
from 2021 to 2100 under different emission scenarios. On this basis, the effects of recent and potential
land use and climate changes on runoff and sediment load were quantified using the Soil and Water
Assessment Tool (SWAT) hydrological model and fifteen climate scenarios, respectively. The results
show a significant decreasing trends for both runoff and sediment loads with warmer and wetter climate
conditions in the past 50 years. An abrupt change in runoff occurred in 1990, and a notable change in
sediment load occurred in 2000 which was defined as the dividing year of the study period. The warm
and wet climate characteristics of the UYRB will continue from 2021 to 2100. Over the past 20 years,
the transformation of land use in the URYB has intensified. Therefore, land use changes between 1990
and 2000 show significant increasing wetland trends and decreasing bare land and grassland trends. The
SWAT simulation results indicated that climate changes have had a more significant impact on runoff
than land use changes in the past 20 years, increasing runoff by 6.32%. Both land use and climate
changes have great impacts on sediment load reduction. For the next 80 years, the potential land use
change demonstrated greater impacts on runoff and sediment load than climate changes. The runoff
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and sediment load exhibited different trends under various climate conditions and emission scenarios.

The results obtained in this study can provide useful information for water resource management, soil

and water conservation, and ecological protection in the UYRB.

Keywords: land use and climate scenarios, runoff, sediment load, soil and water assessment tool, upper

Yellow River Basin

Introduction

Global climate changes accelerate water circulation
speeds and alter hydrothermal features, leading to an
increase in extreme event frequency and influencing
upstream water inflows, sediment inflows, and river
runoff and sediment transport abilities [1-3]. Changes in
underlying surface conditions alter the capacity of land
cover to regulate water and immobilise soil, affecting
water and sediment fluxes [4-7]. Under the combined
effects of land use and climate changes, most river
runoff and sediment processes have altered globally
[8-10].

The Yellow River, or the “Mother River”, is an
important ecological barrier and economic zone in
China. In recent years, climate change and human
activities, such as soil and water conservation measures
have altered the runoff and sediment processes of the
Yellow River Basin [11, 12]. In the past 100 years,
runoff fluctuations have changed in ladder type [13].
After 1960, runoff gradually decreased, and the Yellow
River dried up multiple times [14]. Influenced by runoff
and changes in underlying surface conditions, the flood
carrying capacity and sediment transportation of the
Yellow River have been weakened. For nearly 60 years,
both the river sediment and sediment discharge into
sea drastically decreased [15]. The Upper Yellow River
Basin (UYRB) (Fig. 1) is the ecological barrier and the
“water tower” of the entire Yellow River Basin, where
changes in water and sediment conditions directly affect
the development of in the downstream environment
[16]. An intricate underlying surface structure and
fragile ecological environment make the UYRB more
sensitive to climate change [17]. The UYRB includes
two economic centres, Xining and Lanzhou, and it is
significantly affected by human activities [18]. There is
an urgent need to quantify the impacts of recent land
use and climate changes on runoff and sediment loads
in the UYRB and to predict the evolution characteristics
of runoff and sediment load under future land use and
climate conditions. These analyses can provide support
for water resource management and environmental
protection in the Yellow River Basin.

Because of the complexity of runoff and sediment
process changes, scholars have explored the effects of
land use and climate change on runoff and sediment
process with different temporal and spatial scales
[19-22]. Research methods have included paired
catchment [23], multivariate statistical analysis [19],
and hydrological models [24]. The paired catchment
method requires conducting long-term hydrometry

on two similar drainage basins to study the effects of
environmental changes on the hydrological process,
which is both time-consuming and limiting [25].
Multivariate statistical analyses quantify the effects
of land use and climate changes on the hydrological
process; however, there is a lack of descriptions of
physical processes and solutions to the elemental
multicollinearity problem [26]. In recent years, the
hydrological model simulation method, because of its
elaborate descriptions of large-scale physical processes,
has been widely applied in research on the effects
of land use and climate changes on the hydrological
process [27-31]. The coupling of distributed hydrological
models and global climate patterns can not only explain
the physical mechanisms of runoff and sediment
process changes but also predict the responses to future
land use and climate changes [32-34].

Presently, the mechanisms runoff and sediment
process changes in the UYRB are unclear. There is an
urgent need to explore the effects of recent and potential
land use and climate changes on runoff and sediment
loads. In this study, the UYRB, situated above Jingyuan
County, was utilised as the study area to conduct the
simulation research. The objectives of this study were
to: (1) detect the temporal trends and abrupt changes
in hydro-meteorological elements in the UYRB over
the past 50 years based on measured data from 1957
to 2010; (2) explore the transformation of land use over
the past 20 years according to 1990, 2000, 2005, and
2014 land-use maps; (3) modify and integrate global
climate models to predict the evolution of climate
changes in the next 80 years; and (4) quantify the
impacts of recent and potential land use and climate
changes on runoff and sediment load using the Soil and
Water Assessment Tool (SWAT) model and scenario
analysis technique.

Material and Methods
Study Area
Data Description

Temporal Trend Analysis and Change
Point Detection

Estimations of Future Climate Changes

Distributed Hydrological Model
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Construction of Land Use and Climate Changes
Scenarios

The UYRB, situated above Jingyuan County, is the
study area of this research. It lies in the latitude range of
32.0-39.0°N and longitude range of 96.0-106.0°E, and it
has an area of 0.253 million km?, accounting for 33.56%
of the total area of the Yellow River Basin (Fig. 1).
The elevation ranges from 1237 m to 6253 m, with an
overall fall of 5016 m from the southwest to northwest.
The research area includes three provinces, Qinghai,
Gansu, and Sichuan, and two economic centres with a
combined population of 6.5 million inhabitants, Xining
and Lanzhou.

The UYRB is located in a mid-latitude region
with a typical continental climate. The average
annual precipitation is approximately 500 mm, which
is concentrated in the summer. The average annual
temperature ranges from -4.7°C to 12°C. Influenced
by the subtropical westerly jet, El Nifio, East Asian
monsoons, etc., meteorological factors in the research
area vary remarkably.

Vegetation in the UYRB is dominated by Alpine
meadows and steppes and also includes evergreen
broad-leaved forests, shrubs, swamps, and sparse alpine
vegetation. There are 20 vegetation sub-categories in
total.

The data sets used in this study include
meteorological data such as precipitation and
temperature data; hydrological data such as runoff and
sediment load data; spatial data such as digital elevation
model (DEM), land-use map, and soil type data; and
future climate data obtained from 20 general climate
models (GCMs) in the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change
(IPCC) (Table 1). The long-term annual hydrological

and meteorological data from 1957 to 2010 were used
for a trend analysis and to detect abrupt changes. Land-
use maps from 1990, 2000, 2005, and 2010 were used
to analyse the evolution of land use changes across
the UYRB over the past 20 years and to design future
potential land use change scenarios. Daily hydro-
meteorological data from 1991 to 2010, a land-use
map from 1990, and other spatial data were employed
for the SWAT model. Daily GCMs precipitation and
temperature data for 2021-2100 and the designed
land use change scenarios were adopted as the input
scenarios of the SWAT model to evaluate the effects of
potential land use and climate changes on runoff and
sediment loads.

The temporal trends of hydro-meteorological factors
were analysed using the linear regression method.
The moving-t test was used in this study to identify
change points. The test can accurately locate the most
significant time points of abrupt changes by comparing
the statistical parameter t and the standard value t, [35].
The formula for the parameter t is as follows:

X,-x,
T
g M

and

@

..where X, s, and n, are the mean, standard deviation,
and size, respectively, of the two independent samples
(i =1, 2). The degrees of freedom in the moving t-test
are n, +n,-2.
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Fig. 1. Study area and hydro-meteorological stations.
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Table 1. Data types, sources, and descriptions.

Data types Source

Description

Meteorological data

China Meteorological Administration

Daily data of 34 stations from 1957 to 2010

Hydrological data

Yellow River Conservancy Commission

Monthly data in Lanzhou station from 1957 to 2010

Digital Elevation Model
(DEM)

National Genomatics Centre of China

Resolution 90x90 m

Land-use map

Resource and Environment Data Cloud
Platform of Chinese Academy of Sciences

1990,2000,2005 and 2014 with an resolution of
90x90 m

Soil type-map

China Soil Data Survey, China soil Database

Reclassification according to soil category in China

Future Precipitation and
Temperature data

Climate Change (IPCC)

20GCMs in the Fourth assessment Report
(AR4) of the Intergovernmental Panel On

Daily data from 1900 to 2100

The size of the statistic parameter ¢ varies based on
the length of the two sub-samples. Instead of dividing
the data into two sub-samples as a potential jump point,
we applied the t-test to a subseries with a fixed length
of 10 a; therefore, the length of the moving window
is 20 a. Two significance levels, a = 0.05 and o = 0.1,
were used. When o = 0.05, ¢, = 2.1, and when a = 0.1,
t, = 1.73. If |f}=t , then the point is considered a jump
point at significance level a, and the point with the
largest [f] is the most probable change point. Therefore,
the time series was divided into two parts at the location
of the change point.

The simulated effects of future climate changes
differ between GCMs, and the average effect from
many models has been proven to be superiour to than
that from one model. Hence, we selected data sets from
six models including GFDL CM2 0, GFDL CM2 1,
INMCM3 0, IPSL_CM4, MIROC3 2 M, and NCAR
PCM1 (Table 2). These models conducted simulations
under the AIB, A2, and Bl emission scenarios of the
IPCC, which span nearly the entire IPCC scenario range
[36]. The data sets from the GCMs were interpolated
into a common 1°x1° grid through space interpolation
and were then gathered and corrected using a back
propagation (BP) network.

The BP network was trained using the BP toolkit in
MATLAB with monthly precipitation and temperature
data sets from the GCMs during 1957-2000 as the
inputs and the corresponding measured UYRB values
as the training targets. With 2001-2010 as the validation

period, the simulation precision of the BP network was
evaluated (Fig. 2 and Table 3). The annual and inter-
annual precipitation and temperature changes in the
research area for the next 80 years (2021-2100) was
predicted by the trained BP network.

The SWAT hydrological model has been used to
quantify the impacts of land use and climate changes
on runoff and sediment loads under different scenarios.
The SWAT model divides the entire watershed
into sub-basins with essentially the same climatic
conditions and then further subdivides the sub-basins
into different hydrological response units (HRUs)
according to land use patterns and soil types. Runoff
and sediment simulations were conducted for each
HRU independently and the results for the entire basin
are aggregated through basin runoff concentration.
This model has been widely applied in relevant
fields such as hydrological simulation and forecasting
[26, 37].

According to the temporal trend results and abrupt
change points of annual runoff and sediment load in the
study area, which are based on the 1990 land-use map
data, the period 1991-2000 (before the change point)
was considered to be the baseline condition for SWAT
model calibration. Hence, 1991 to 1993 served as a
warm-up period. The period from 2001 to 2010 (after
the change point) was used for validation. The monthly
observed runoff and sediment loads during 1991-2010
at the Lanzhou station were used to verify the model
performance.

Table 2. Information on the six IPCC global coupled climate models used.

Model Country Resolution (=degree) Origination froup (s)
GFDL CM2 0 USA 2.5%20 Geophysical Fluid Dynamics Laboratory
GFDL CM2 1 USA 2.5%2.0 Geophysical Fluid Dynamics Laboratory
INMCM3 0 Russia 5.0x4.0 Institute of Numerical Mathematics, Russia
IPSL_CM4 France 3.8x25 Institute Pierre-Simon Laplace, France
MIROC3 2 M Japan 2.8%x28 Center for Climate System Research
NCAR_PCM1 USA 128 x 64 National Center for Atmospheric Research
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Fig. 2. The BP neural network establishment process. Pre: precipitation, Tem: temperature.

To quantify the impacts of the recent land use and
climate changes on runoff and sediment load, two
periods were selected based on the results of the trend
analysis and change-point test of annual runoff and
sediment load. The first period was from 1991 to 2000,
before the change point, and the other was from 2001
to 2010, after the change point. The land-use maps of
1990 and 2000 served as the land use patterns of the
two periods. Four design scenarios were constructed for
the SWAT simulation by combining the meteorological
data and land-use maps of the corresponding periods:

— S1 (RL1-RCI1): land use in 1990 (RL1) and climate
during 1991-2000 (RC1).

— S2 (RLI-RC2): land use in 1990 (RLI) and climate
during 2000-2010 (RC2).

— S3 (RL2-RCI): land use in 2000 (RL2) and climate
during 1991-2000 (RC1).

— S4 (RL2-RC2): land use in 2000 (RL2) and climate
during 2000-2010 (RC2).

Thereinto,

S2-S1 represents the effect of recent climate changes
on runoff and sediment load, S3-S1 represents the effect
of recent land use changes, and S4-Sl represents the
combined effect of recent land use and climate changes

on runoff and sediment load.

To predict the effects of potential land use and
climate changes on runoff and sediment load, two
extreme land use change scenarios, DL1 and DL2, were
designed according to the results of land use changes in
the UYRB over the past 20 years. In the DLI1 scenario,
the UYRB developed quickly. Bare land was completely
utilised and transformed into grassland, while other
land use types remained the same. In the DL2 scenario,
the Grain for Green Project is efficiently executed, with
farmland being transformed into forest. Furthermore,
these two land use change scenarios and the predicted
meteorological data of GCMs under different emission
scenarios were mixed with the measured data to
construct 11 design scenarios, as shown in Table 4.

Results

Changes in Land Use in the UYRB from 1990 to
2014

Temporal Trends and Abrupt Changes
in Hydro-Meteorological Factors

Table 3. Comparison between measured and simulated values by the model in the training and validation periods.

Precipitation Maximum temperature | Minimum temperature
Index
AlB | A2 Bl AlB | A2 Bl AlB | A2 Bl
Correlation coefficient 0.931 {0.948| 0.941 | 0.988 |0.988| 0.988 | 0.994 | 0.994 | 0.994
Training

Nash efficiency coefficient 0.865 [ 0.898| 0.885 | 0.975 [0.976| 0.976 | 0.988 | 0.987 | 0.988

Correlation coefficient 0.92 0936 0.937 | 0.987 |0.986| 0.987 | 0.992 | 0.992 | 0.992

Validation

Nash efficiency coefficient 0.842 |0.827| 0.876 | 094 |0.931| 0.948 | 097 | 0.963 | 0.971
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Fig. 3. Land use in the UYRB from 1990 to 2014.

Temporal Trends of Hydro-Meteorological Factors
Abrupt Changes in Hydro-Meteorological Elements

Estimations of Precipitation and Temperature
Changes under Different Emission Scenarios

Precipitation Variation Trends

Temperature Variation Trends

Effects of Recent and Potential Land Use and
Climate Changes on Runoff and Sediment Load

Model Calibration and Validation

Effects of Recent Land Use and Climate Changes
on Runoff and Sediment Load

Effects of Potential Land Use and Climate Changes
on Runoff and Sediment Load

Land use types in the UYRB include grassland,
forest, farmland, and bare land, which account for
approximately 95% of the entire basin area (Fig. 3).
From 1990 to 2000, forest and grassland frequently
transformed in the central area, and the northeastern
area grassland transformed into farmland and vice
versa (Fig. 4a). From 2000 to 2005, the land use
transformation grew more severe. The central area
transformed from forest into bare land and grassland,
and the northeastern area transformed from grassland
to farmland and vice versa. The western area
transformed from bare land to grassland and vice
versa (Fig. 4b). From 2005 to 2010, the degree of land
use transformation lessened. Bare land was massively
transformed into grassland in the western area, while
grassland and farmland frequently transformed in the
northeastern area (Fig. 4c). During the entire survey
period (1990-2014), bare land massively transformed
into grassland in the western area, while there was no
significant land use transformation in the other areas
(Fig. 4d).

Land use changes in the UYRB from 1990 to 2000
primarily manifested as mutual transformations among
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Fig. 4. The spatial distribution of land use transformations for each period in the UYRB: a) from 1990 to 2000, b) from 2000 to 2005, c)

from 2005 to 2014, and d) from 1990 to 2014.

grassland, bare land, and wetland (Table 5). The amount
of grassland decreased by 0.47%, the amount of bare

land was reduced by 1.56%, and the amount of wetland

increased by 15.94%. There were no significant changes
in other land use types. The above changes were

Table 4. Design scenarios of potential land use and climate changes

Fig. 5

predominately affected by the effective implementation
of soil and water conservation measures.

shows the temporal trends of hydro-

meteorological factors from 1957 to 2010 in the UYRB.
During this period, both the runoff and sediment load

Scenario Land-use Climate Scenario Land-use Climate
DSO0 1990 1991~2010 DS6 DLI1 Climate in A1B
DS1 1990 Climate in A1B DS7 DL1 Climate in A2
DS2 1990 Climate in A2 DS8 DL1 Climate in B1
DS3 1990 Climate in B1 DS9 DL2 Climate in A1B
DS4 DL1 1991~2010 DSI10 DL2 Climate in A2
DS5 DL2 1991~2010 DSI1 DL2 Climate in B

Note: DSO0 is set as the reference scenario. DSi-DSO0 (i = 1-,3) represents the impacts of future climate changes on runoff and
sediment loads; DSj-DSO0 (j = 4,5) represents the impacts of potential land use changes on runoff and sediment loads;
and DSk-DS0 (k = 6-10) represents the combined effects of land use and climate changes.



4232

LvZ, etal
Table 5. Land use changes in the UYRB from 1990 to 2000.
1990 2000 Change
Land-use type
Area (km?) Percent (%) | Area (km?) Percent (%) Area (km?) Percent (%)
Grassland 169.39 67.22 168.59 66.89 -0.79 -0.47
Forest 27.72 11.00 27.72 11.00 0.01 0.04
Farmland 23.63 9.38 23.67 9.39 0.04 0.17
Bare land 19.26 7.64 18.97 7.53 -0.3 -1.56
Wetland 6.46 2.56 7.49 2.97 1.03 15.94
Water land 4 1.59 4.03 1.60 0.03 0.75
Country 1.21 0.48 1.23 0.49 0.02 1.65
City 0.25 0.10 0.26 0.10 0.01 4.00
Industrial land 0.09 0.04 0.09 0.04 0 0.00
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Fig. 5. Temporal trends of hydro-meteorological factors in the UYRB, where Q = runoff, SL = sediment load, MI-TA = minimum
temperature, MA-TA = maximum temperature, and PCP = precipitation.
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Fig. 6. Abrupt change points of hydro-meteorological factors in the UYRB.

exhibited decreasing trends, with annual change rates of
173.9 million m?® and 2.0 million t, respectively. There
were no significant changes in precipitation, which
displayed a slight increase, with an annual change
rate of 0.005 mm. However, a significant increasing
temperature trend during 1957-2010 was detected. The
annual rate of increase for the minimum temperature
was 0.026°C and that of the maximum temperature was
0.023°C.

The moving-t test was adopted to detect the abrupt
change points of hydro-meteorological elements in the
UYRB. As shown in Fig. 6, the years 1990 and 2000
were determined to be the change points at the a = 0.05
significance level for annual runoff and sediment load,
respectively. There was no significant abrupt change
point in precipitation over the past 50 years. Both
the minimum and maximum temperatures exhibited

change points in 1997 at the o = 0.05 significance
level. Comprehensively considering the change point
detection results, the study period was divided into two
sub-periods, one from 1957 to 2000 (before the change
point) and the other from 2001 to 2010 (after the change
point). In addition, the sub-period before the change
point was further divided into recent (1991-2000) and
historical (1957-1990).

The average annual runoff, sediment load,
precipitation, and minimum and maximum temperature
values during the three periods are shown in Fig. 5. The
annual runoff after the change point increased by 7.39%
compared with that of the recent period (1991-2000),
and it decreased by 17.97% compared with that of the
historical period (1957-1990). The annual sediment
load after the change point decreased by 60.6% and
73.19% compared with that of the recent and historical
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periods, respectively. However, the annual precipitation
after the change point increased by 4.26% and 0.31%,
compared with that of the recent and historical periods,
respectively. These results indicate that the change
in precipitation was not the dominant factor of the
variations in runoff and sediment load in the UYRB.
Compared with the measured period, the
precipitation in the UYRB showed an overall increasing
trend in the three emission scenarios (Fig. 7). The A2
scenario had the largest precipitation fluctuations,
ranging from —134.2-205.0 mm, with a positive trend
in the central and eastern regions and a negative trend
in the southwest. Precipitation changes in the AIB
scenario ranged from —59.7-95.1 mm, with a positive
trend in the southern region and a negative trend in the
other regions. The precipitation change range in the

Bl scenario was —99.7-144.2 mm, with a positive trend
in the southeastern region and a negative trend in the
northwest. The positive precipitation trends in rainy
areas and negative trends in arid areas further increase
the risk of floods and droughts (Fig. 7).

The maximum temperature in most parts of the
UYRB showed an increasing trend in the three emission
scenarios (Fig. 8). In the A1B scenario, the maximum
temperature range was —0.3-1.2°C. Apart from a
decreasing trend in a few parts of the southwestern and
eastern areas, there was an overall increasing trend. In
the A2 scenario, the maximum temperature range was
—0.2-1.4°C. Apart from a decreasing trend in some parts
of the western and southern areas, there was an overall
increasing trend. In the Bl scenario, the maximum
temperature range was —0.3-1.8°C. There was a
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Table 6. Assessment of the performance of the SWAT model for a) 2700 0
monthly runoff and sediment load simulations. o “
Calibration (1994~2000) | Validation (2001~2010) 2
Index £ 1900 100
Runoff | Sediment load | Runoff | Sediment load E"‘é Calibration Validation %5
R> | 0.834 0.784 0.773 0.809 Ei 1200
NSE | 0.663 0.573 0.584 0.213 g 1100 --| ;|
700
u y [
significant increasing trend in the central area and a o Sep96 Jun99 Mar02 Dec04 Sep07 PP
decreasing trend in the eastern and southern areas. — Procipitation Ol mmmvs Simulated Year
Similar to the maximum temperature trend, the
minimum temperature, in most parts of the UYRB, b) 7000 °
exhibited an increasing trend in the three emission g 6000 - S0
scenarios (Fig. 9). In the A1B scenario, v the minimum = 5000 | . 46
temperature range was —1.5-1.1°C. Apart from a g — N
decreasing trend in a few parts of the central area, - R [
there was an overall increasing. In the A2 scenario, % 3000 § 200
the minimum temperature range was —0.9-1.0°C. Apart Eﬁ 2000 ] | ‘ .’. : 250
from a decreasing trend in some parts of the central and E i §i i i
eastern areas, there was an overall increasing trend. In RN B 1, 83814, )
the Bl scenario, the minimum temperature range was o JLILE b, AL A AL o
—0.9-0.8°C. Apart from a significant decreasing trend in Jan-94  Sep96  Jun-99  Mar-02  Dec-04  Sep-07  Jun-10
e Precipitation Observed  =---- Simulated Year

the central area, there was an overall increasing trend.

Using the soil type, land wuse type, and
meteorological element data of the URYB as inputs,
the SWAT model was constructed using the measured
runoff and sediment load data of the Lanzhou station
(Fig. 1) as the fitting target. The upper reaches of the
Lanzhou station are the main runoff source areas of
the Yellow River Basin. As the primary control station,
runoff and sediment changes in the Lanzhou station
are the primary basis for the hydrological forecasts for
the upstream and water and sediment regulation of the
downstream.

The SWAT model performance was evaluated using
the correlation coefficient (R?) and Nash efficiency
coefficient (NSE) (Table 6). The R? in the calibration
period exceeded 0.78, and the NSE was above 0.57.
The simulation accuracy decreased in the validation
period, but the R? was still above 0.77. The NSE for
the sediment load simulation in the validation period
was only 0.213. These results are primarily because
dynamic land use changes, which are key factors in
the sediment load process, were not considered when

Fig. 10. Monthly runoff a) and sediment load b) simulation
results at the Lanzhou station for the calibration period

(1994-2000) and validation period (2001-2010).

building the SWAT model. Fig. 10 compared the
simulated and measured monthly runoff and sediment
load at the Lanzhou station for both the calibration and
validation periods. The simulated runoff and sediment
results agree with those of the observed change process.
However, for both the simulated runoff and sediment
load in the calibration period, the peak values are lower
than the measured values, and the peak value of the
simulated sediment load in the validation period was
higher that the measured one.

The land use and meteorological data of scenarios
S1-S4 were inputted into the SWAT model to explore
the effects of recent land use and climate changes on
runoff and sediment load, as shown in Table 7. The
simulated runoff in scenario S2 increased by 6.32%
compared with that of scenario S1, which represents the

Table 7. Simulation results of annual average runoff and sediment load under scenarios S1—S4

Runoff Sediment Load
Scenario | Land-use Climate Simulation Change Percent Simulation Change Percent (%)
(m¥/s) (m¥/s) (%) (10°t) (10°t)
S1 1990 1991~2000 785.71 - - 42.707 - -
S2 1990 2001~2010 835.35 49.64 6.32 31.76 -10.947 -25.63
S3 2000 1991~2000 761.24 -24.47 -3.11 33.37 -9.337 -21.86
S4 2000 2001~2010 829.26 43.55 5.54 30.22 -12.487 -29.24
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impact of climate changes. The difference in simulated
runoff between scenarios S3 and S1, which indicates
the impact of land use change, decreased by 3.11%.
Compared with scenario SI, the combined -effects
of land use and climate changes under scenario S4
increased the runoff by 5.54%, which is similar to that
in scenario S1. The above changes indicate that recent
climate changes had a greater impact on runoff than
recent land use changes. The simulated sediment loads
were less under the other three scenarios compared to
those in scenario S1. The simulated sediment load in
scenario S2 decreased by 25.63%, that in scenario S3
decreased by 21.86%, and that in scenario S4 decreased
by 29.24%. These results indicate that both land use and
climate changes greatly impacted sediment load.

Effects of Potential Climate Change on Runoff
and Sediment Load

Fig. 11 shows the simulation results of the average
annual runoff and sediment load in different future
climate change scenarios (DS0-DS3). The prediction
period, 2021-2100, was divided into three stages: the
2030s (2021-2040), 2060s (2041-2070), and 2090s
(2071-2100). There was a positive correlation between
runoff and sediment load changes in the different
scenarios, and the variation in sediment load was more
dramatic than that in runoff. The simulated runoff
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and sediment load in the DSI and DS3 climate change
scenarios decreased compared with that in the DSO0
reference scenario. In the DSI scenario, the decrease
in runoff and sediment load was the sharpest. The
simulated runoff in the 2030s of the DSI scenario
decreased by 6.77%, compared with that in DSO0, and
the sediment load was reduced by 18.75%. There was an
overall increasing trend for runoff and sediment load in
the DS2 scenario. The simulated runoff in in the 2090s
increased by 7.54% compared with that in the reference
scenario (DS0), and the sediment load increased by
13.56%. The above phenomenon demonstrates that
future climate changes can significantly impact runoff
and sediment load in the UYRB.

Effects of Potential Land Use Changes on Runoff’
and Sediment Load

The simulated average annual runoff and sediment
load in the different land use change scenarios, DS4
and DS5, were compared with those in the reference
scenario (DS0) to evaluate the impacts of potential land
use changes on runoff and sediment load, as shown
in Fig. 12. In the two designed land use scenarios,
the simulation results for the average annual runoff
and sediment load values were less than those in the
reference scenario. The simulated runoff in the DS4
scenario was reduced by 8.90%, and the simulated

20305 b)
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Fig. 11. Simulation results of the average annual runoff and sediment load under different climate change scenarios. a) and c¢) The
simulated average annual runoff and sediment load in the reference and future climate change scenarios. b) and d) The reduction in runoff
and sediment load in climate change scenarios compared with that in the reference scenario.
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Fig. 12. Simulation results of the average annual runoff and
sediment load under different land use change scenarios a), and
the reduction in runoft and sediment load under different land
use change scenarios b).

sediment load was reduced by 23.82%. Land use
changes in the DS5 scenario decreased the runoff and
sediment load by 6.32% and 32.03%, respectively,
compared to those in the reference scenario (DSO0).
This result indicates that potential land use changes had
more significant effects on sediment load than runoff in
the UYRB.

Combined Effects of Land Use and Climate Changes
on Runoff and Sediment Load

The simulated average annual runoff and sediment
load in the DS6-DS11 scenarios were compared with
those in the reference scenario (DS0) to explore the
combined effects of potential land use and climate
changes on runoff and sediment load, as shown in
Fig. 13. In each designed scenario, under the combined
effects of land use and climate changes, the average
annual runoff and sediment load were less than that in
the reference scenario. The sharpest reduction occurred
in the DSI1 scenario, where the simulated runoff
and sediment load decreased by 15.01% and 53.56%,
respectively, compared with that of the DS0O scenario. In
the DS7 scenario, the reduction was the smallest. The
simulated runoff decreased by 4.50%, and the simulated
sediment load decreased by 13.64% compared with that
in the reference scenario.

Fig. 13. Simulation results of the average annual runoff and
sediment load under combined land use and climate changes
scenarios a) and the reduction in runoff and sediment load under
combined land use and climate changes scenarios b).

Discussion

Human activities and climate changes have altered
land use features and the local climate in the UYRB,
which affect runoff and sediment load [38-40]. The
results of this study show that there were significant
decreasing trends for runoff and sediment load in the
UYRB from 1957 to 2010 (Fig. 5), which was similar to
those found in other research [38,41]. This phenomenon
predominately resulted from both climate and land
use changes. On the one hand, a rise in temperature
increased the evapotranspiration in the UYRB, melting
massive amounts of permafrost in the source region
of the Yellow River [42], and the capacity of soil to
regulate and store precipitation was strengthened [43].
On the other hand, the “Grain for Green Project” was
implemented in the UYRB in 2000 and “Three Rivers
Source Region Reserve” was implemented in 2005 [41].
Afterwards, the amount of grassland, forest, and wetland
areas increased, which can help to conserve water and
soil. The combined effects of these factors reduced the
runoff and weakened the sediment carrying capacity of
the Yellow River. During the period 2001-2010 (after
the change point), the runoff in the UYRB increased
by 7.39%, which can be attributed to the increase in
precipitation (4.26%) (Fig. 5). The decrease in sediment
load by 60.6% can be primarily be attributed to land
use change (Figs 4 and 5).
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According to the SWAT model simulation results,
climate changes from 2001 to 2010 increased the runoff
in the UYRB by 6.32% compared with that in 1991-
2000, which was similar to the measured increase
(7.39%) (Table 7 and Fig. 5). Land use changes reduced
the runoff by 3.11%. The runoff increased by 5.54%
under the combined effects of land use and climate
changes, which was similar to that of under the effects
of climate changes alone. These results indicate that the
recent climate changes had a more significant effect on
runoff in the UYRB than the recent land use changes
[29,44]. From 2001 to 2010, climate changes reduced
the sediment load by 25.63% compared with that in
1991-2000. Land use changes reduced the sediment load
by 21.86%. The combined effects of the land use and
climate changes reduced the sediment load by 29.24%,
which was significantly different from the measured
value (60.6%) (Table 7 and Fig. 5). This result was
obtained primarily because dynamic land use changes
after 2000 were not considered in the model. This was
the peak period for the construction of soil and water
conservation measures in the UYRB with dramatic
changes in land use that had a significant impact on
sediment load [45].

Compared with the reference scenario (DS0),
the runoff and sediment load decreased significantly
in the DS1 and DS3 climate change scenarios with
slight increasing trends in precipitation and significant
increasing trends in temperature. These results
demonstrate the sensitivity of runoff and sediment
load in the UYRB to temperature changes [46,47].
However, the simulated runoff and sediment load in
the DS2 scenario showed an overall increasing trend,
which was mainly due to the significant increase in
precipitation (Figs 7 and 11). These prediction results
were inconsistent with those in [17], which was due
to differences in the GCM patterns and study area.
In the DS4 and DSS5 land use change scenarios, the
transformation from bare land into grassland or
from farmland into forest in the UYRB significantly
decreased the runoff and sediment. This demonstrated
that the soil and water conservation capacities of forest
and grassland were superior to those of bare land and
farmland [48]. There were similar trends in runoff and
sediment load under the combined effects of land use
and climate changes as those in the scenarios with only
land use changes (Figs 12 and 13). This result indicates
that the effects of potential land use changes on runoff
and sediment load in the UYRB are substantial.

Conclusions

The climate in the UYRB from 1957 to 2010 grew
warmer and wetter, and the runoff and sediment load
were significantly reduced. According to the prediction
results from different emission scenarios, the warm and
wet climate characteristics of the UYRB will continue
to develop in the next 80 years. A large area of bare land

transformed into grassland in the western area of the
UYRB due to the efficient implementation of ecological
protection projects over the past 20 years (1990-2010).

According to the SWAT model simulation results,
the climate changes in the UYRB had a more
significant impact on runoff than land use changes over
the past 20 years, increasing the runoff. However, the
reduction in sediment load was affected by both land
use and climate changes. The simulated UYRB runoff
and sediment load exhibited a decreasing trend for the
next 80 years in the DS1 and DS3 scenarios, with a
slight increase in precipitation and significant increase
in temperature compared with those in the reference
scenario (DS0). The runoff and sediment load increased
in the DS2 scenario with a significant increase in
both precipitation and temperature. Compared with
climate changes, potential land use changes can more
significantly impact runoff and sediment load in the
next 80 years. The transformation from bare land to
grassland or farmland to forest land can significantly
reduce both runoff and sediment transport.
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