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Abstract: The South-to-North Water Diversion Project (SNWDP) is a national strategic project for
water shortages in northern China. Climate change will affect the availability of water resources
in both source and receiving areas. A grid-based RCCC-WBM model based on climate projections
from nine Global Climate Models under SSP2-4.5 was used for analyzing the changes in temperature,
precipitation, and streamflow in the near future (2025–2045, NF) and far future (2040–2060, FF)
relative to the baseline (1956–2000). The results showed that: (1) the temperature of the western
route will increase significantly in the NF and FF with an extent of 1.6 ◦C and 2.0 ◦C, respectively,
(2) precipitation will very likely increase even though Global Climate Model (GCM) projections are
quite dispersed and uncertain, and (3) over half of the GCMs projected that streamflow of receiving
area will slightly increase with a rate of 1.68% [−8.67%, 12.3%] and 2.78% [−3.30%, 11.0%] in the
NF and FF, respectively. Climate change will support the planning of the western route to a certain
extent. However, water supply risk induced by the extreme situation of climate change should be
paid adequate consideration when the project operates in practice due to the large dispersion and
uncertainty of GCM projections.

Keywords: South-to-North Water Diversion Project; water resources; climate change; GCMs projections

1. Introduction

Distribution of annual precipitation in China presents a broad and significant char-
acteristic of the northwest to southeast gradient [1], with more than 1103 mm in the
Yangtze River [2] basin and only 466 mm, 883 mm, and 535 mm in the Yellow River [3],
Huai River [4], and Hai River [5], respectively. However, the Huang-Huai-Hai plain is an
important commercial grain production base, accounting for 24.2% of China’s population
and one-quarter of its arable land and gross domestic product [6–8]. Due to the large popu-
lation, China suffers from a serious water shortage and only one third of the world average
per capita water quantity [8,9]. The lack of water resources has become an important issue,
affecting the development of industrial and agricultural production and urbanization [3].
The SNDWP was approved by the Ministry of Water Resources (MWR) in 2002 is a national
strategic project designed to relieve the water shortages in north China [10,11].

Three routes were projected for the SNWDP: the eastern route transferred water from
Jiangdu to downstream of the Huai River, the Shandong Peninsula, and Hebei Province [12];
the middle route channeled water from Danjiangkou Reservoir to Beijing and Tianjin [13];
while the design of western route plans to replenish the water resources of the upper Yellow
River by diverting water from upper Yangtze River [14]. The whole SNWDP planned to
transfer water from Yangtze River to Huang-Huai-Hai region via three routes with a total
quantity of 14 billion km3 of water per year [15–18]. By the end of 2021, the first phase of
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eastern and middle route of SNWDP had brought 49.4 billion km3 water to northern China,
which equivalent to 5% of the annual streamflow of the Yangtze River basin or 80% of the
annual runoff of the Yellow River basin [19].

Climate change affects the water cycle by changing the spatial and temporal pattern of
temperature, precipitation, and evapotranspiration; at the same time, the water resources
department is the most vulnerable department which decided the plan and operation
of western line directly [8,20,21]. Rising temperatures increase the evaporation in the
catchment, and the change in precipitation affects the river streamflow [22,23]. The effects
of future climate change on changes in water resources in the western route of SNWDP
source area and receiving area are a major focus of previous studies [12,24]. Previous
studies reported that streamflow in upper Yangtze River presented an increasing trend [25]
and that of the Yellow River basin no doubt showed a decreasing trend in all parts, mainly
because of climate change and the large amount of human activities such as water intake in
upstream and downstream, respectively [26–30]. At the same time, the results concluded by
Liu [15] and Qiao [31] showed that the streamflow in Danjiangkou reservoir have decreased
since the 1980s, and climate change contributed more than 80% of the change, mainly due
to mainly the decrease in precipitation. The water diversion of the middle route is about
ten times than that of the eastern route. In the context of climate change, the construction
of the western route has become more necessary due to the decrease in water availability in
the middle route and the increase in water shortages in the Yellow River basin.

The Global Climate Models (GCMs) developed by the World Climate Change Re-
search Program (WCRP) are effective tools for predicting future climate change [32,33].
The Coupled Model Intercomparison Projects 6 (CMIP6) is the largest plan proposed by
WCRP and has the largest number of participating models and the most complete design
of scientific experiments and the largest simulated data [34]. Zhu et al. [35] analyzed the
climate predictions of China when global warming was 1.5 ◦C, 2 ◦C, and 3 ◦C higher than
the baseline period based on the CMIP6 simulations, and compared them with CMIP5.
The evaluation showed that the GCMs in CMIP6 worked better than those in CMIP5,
especially in simulating extreme precipitation.

It is a mature and widely used method to predict future streamflow and water availabil-
ity by using outputs from GCMs to drive regional hydrological models [36,37]. Bao et al. [38]
predicted the trend of streamflow in Hai River basin in the future by combining the variable
infiltration capacity (VIC) model with climate outputs of CMIP5. The prediction showed
that there might be an increasing trend for the streamflow and the increasing trend for
streamflow in the north basin is higher than that in the south part. Zhang et al. [39] used
the Soil and Water Assessment Tool (SWAT) model to assess the change of hydrological
components for the near future period of 2013–2042 under three emission scenarios A1B, A2,
and B1, and reported an increasing trend in the future streamflow at Tangnaihai gauge un-
der A1B and B1, while the A2 scenario is characterized by a declining trend. Wang et al. [40]
evaluated the potential impacts of future climate change on the hydrological regimes in
upper Yangtze River basin by using eight GCMs scenarios and VIC model. The results indi-
cated that relative to the baseline period, mean annual runoff (MAR) is projected to slightly
decrease by 7.84% to 9.81% in the middle term due to rises in temperature. Su et al. [41]
conducted an assessment of impact of climate change on streamflow in the upper Yangtze
River basin and found that the annual streamflow will increase in most cases by the end of
the 21st century. Although some studies showed that the upper Yangtze River will probably
receive more precipitation and generate more streamflow in the future [42–44], there are
still some studies against the findings and indicated that streamflow might decrease in the
future and the reduction mainly occurs in the wet season [24,45]. Therefore, the uncertainty
associated with the projection in runoff cannot be neglected [41].

The Chinese government launched planning of the great ambitious water diversion
project sixty years ago. The east and middle routs were implemented and have been
operating several years ago. However, only the west route is still in the planning stage.
It is very necessary to study and understand the impact of climate change on the future
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water availability in the water source and receiving areas of the western route to support
the planning and operation of the western route. Most of previous studies mainly focused
on individual sub-basins within the water source and receiving area. There are a few
studies focused on the overall changes of water availability in source areas and reception
areas of the western route. In this study, we drive the grid-based RCCC-WBM model by
using climate projections from nine Global Climate Models under SSP2-4.5 and investigate
changes of temperature, precipitation, and streamflow over the water source and reception
areas in the near future (2025–2045, NF) and far future (2040–2060, FF) relative to the
baseline (1956–2000). The results will support the second phase revisions of the project.

2. Materials and Methods
2.1. Study Area

Based on the project’s plans, the western line will transfer water from the upper
Yangtze River (YAR) to the upper Yellow River (YER). The main sourcing area covers
three hydrological stations—the Batang, Yajiang, and Dajin stations with their catchment
area—and the receiving area is the holistic YER. In the study, the three basins of the water
diversion area were considered as one basin for calculation. The sourcing area, which con-
tains the upper reach of Yangtze River, Ya-lung River, and Jialing River, is located in the
Qinghai–Tibet Plateau covering 287,410 km2 or 15.9% of the total YAR basin. The water
resources of the upper YAR account for almost 40% and 15% of the total basin and China,
respectively [40]. The YER basin is located within a domain 32◦~42◦ N and 96◦~119◦ E
in northern China, with a total length of 5464 km, and a drainage area of 758,000 km2.
The characteristics of monsoons are prevalent in the YER with mean annual precipitation of
450 mm, of which 80% concentrates between May and September, with a maximum of over
800 mm in the southeast and a minimum of less than 150 mm in the northwest. The mean
annual temperature is 5.9 ◦C. The lowest temperature (−8.25 ◦C) occurs in January while
the highest (18.4 ◦C) can be found in July. The river basin is an important grain-producing
area in China, encompassing large irrigation projects such as the Hetao irrigation area.
It contains 15% of the country’s cultivated land and 12% of its population [3]. Therefore,
the relationship between supply and demand of water resources is very tight. The water
source areas and receiving areas of the western line, the major river system of the YAR and
YER, and the locations hydrological stations controlling water source and receiving areas
are shown in Figure 1.

Figure 1. Water source areas, receiving area, river system, and key hydrological stations of the
western line of the SNWDP.
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2.2. Hydrological Model

The study uses the RCCC-WBM model for climate change assessment. The model is
based on the theory of water balance and was developed by the research center of climate
change. Three streamflow components—surface streamflow, groundwater, and snowmelt
flow—were considered along with the processes of rainfall, snowfall, and snowmelt in
the catchment. This model is a simplified large-scale conceptual hydrological model with
mechanisms of streamflow generation [46]. There are four parameters in the model and the
inputs include monthly precipitation, temperature, and potential evaporation. Compared
with the well-known hydrological models such as the Xinanjiang model, SWAT, VIC, etc.,
this simple model has the advantages of being easier to understand, with fewer model
parameters and more feasible transferability to poorly gauged areas [21]. The model has
been applied to hundreds of catchments worldwide [47], and the structure is shown in
Figure 2.

Figure 2. Structure of RCCC-WBM model.

We use threshold temperatures to distinguish between solid and liquid precipita-
tion [48]. When T is lower than TL (−4 ◦C), all precipitation is assumed to be solid,
and when T is greater than TH (4 ◦C), all precipitation is assumed to be liquid.

PSN =
TH − T

TH − TL
P (1)

where P is the total observed precipitation and PSN represents the solid snowfall. Rainfall
and snowfall are used to calculate the surface flow and snowmelt flow, while the surface
flow is a function of precipitation and soil moisture. Lastly, baseflow is simulated based on
the linear reservoir method.

The four parameters for the RCCC-WBM model are listed in Table 1.

Table 1. Parameters for RCCC-WBM model.

Parameters Description Unit Prior Range

Ks Surface flow coefficient - (0, 1)
Kg Baseflow coefficient - (0, 1)
Ksn Snowmelt flow coefficient - (0, 1)

Smax Maximum soil moisture store mm (0, 400)

NSE (Nash–Sutcliffe) and RE (relative error) were used to assess the calibration perfor-
mance of the simulated streamflow to the observed streamflow.

Considering the spatiotemporal heterogeneity of hydro-meteorological elements and
underlying conditions in the study basins, simulation results obtained by a traditional
lumped model may be inaccurate. Therefore, we developed a grid-based distributed model
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based on the RCCC-WBM model with a resolution of 0.5◦ and covering the entire YAR
basin and YER basin. The model was used to calculate the monthly streamflow in each grid
cell and routing scheme in the VIC (variable infiltration capacity) model was referenced in
the model flow concentrating to outlet of study area [11,48].

2.3. Data Sources

Daily gridded meteorological data around China with a resolution of 0.25◦ and a time
span from 1961–2018 [49–51] were collected. The data were converted to a resolution of
0.5◦ using the cubic convolution interpolation method in order to drive the hydrological
model. We also collected daily observed streamflow data at 4 hydrological stations from
the Hydrological Yearbook of the MWR.

The SNWDP was designed based on the historical streamflow from 1956 to 2000.
Therefore, we took this period as the baseline, and defined 2026 to 2045 as the near future
(NF) and 2041 to 2060 as the far future (FF).

We used SSP2-4.5 scenarios to drive GCM for climate prediction because the low
emission scenario (SSP1-2.6) and high emission scenarios (SSP4-6.0 and SSP5-8.5) were usu-
ally considered as extreme emission conditions with higher uncertainty [40,41], while the
medium emission scenario (SSP2-4.5) has the highest possibility of occurring in the future.
However, due to differences in simulation mechanisms, initial conditions, parameterization
schemes, spatial resolutions, and so on, the performances of GCMs in different regions
are quite different [52,53]. Some scholars have evaluated the applicability of different
GCMs in China and the YER basin [54–56]. The results showed that some models, such as
BCC-CSM2, worked better than others. Therefore, we selected 9 GCMs (Table 2) that
have better performances for the followed analyses. Climate projections from 9 GCMs un-
der SSP2-4.5 were downloaded from https://www.wcrp-climate.org/wgcm-cmip/wgcm-
cmip6 (accessed on 11 March 2022) with the time series ranging from 1901 to 2099. Ad-
ditionally, the outputs from GCMs were downscaled to 0.5◦ grids using the statistical
downscaling model (LARS-WG) and the bias was corrected by referring to gridded me-
teorological data in order to match the resolution and drive the grid-based RCCC-WBM
model for streamflow prediction [57].

Table 2. General information of the 9 GCMs used in this study.

Nos. GCMs Country and Developer Resolution Nos. GCMs Country and Developer Resolution

1 BCC-CSM2 China, BCC 1.25◦ × 1.25◦ 6 FIO-ESM China, FIO 2.8◦ × 2.8◦
2 CNRM-CM6 France, CNRM-CERFACS 1.4◦ × 1.4◦ 7 GFDL-ESM4 America, GFDL 1.25◦ × 1◦
3 CSIRO-MK-3 Australia, CSIRO 1.9◦ × 1.9◦ 8 GISS-E2-H America, GISS 2.0◦ × 2.5◦
4 FGOALS-G3 China, LASG-CESS 2.0◦ × 2.25◦ 9 MIROC-ES2L Japan, CCSR/NIES/FRCGC 2.8◦ × 2.8◦
5 CCSM4 America, NCAR 1.25◦ × 0.9◦

3. Results
3.1. Model Calibration

A qualified hydrological model is an important precondition for streamflow simula-
tions. Within the source area and receiving area of the western route, there are monthly
observed streamflow data available at four control hydrological stations and the length of
the data series is over 30 years. A driving grid RCCC-WBM model using meteorological
data for streamflow simulation and the results are given in Table 3 and Figure 3.

https://www.wcrp-climate.org/wgcm-cmip/wgcm-cmip6
https://www.wcrp-climate.org/wgcm-cmip/wgcm-cmip6
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Table 3. Statistics of streamflow simulation results for the five hydrometric stations within source
areas of the South-to-North Water Diversion Project.

Areas Stations
Model Calibration Model Validation

Data Series NSE(%) Re(%) Data Series NSE(%) Re(%)

Source area
Dajin 1957–1989 83.7 −1.1 1990–2000 85.1 −0.2

Yajiang 1956–1989 86.6 −1.9 1990–2000 89.3 2.1
Batang 1960–1989 83.3 0.4 1990–2000 74.6 −0.7

Receiving area Lijin 1956–1989 80.6 1.5 1990–2000 76.2 0.4

Figure 3. Simulated and recorded streamflow series in the Yajiang station.

Table 3 showed that the grid-based RCCC-WBM performed well for simulating stream-
flow for four hydrological stations, the NSE in both the calibration stage and validation
stage was higher than 70%, and the absolute value of RE for simulated streamflow and
observed values was lower than 2%. The time series of streamflow in Figure 3 illustrates
that the simulated streamflow fit the shape of the recorded value well, and the peak and
valley values were close to those recorded. Combining the results of Table 3 and Figure 3,
the grid-based RCCC-WBM could describe the hydrological process in the catchment well
and could be used to assess the streamflow for future climate change scenarios.

3.2. Changes in Temperature and Precipitation in Western Route

Using meteorological data from nine GCMs, the time series of temperature and precip-
itation for the western route source area (WRSA) and receiving area (WRRA) are shown in
Figure 4.
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significantly higher in 2000–2070 than the linear trend. (3) Precipitation in the western line 
was likely to rise persistently with rates of 3.4 mm/10a and 4.6 mm/10a in the WRSA and 
WRRA, respectively. From the perspective of decadal characteristics, the precipitation in 
the WRSA is lower in 2015–2050, and may become more abundant after 2050, while that 
in the WRRA will be higher than the linear trend in 2030–2070, and may be lower after 
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From Figure 5a, it can be shown that: (1) all GCMs projected that the temperature 
will increase in NF and FF even though they are predicted to have a different rate of in-
crease; (2) temperature will increase significantly in NF with a rate of 1.66 °C and 1.57 °C, 
respectively, with ranges of [1.27 °C, 1.92 °C] and [1.37 °C, 1.64 °C] in the WRSA and 
WRRA; and (3) the temperature will rise higher in the far future than the near future. On 
average, the temperature will rise by 2.09 °C [1.64 °C, 3.09 °C] and 1.93 °C [1.82 °C, 2.64 

Figure 4. Temperature (left) and precipitation (right) series of 9 GCMs (red shadow) during 1951–2080
in WRSA (a,b) and WRRA (c,d). Red and blue solid line present the middle condition among 9 GCMs
and corresponding 10-year moving averages, respectively; blue dotted lines display the linear trend
of the moving windows.

Figure 4 shows that: (1) Temperature in the WRSA and WRRA from present to 2070
shows an upward trend, and the rising rate in the WRRA may decrease and even become
negative after 2050. (2) The interdecadal characteristics of the WRRA temperature change
were more obvious, with the temperature in 1970–2000 and 2070 were lower and were
significantly higher in 2000–2070 than the linear trend. (3) Precipitation in the western line
was likely to rise persistently with rates of 3.4 mm/10a and 4.6 mm/10a in the WRSA and
WRRA, respectively. From the perspective of decadal characteristics, the precipitation in
the WRSA is lower in 2015–2050, and may become more abundant after 2050, while that in
the WRRA will be higher than the linear trend in 2030–2070, and may be lower after 2050.

Temperature and precipitation changes in NF and FF relative to baseline are shown in
Figure 5.

Figure 5. Change of temperature (a) and precipitation (b) in near future and far future relative to
baseline for SNWDP western route.
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From Figure 5a, it can be shown that: (1) all GCMs projected that the temperature
will increase in NF and FF even though they are predicted to have a different rate of
increase; (2) temperature will increase significantly in NF with a rate of 1.66 ◦C and 1.57 ◦C,
respectively, with ranges of [1.27 ◦C, 1.92 ◦C] and [1.37 ◦C, 1.64 ◦C] in the WRSA and WRRA;
and (3) the temperature will rise higher in the far future than the near future. On average,
the temperature will rise by 2.09 ◦C [1.64 ◦C, 3.09 ◦C] and 1.93 ◦C [1.82 ◦C, 2.64 ◦C],
respectively, in the WRSA and WRRA. However, the uncertainly of the temperature change
in the FF is larger than that in the NF.

Figure 5b describes the near future and far future precipitation change relative to the
baseline. It shows that: (1) Uncertainly in changes of precipitation were more obvious than
that of temperature as a GCM may project an increase in precipitation while another one
might present a decrease. However, it did not happen frequently. All the GCMs projected
that precipitation will increase in the near future and far future in the western route and also
expect near future changes in the WRRA. (2) Precipitation will increase by 4.90% (1.43%,
14.1%) and 6.06% (2.48%, 6.72%), respectively, in NF and FF for WRSA. For the WRRA,
most GCMs projected that precipitation will increase by 5.35% with a range of (−1.00%,
12.9%) in the near future and increase by 8.53% (5.32%, 13.8%) in the far future.

Temperature rise will certainly enlarge the catchment evapotranspiration under the
same conditions of water supply and may finally lead to a reduction in streamflow. Accord-
ing to a previous study, streamflow in humid areas might decrease approximately 4% for
every 1 degree centigrade rise in temperature and global mean evaporation will increase
by 1–3% [23,58,59]. The changes in temperature and precipitation change the water and
thermal fluxes in the basin, which will definitely affect water availability in SNWDP.

3.3. Changes in Streamflow in the Western Route

The streamflow series in the source area and receiving area from the nine GCMs in the
grid-based RCCC-WBM model are shown in Figure 6.

Figure 6. Streamflow series of 9 GCMs (red shadow) during 1951–2080 in WRSA (a) and WRRA (b).
Red line presents the middle condition among 9GCMs. Red and blue solid line present the middle
condition among 9 GCMs and corresponding 10-year moving averages, respectively; blue dotted
lines display the linear trend of the moving windows.

Figure 6 shows that: (1) The streamflow in the WRSA and WRRA from the present to
2080 shows a slightly upward trend with an average rate of 0.3 mm/10a and 0.4 mm/10a,
respectively, and (2) the change in streamflow in the source area shows similar decadal
characteristics with precipitation and water resources after 2040 possibly being more
abundant than in 2020–2040. The evolution of streamflow in the receiving area was also
similar to that for precipitation, and after 2030 it may show an obvious downward trend.
The simulation results showed that WRRA streamflow will still be above the linear trend
from 2030 to 2070, but will decrease significantly after 2070. Streamflow changes in the NF
and FF relative to the baseline of the western route are shown in Figure 7.
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Figure 7. Change of streamflow in near future and far future relative to baseline for SNWDP
western route.

Figure 7 describes the near future and far future streamflow change relative to the
baseline. It shows that: (1) The change in streamflow had a higher uncertainty than that
for precipitation, with about half of the GCMs projecting that streamflow in the NF and FF
may increase relative to the baseline while the others showed that may decrease, and (2) for
the WRSA, the GCMs predicted a change rate of streamflow of −0.80% (−2.07%, 7.89%)
and −0.63% (−5.70%, 8.17%) in the near future and the far future, respectively, and for the
WRRA, the change rate was 1.68% (−8.67%, 12.3%) and 2.78% (−3.30%, 11.0%), respectively.

4. Discussion
4.1. Variations of Temperature, Precipitation and Streamflow in Western Route

Climate change has been observed worldwide, with a warming temperature of 0.85 ◦C
(0.65 ◦C to 1.06 ◦C) over the period 1880 to 2012 [58] globally. Temperature in the areas of
this study increased constantly and all the GCMs projected that it will continue to rise under
the SSP2-4.5 scenario. This is consistent with previous studies [60,61]. Higher temperatures
will accelerate the speed of evaporation and increase the irrigation quota [62]. The Yellow
River basin, the receiving area of the South-to-North Water Diversion Project’s western
route, is an important irrigation district in China. According to national statistics, 91%
of the water for crops was taken from the Yellow River [63]. Therefore, adequate water
resources in the Yellow River basin will help to ensure food security in China [64].

The source area of the SNWDP’s western route is mainly located in the upper YAR.
Numerous studies indicated that the upper YAR will receive more precipitation in the
future along with an increase in streamflow [41,65–68], which is consistent with the findings
in this study. However, some studies such as Li [69] reported that streamflow at the head
water of Zhimenda station may actually decrease by 4.6 m3/s/10a, which is in conflict
with the conclusions of this study. The difference may be due to differences in the baseline
and changing periods. At the same time, there is greater uncertainty in predicting any
future streamflow when using the GCMs [70,71]. As Figure 4 shows, almost all the GCMs
projected that precipitation in the future western route will increase, but CSIRO-MK3-6
projected that in the far future precipitation in the Yellow River basin will actually decrease
by −1.5%. Figure 7 also shows the uncertainties in the results of the streamflow simulations.

It is noteworthy that for the WRRA, although more than half of the GCMs projected
that streamflow would increase during the NF and FF, the uncertainty was much greater
than that of the WRSA. CSIRO-MK3-6 predicted a decrease in WRRA streamflow of about
10% and 15% in the NF and FF, respectively. Similarly, FIO-ESM predicted a streamflow
reduction of more than 5% for WRSA in the FF. Thus, the risk of streamflow reduction due
to climate change needs to be taken into account during project operations.
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According to the description of uncertainty by the IPCC [72], temperature in the
western route source area and receiving area is virtually guaranteed to increase; precipita-
tion is also extremely likely to increase in the NF and is very likely to increase in the FF.
the projection of future streamflow change in the source area shows a large uncertainty
while streamflow in the receiving area will likely increase in both periods of NF and FF,
which is beneficial to the operation of the SNWDP.

4.2. Uncertainty

Many factors can lead to uncertainty in research including the outputs of the GCMs,
the structure and parameters of hydrological models, and different scenarios for the fu-
ture. According to the uncertainty analysis conducted by Vetter [73], the outputs of the
GCMs contribute the most to the uncertainty, followed by climate models, and finally by
hydrological models.

A statistical downscaling model (LARS-WG) was used in the outputs of the GCMs in
order to enable a quantitative assessment of climate impacts across different regions in a
consistent setting. These data were bias corrected by referring to gridded meteorological
data. However, the WRSA is located in the Qinghai–Tibet Plateau (QTP) with a compli-
cated terrain and relatively sparse observed stations, which makes it difficult to describe
meteorological conditions accurately. Bao et al. [74] reported that the reanalysis dataset
showed a colder and drier bias than the observed data in QTP even though the dataset
captured the spatial patterns of climatic variables very well. Therefore, the preprocessing
of GCMs may contribute a higher uncertainty in streamflow simulations and projections
than the structure of hydrological models.

Another uncertainty in this research is linked to the calibration process of hydrological
models. We used the historical series of hydro-meteorological data and SCE-UA algorithm
based on maximizing the NSE and minimizing the RE criteria. Impacts of climate change
were investigated under the assumption that the optimal parameters found in the calibra-
tion process would remain valid in the future. Wang et al. [47] indicated that Ks, Kg, and Ksn
may be significantly related to a steady infiltration rate, saturated hydraulic conductivity,
and latitude of the basin, respectively. These characteristics are related to the soil properties
of the basin, which are fairly consistent over time [75]. However, the value of smax has
a close relationship with soil porosity, which may change significantly with the amount
of vegetation [76]. Many studies proved that the annual average Normalized Difference
Vegetation Index (NDVI) of the Yellow River Basin increased significantly from 1982 to
2016 [77,78], and such an increase was mainly due to the reforestation during the soil–water
conservation practices over the past 30 years and also partially due to climate variability—
especially temperature increases [79]. Therefore, the vegetation condition in the study
area may change continuously in the future, which will lead to a change in hydrological
model parameterization. Previous studies have shown that the uncertainties related to
parameters are more significant than the effects of the model’s structure in snow-dominated
river basins [80]. With 22.2% and 6.5% of the streamflow is fed by snowmelt water and
glacier-melt water, respectively, in upper YAR [81], the choice of model parameters might
produce higher uncertainties for the projected streamflow.

4.3. Limitations

There are also some limitations in this study. The water balance model we used in the
calculation ignores some factors such as glacier retreat, frozen soil degradation, and thawing
of permafrost layers. Thus, the actual change of water resources may be more complicated
and contain more uncertainty. Snowmelt is a dominant contributor to streamflow [82],
especially for those headwater basins with elevations greater than 2000 m above mean sea
level [49]. Under the influence of climate change, this proportion may continue to increase
and the amount of surface water resources in the YAR basin may become more abundant.
However, observed data has shown a decreasing trend of meltwater contributions to the
streamflow since the later part of the twentieth century [82]. The magnitude and timing of
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snowmelt has changed considerably during the period between 1979 and 2019 [48]. Due to
the reduction in snow accumulation, the future snow meltwater supply may subsequently
drastically decrease [83,84].

This study focused on the change of natural streamflow in the future relative to the
baseline period. However, the YER basin has been affected by human activities considerably,
which were not considered in this hydrological model. The projected streamflow therefore
represents water yield in a natural state rather than in an actual situation with intensive
human disturbance.

5. Conclusions

This study analyzed the change of temperature, precipitation, and streamflow af-
fected by climate change in the South-to-North Water Diversion Project western route.
We concluded that:

(1) Temperature will increase by 1.66 ◦C [1.27 ◦C, 1.92 ◦C] and 1.57 ◦C [1.37 ◦C, 1.64 ◦C]
during 2025–2045 relative to the baseline period (1956–2000) in the western route
source area and receiving area, respectively; during the far future (2040–2060) the
increase will be 2.09 ◦C [1.64 ◦C, 3.09 ◦C] and 1.93 ◦C [1.82 ◦C, 2.64 ◦C], respectively.

(2) Precipitation will very likely increase for the western route although the GCM projec-
tions are quite dispersed and uncertain, which will be beneficial to the operation of
the SNWDP.

(3) Grid-based RCCC-WBM performs well for streamflow simulations for the study areas.
The median streamflow simulations among the nine GCMs will likely increase by less
than 3% relative to the baseline for the western route.

(4) Climate change will support the planning of the western route to a certain extent;
however, the risk to the water supply caused by climate change in the plan and
operation of the western route still require sufficient attention.

Results of this study will support the design and operation of the SNWDP. Meanwhile,
there are many other large-scale water diversion projects such as the Snow Mountain
Scheme in Australia and the California State Water Project in the United States [85,86].
The effect of climate change on different aspects are complex and varied, and the research
methods used in this paper can provide a reasonable idea for researchers focusing on
these areas.
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