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Abstract
The Tianshan Mountains of Central Asia, highly sensitive to climate change, has
been comprehensively assessed for its ecosystem vulnerability across multiple as-
pects. However, studies on the region’s main river systems and hydropower
resources remain limited. Thus, examining the impact of climate change on
the runoff and gross hydropower potential (GHP) of this region is essential
for promoting sustainable development and effective management of water and
hydropower resources. This study focused on the Kaidu River Basin that is
situated above the Dashankou Hydropower Station on the southern slope of the
Tianshan Mountains, China. By utilizing an ensemble of bias-corrected global
climate models (GCMs) from Coupled Model Intercomparison Project Phase
6 (CMIP6) and the Variable Infiltration Capacity (VIC) model coupled with a
glacier module (VIC–Glacier), we examined the variations in future runoff and
GHP during 2017–2070 under four shared socio-economic pathway (SSP) sce-
narios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) compared to the baseline
period (1985–2016). The findings indicated that precipitation and temperature
in the Kaidu River Basin exhibit a general upward trend under the four SSP
scenarios, with the fastest rate of increase in precipitation under the SSP2-4.5
scenario and the most significant changes in mean, maximum, and minimum
temperatures under the SSP5-8.5 scenario, compared to the baseline period
(1980–2016). Future runoff in the basin is projected to decrease, with rates of
decline under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios being
3.09, 3.42, 7.04, and 7.20 m3/s per decade, respectively. The trends in GHP are
consistent with runoff, with rates of decline in GHP under the SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5 scenarios at 507.74, 563.33, 1158.44, and 1184.52
MW/10a, respectively. Compared to the baseline period (1985–2016), the rates
of change in GHP under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 sce-
narios are –20.66%, –20.93%, –18.91%, and –17.49%, respectively. The Kaidu
River Basin will face significant challenges in water and hydropower resources
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in the future, underscoring the need to adjust water resource management and
hydropower planning within the basin.
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Abstract: The Tianshan Mountains of Central Asia, highly sensitive to cli-
mate change, have been comprehensively assessed for ecosystem vulnerability
across multiple dimensions. However, studies on the region’s major river sys-
tems and hydropower resources remain limited. Thus, examining the impact of
climate change on runoff and gross hydropower potential (GHP) in this region
is essential for promoting sustainable development and effective management of
water and hydropower resources. This study focused on the Kaidu River Basin
situated above the Dashankou Hydropower Station on the southern slope of the
Tianshan Mountains, China. By utilizing an ensemble of bias-corrected global
climate models (GCMs) from Coupled Model Intercomparison Project Phase
6 (CMIP6) and the Variable Infiltration Capacity (VIC) model coupled with
a glacier module (VIC–Glacier), we examined variations in future runoff and
GHP during 2017–2070 under four shared socio-economic pathway (SSP) sce-
narios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) compared to the baseline
period (1985–2016). The findings indicated that precipitation and temperature
in the Kaidu River Basin exhibit a general upward trend under all four SSP
scenarios, with the fastest rate of increase in precipitation under the SSP2-4.5
scenario and the most significant changes in mean, maximum, and minimum
temperatures under the SSP5-8.5 scenario, compared to the baseline period
(1980–2016). Future runoff in the basin is projected to decrease, with rates of
decline under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios being
3.09, 3.42, 7.04, and 7.20 m3/s per decade, respectively. The trends in GHP are
consistent with runoff, with rates of decline in GHP under the SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5 scenarios at 507.74, 563.33, 1158.44, and 1184.52
MW/10a, respectively. Compared to the baseline period (1985–2016), the rates
of change in GHP under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 sce-
narios are –20.66%, –20.93%, –18.91%, and –17.49%, respectively. The Kaidu
River Basin will face significant challenges in water and hydropower resources
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in the future, underscoring the need to adjust water resource management and
hydropower planning within the basin.
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Introduction
Energy forms the material foundation and driving force behind socio-economic
development and serves as a critical battleground for achieving the goals of
“carbon peak and carbon neutrality”(Yuan et al., 2022). Clean energy sources,
including wind, solar, and hydropower, have attracted significant attention due
to their indispensable role in mitigating climate change and reducing greenhouse
gas emissions (Jing et al., 2024; Li et al., 2024). Among these, hydropower
is a cornerstone of clean energy systems, playing an essential role in global
decarbonization efforts (Mohsin et al., 2023). China, endowed with some of
the world’s richest hydropower resources, exhibits tremendous potential, with
a theoretical total hydropower capacity of 694 GW, a technically exploitable
capacity of 542 GW, and an economically feasible potential of 402 GW (Sun
et al., 2019). The development of hydropower resources has been instrumental
in addressing the energy crisis and mitigating environmental pollution, both of
which have intensified alongside China’s rapid economic growth in the 21st
century (Melo et al., 2019). However, in the face of global climate change,
hydropower resources are encountering unprecedented challenges (Donk et al.,
2018; Zhong et al., 2019; Jian et al., 2023).

The impacts of climate change on hydropower resources can be categorized into
two primary aspects. Firstly, climate change-induced variations in hydrologi-
cal conditions directly affect the operation and efficiency of hydropower plants.
Fluctuations in precipitation and water availability amplify operational uncer-
tainty, thereby undermining electricity generation and the stability of energy
supplies (van Vliet et al., 2016). These impacts are evident in the hydrologi-
cal cycle, where changes in precipitation frequency, timing, spatial distribution,
and intensity exacerbate unpredictability. Secondly, traditional hydropower
resource planning and management frameworks require reassessment and adap-
tation in the context of altered climate conditions. Conventional planning ap-
proaches, which often rely on historical hydrological data, may no longer provide
reliable guidance under current and projected climatic shifts. To address these
challenges, it is imperative to adopt advanced and integrative scientific method-
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ologies alongside cutting-edge technological tools to comprehensively analyze
water resource supply and demand dynamics. Such approaches will enable the
development of more adaptive and sustainable hydropower planning and man-
agement strategies (Holanda et al., 2017; Ullah et al., 2019; Yang et al., 2020).

Amid the context of climate change, numerous scholars, both domestically and
internationally, have conducted in-depth investigations into future changes in
hydropower resources. Chuphal and Mishra (2023) employed hydrological mod-
els to explore runoff variations to major dams in India under three shared socio-
economic pathway (SSP) scenarios: SSP1-2.6, SSP2-4.5, and SSP3-7.0. Their
findings revealed that trends in Gross Hydropower Potential (GHP) aligned
closely with changes in runoff patterns. Similarly, Dallison and Patil (2023) uti-
lized the EXP–HYDRO hydrological model to simulate flow changes across 585
river basins in the UK and Ireland under the SSP5-8.5 scenario. They analyzed
the implications of these changes for hydropower extraction in 178 watersheds,
providing insights into regional hydropower resource dynamics. In China, Liu
and Xu (2022) conducted a comprehensive estimation and uncertainty analysis
of the country’s total and developed GHP. Their study integrated eight global
hydrological models driven by five atmospheric models, using climate data un-
der two representative concentration pathway (RCP) scenarios (RCP2.6 and
RCP8.5) (Liu et al., 2016). Similarly, by combining ten climate models with
hydrological models (Variable Infiltration Capacity (VIC) and Coupled Routing
and Excess STorage (CREST)), Zhao et al. (2021) projected changes in runoff
and hydropower resources in the Yalong River, China. Their results indicated
that, compared to the baseline period (1996–2012), dry season runoff in the
basin is expected to increase, rainy season runoff is expected to decrease, daily
runoff variability is expected to decline, and future electricity generation in the
Three Gorges Reservoir Area is expected to follow the projected trends in runoff
changes. These studies collectively enhance our understanding of how climate
change influences global hydropower resources, providing critical insights for the
adaptation and sustainable management of hydropower systems in a warming
world.

Over the past two decades, the academic community has shown considerable
interest in the changing flow of the Kaidu River, China and the water volume
of its terminal lake, Bosten Lake. Tuoheti and Aji (2022) demonstrated that
various climatic variables influence the runoff of the Kaidu River, with annual
average temperature exerting the most significant effect, followed by annual pre-
cipitation and annual evaporation. Chen et al. (2013) analyzed the hydrological
sensitivity of the runoff of the Kaidu River from 1994 to 2009, concluding that
the river’s runoff responded more strongly to climate change than to human
activities. Fang et al. (2023) employed the extended Soil and Water Assess-
ment Tool (SWAT) model (SWAT–Glacier) to project future runoff changes in
four rivers within the Tarim Basin, China. Their findings indicated a slight
decreasing trend in the runoff of the Kaidu River, with projected reductions
of approximately 2.31% and 7.80% by 2035 under RCP4.5 and RCP8.5 scenar-
ios, respectively. These studies collectively highlight the pronounced sensitivity
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of rivers and lakes in arid regions to climate change. Notably, the impacts of
changes in runoff on hydropower resources have yet to receive widespread at-
tention—a critical gap in ensuring future hydropower security and sustainable
development in the region. To address this, the present study focused on the
Kaidu River, often referred to as the “Little Three Gorges of Xinjiang”, to ex-
plore the impacts of climate change on future runoff and hydropower resources
in the basin. First, we processed and analyzed the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) Global Climate Model (GCM) data using Delta
downscaling bias correction and multi-model equal-weight ensemble averaging
to investigate the spatiotemporal evolution of precipitation and temperature in
the Kaidu River Basin from 1980 to 2070. Second, a hydrological model (VIC)
integrated with a glacier module (VIC–Glacier) was developed to analyze runoff
responses to climate change. Finally, based on the simulated runoff, changes in
GHP and electricity generation were estimated under four SSP scenarios (SSP1-
2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5). The findings of this study will provide
a scientific basis for decision-making in water resource and hydropower planning,
operation, and management in the Kaidu River Basin.

Study Area
The Kaidu River originates in the central Tianshan Mountains, located in the
Bayingol Mongolian Autonomous Prefecture of Xinjiang Uygur Autonomous
Region, China. It flows through the large and small Yulduz basins, traverses
canyons, passes through the Yanqi Basin, and ultimately discharges into Bosten
Lake, serving as a major source of replenishment for the lake (Zhang et al.,
2007). As a typical inland river in arid regions, the Kaidu River experiences
concentrated precipitation primarily between June and September, with low
annual precipitation and high evaporation. Annual precipitation ranges from
300.00 to 600.00 mm, while annual evaporation ranges from 600.00 to 1100.00
mm. The river’s water resources are predominantly derived from precipitation,
glacier melt, and snowmelt, resulting in an average annual runoff volume of
approximately 34.41$×10^{8}$ m3, with 56.12% of the runoff occurring between
June and September.

Dashankou, the sole mountain pass along the Kaidu River, divides the entire
basin into an upstream mountainous area and a downstream plain area (Chen et
al., 2013). The study area covers the Kaidu River Basin above the Dashankou
Hydrological Station that extends approximately 610 km, encompassing a catch-
ment area of 1.83$×10^{4}$ km2 (Fig. 1 [Figure 1: see original paper]). This re-
gion features complex mountainous terrain with an average elevation of 2998 m,
sloping gradually from northwest to southeast. The narrow riverbed and rapid
river flow create substantial hydropower potential, making this area the primary
location for hydropower stations within the basin (Fan et al., 2021). Among
these hydropower projects, the Dashankou Hydropower Station, situated 1 km
upstream from the canyon’s outlet, stands out as one of the larger hydropower
facilities in Xinjiang. Completed in 1992, the station has an installed capacity
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of 80 MW and a designed annual electricity generation of 3.10$×10^{8}$ kWh.
In addition to electricity generation, the station provides other critical benefits,
such as flood control.

Data and Methods
Meteorological Data

This study utilized the CN05.1 meteorological dataset (1980–2016) provided by
the Climate Change Research Center of the Chinese Academy of Sciences. This
dataset was generated through the interpolation of climate and anomaly fields
integrating observations from over 2400 meteorological stations across China,
and has a spatial resolution of 0.25°$×$0.25°. Five variables including precip-
itation (mm), mean temperature (°C), maximum temperature (°C), minimum
temperature (°C), and wind speed (m/s) were selected as the data foundation for
the research analysis (Wu and Gao, 2013). Building upon previous research, five
CMIP6 GCMs (EC-Earth3, EC-Earth3-Veg, EC-Earth3-Veg-LR, INM-CM5-0,
and IPSL-CM6A-LR) suitable for the arid regions of China were selected to sim-
ulate climatic variables in the study area for the period 1980–2070 (Liu et al.,
2022). Projections of climatic variables in this study (2017–2070) were based
on four SSP scenarios: SSP1-2.6, a low-emission scenario under sustainable
green development; SSP2-4.5, a medium-emission scenario reflecting a middle-
of-the-road pathway; SSP3-7.0, a medium-high-emission scenario characterized
by regional rivalry and fragmented approaches; and SSP5-8.5, a high-emission
scenario dominated by fossil fuel-intensive development.

Hydrological Data

Daily observed runoff data (m3/s) from the Dashankou Hydrological Station
(1985–2016), provided by the Hydrology Bureau of Xinjiang Uygur Autonomous
Region, were utilized to evaluate the simulation performance of the VIC–Glacier
model. Additionally, observed data, including water head (m) and electricity
generation (kWh) from 2001 to 2016 at the Dashankou Hydropower Station,
were employed to estimate the GHP (MW) and electricity generation for both
the baseline period (1985–2016) and future period (2017–2070). These data were
sourced from the Midstream Management Station of the Bayingol Mongolian
Autonomous Prefecture, under the Xinjiang Tarim River Basin Authority.

Ancillary Data

The ancillary data used in the models included digital elevation model (DEM)
data (https://www.gscloud.cn/search), soil texture data (https://www.fao.org/home/en),
vegetation type data (https://www.landcover.org/data/landcover/data.shtml),
and glacier data (http://www.ncdc.ac.cn/portal/).
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Downscaling Bias Correction

Delta downscaling bias correction is a straightforward and commonly used tech-
nique in climate modeling (Xavier et al., 2022). It involves overlaying the varia-
tion characteristics of simulated climatic variables onto observed climate data in
the baseline period. This process reconstructs climate scenarios by applying the
simulated changes (such as the absolute increase in temperature or the relative
change in precipitation) to the data series of climatic variables measured during
the baseline period. The approach to adjusting precipitation and temperature
differs. Specifically, for precipitation, the relative change in gridded precipita-
tion from GCMs is applied; whereas for temperature, the absolute change in
gridded temperature from GCMs is used (Luo et al., 2019).

The specific formulas employed to implement these adjustments are as follows:

𝑇𝑓 = 𝑇𝑜 + (𝑇𝑀𝑓 − 𝑇𝑀𝑜) (1)

𝑃𝑓 = 𝑃𝑜 × 𝑃𝑀𝑓
𝑃𝑀𝑜

(2)

where 𝑇𝑓 represents the gridded temperature data reconstructed using the Delta
downscaling bias correction method (°C); 𝑇𝑜 represents the multi-year average
of the observed temperature data during the baseline period (°C); 𝑇𝑀𝑓 repre-
sents the simulated gridded temperature data for the baseline period (°C); 𝑇𝑀𝑜
represents the multi-year average of the simulated gridded temperature data
during the baseline period (°C); 𝑃𝑓 represents the gridded precipitation data
reconstructed using the Delta downscaling bias correction method (mm); 𝑃𝑜
represents the multi-year average of the observed precipitation data during the
baseline period (mm); 𝑃𝑀𝑓 represents the simulated gridded precipitation data
for the baseline period (mm); and 𝑃𝑀𝑜 represents the multi-year average of the
simulated gridded precipitation data during the baseline period (mm).

After Delta downscaling bias correction for climatic variables in CMIP6 GCMs,
this study used multi-model equal-weight ensemble averaging to investigate the
spatiotemporal evolution of precipitation and temperature in the Kaidu River
Basin from 1980 to 2070.

VIC Model

The VIC model, introduced in 1994, is a large-scale land surface hydrological
model designed to simulate both water and energy balances between the land
and the atmosphere (Wood et al., 1992). This model places particular em-
phasis on the simulation of thermal processes, addressing a key limitation of
traditional hydrological models. The main components of the VIC model in-
clude evapotranspiration, runoff generation, and streamflow routing (Lohmann
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et al., 1998; Asgari et al., 2022). The model divides the watershed into multi-
ple grid cells, calculates runoff generation at each grid, and routes the output
data into streamflow processes at the watershed outlet using the routing module
(Castaneda-Gonzalez et al., 2023). The input parameters required for the VIC
hydrological model include soil data, vegetation type data, meteorological forc-
ing data, flow direction data, watershed characteristic data, and global parame-
ter files. After calibration, the model incorporates the multi-model ensemble of
climatic variables—such as precipitation, maximum and minimum temperatures,
and wind speed—as meteorological inputs to predict future runoff changes.

To enhance the visualization of simulated runoff across dry and wet seasons,
daily runoff data were aggregated into monthly scales. The period from 1980 to
1984 was designated as a model warm-up phase to minimize the impact of initial
conditions on simulation outcomes. The model calibration period, spanning
from 1985 to 2000, was employed to optimize model parameters and improve
simulation accuracy. Subsequently, the years 2001 to 2016 were used as the
validation period to assess the model’s performance on independent data. Three
key performance metrics—namely the Nash-Sutcliffe efficiency (NSE), relative
error (RE; %), and correlation coefficient (CC)—were utilized to evaluate the
model’s simulation performance. The formulas for these metrics are as follows:

NSE = 1 − ∑𝑛
𝑖=1(𝑄sim,𝑖 − 𝑄obs,𝑖)2

∑𝑛
𝑖=1(𝑄obs,𝑖 − 𝑄̄obs)2 (3)

RE = ∑𝑛
𝑖=1(𝑄sim,𝑖 − 𝑄obs,𝑖)

∑𝑛
𝑖=1 𝑄obs,𝑖

× 100% (4)

CC = ∑𝑛
𝑖=1(𝑄sim,𝑖 − 𝑄̄sim)(𝑄obs,𝑖 − 𝑄̄obs)

√∑𝑛
𝑖=1(𝑄sim,𝑖 − 𝑄̄sim)2 ∑𝑛

𝑖=1(𝑄obs,𝑖 − 𝑄̄obs)2
(5)

where 𝑛 is the total number of observations; 𝑄sim,𝑖 and 𝑄obs,𝑖 represent the
simulated runoff (m3/s) and observed runoff (m3/s) at time step 𝑖, respectively;
and 𝑄̄sim and 𝑄̄obs represent the average values of simulated runoff (m3/s) and
observed runoff (m3/s), respectively.

VIC–Glacier Model

The VIC model does not include a glacier melt module in its standard configura-
tion. To address this limitation, this study coupled the VIC model with a daily
glacier melt algorithm, referred to as the VIC–Glacier model (Hock, 2003), to
simulate hydrological processes in both glaciated and non-glaciated areas within
the study area. The VIC–Glacier model has been successfully validated in var-
ious river basins (Zhang et al., 2013; Su et al., 2016; Kan et al., 2018). The
input data for the enhanced model included daily climatic variables (such as
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precipitation, maximum and minimum temperatures, and wind speed), vege-
tation type, soil texture, and glacier area percentage. To account for terrain
influences, glaciated areas were divided into 100 m elevation bands, allowing for
a more precise estimation of glacier meltwater than using a uniform temperature
across the entire glacier within each modeling grid.

The total runoff from each grid originated from both glaciated and non-glaciated
areas, and the formulas are as follows:

𝑅 = 𝑓 × 𝑅melt + (1 − 𝑓) × 𝑅VIC (6)

𝑅melt =
𝑛

∑
𝑗=1

𝑀𝑗 (7)

𝑀𝑗 = DDF × (𝑇 − 𝑇base) if 𝑇 > 𝑇base (8)

where 𝑅 is the total runoff depth of the grid (mm); 𝑓 represents the percentage
of the glaciated areas (%); 𝑅melt is the runoff depth from the glaciated areas
(mm); 𝑅VIC is the runoff depth from the non-glaciated areas (mm); 𝑀𝑗 is the
meltwater from elevation band 𝑗 (mm); DDF is the degree–day factor for glacier
or snow melt (mm/(°C・d)); 𝑇 is the daily average temperature above the glacier
surface adjusted by the temperature lapse rate (°C); and 𝑇base is the temperature
threshold between rain and snow (°C), typically with temperatures above zero
classified as rainfall and below zero as snowfall.

Estimation of GHP

The formula used to estimate the GHP (MW) is as follows (Chuphal and Mishra,
2023):

GHP = 𝑄 × ℎ × 𝑔 × 𝜌 (9)

where 𝑄 denotes the runoff (m3/s); ℎ represents the water head (m); 𝑔 stands
for the gravitational acceleration (9.80 m/s2); and 𝜌 is the density of water (1000
kg/m3).

Estimation of CO2 Emission Reductions

Given that CO2 comprises approximately 90.00% of greenhouse gases emitted
from human activities, this study primarily focused on CO2 emissions. It is
assumed that the reduction in CO2 emissions equals the amount of CO2 emitted
by coal-fired power generation minus the CO2 emitted by hydropower generation.
The difference between these two values represents the role of hydropower in
reducing CO2 emissions. The formula is as follows:
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𝑉 = (𝛼 − 𝛽) × 𝑥 (10)

where 𝑉 represents the CO2 emission reduction by hydropower generation (t);
𝛼 represents the constant of CO2 emission by coal-fired power generation at
9.65$×10^{-4}$ t/kWh (IPCC, 2023); 𝛽 represents the constant of CO2 emis-
sion by hydropower generation at 1.90$×10^{-5}$ t/kWh (IPCC, 2015); and 𝑥
represents the electricity generated (kWh).

Results
Temporal Variability of Precipitation and Temperature

Compared to the baseline period (1980–2016), all four SSP scenarios exhibit
a fluctuating increasing trend in precipitation (Fig. 2a [Figure 2: see original
paper]). The SSP2-4.5 scenario predicts the largest increase rate, reaching 2.51
mm/10a, while the SSP3-7.0 scenario predicts the smallest increase rate, at
only 0.25 mm/10a. The trends for the three temperature variables—mean, max-
imum, and minimum temperatures—are consistent, with the rate of warming
accelerating as greenhouse gas emission intensifies. The high emission scenario
(SSP5-8.5) predicts a significantly faster warming rate compared to the other
three scenarios (Fig. 2b–d). Under the low emission scenario (SSP1-2.6), mean
temperature increases by approximately 0.20°C/10a, maximum temperature in-
creases by about 0.21°C/10a, and minimum temperature increases by around
0.22°C/10a. Conversely, under the SSP5-8.5 scenario, mean temperature rises
by approximately 0.70°C/10a, maximum temperature rises by 0.68°C/10a, and
minimum temperature rises by 0.74°C/10a. From a temporal perspective, be-
tween 2017 and 2040, the warming rates for the three temperature variables
across all four SSP scenarios remain similar. However, during the mid-term
period from 2041 to 2070, as greenhouse gas emission increases, temperature
differences among the scenarios become more pronounced. Notably, under the
SSP5-8.5 scenario, the warming rates for the three temperature variables are
more than double those observed under the moderate emission scenario (SSP2-
4.5). This suggests that the probability of extreme climate events may signifi-
cantly increase under high emission scenarios.

Spatial Variability of Precipitation and Temperature

Under the four SSP scenarios, the spatial distribution of precipitation remains
relatively consistent, exhibiting a gradual increase from southeast to northwest
(Fig. 3 [Figure 3: see original paper]). The multi-year average precipitation
ranges from 170 to 660 mm, with high-precipitation areas primarily concen-
trated in the northwestern and northeastern parts of the study area, while
the southern mountains receive significantly less precipitation. The multi-year
average of mean temperature ranges from –6.5°C to 4.5°C. Although spatial
variability exists among different scenarios, mean temperature shows a consis-
tent general distribution pattern that decreases from southwest to northeast.
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Warming intensifies with increasing greenhouse gas emissions, reaching its peak
under the SSP5-8.5 scenario. The multi-year average maximum temperature
ranges from –0.4°C to 11.5°C. Under the SSP1-2.6 scenario, the distribution
of multi-year average maximum temperature closely resembles that observed
during the baseline period, whereas the other scenarios demonstrate progres-
sively greater warming as greenhouse gas emission intensifies. The multi-year
average minimum temperature ranges from –11.0°C to –3.0°C, with higher tem-
perature areas mainly concentrated in the northwest and southeast of the study
area, and lower temperatures prevailing in the mountainous regions in the north-
east. Among all four SSP scenarios, the SSP5-8.5 scenario predicts the most
pronounced warming changes.

The projected precipitation exhibits an overall increasing trend across the four
SSP scenarios, with spatial variability in the magnitude of these increases (Fig.
4 [Figure 4: see original paper]). Under the SSP3-7.0 scenario, the most pro-
nounced increase in precipitation is expected in the northwestern region (6.81
mm/10a), while the central region may experience the largest decrease (–1.91
mm/10a). In contrast, the SSP2-4.5 scenario predicts an increase in precipita-
tion across the entire basin, with varying magnitudes ranging from 0.82 to 4.82
mm/10a in different regions. All three temperature variables—mean, maximum,
and minimum temperatures—are expected to demonstrate warming trends under
the four scenarios, with varying regional intensities. The warming rates for these
temperature variables are projected to become more pronounced under higher
emission scenarios. For mean temperature, the western region is anticipated
to experience greater warming than the eastern region, with the most signifi-
cant increase under the SSP5-8.5 scenario, reaching up to 0.72°C/10a. Notable
spatial differences in the warming rate of maximum temperature are observed
among the four SSP scenarios. The SSP1-2.6 scenario predicts the largest in-
crease in maximum temperature in the northern region (0.22°C/10a), while the
SSP3-7.0 scenario predicts the largest increase in the central and eastern regions
(0.45°C/10a). For minimum temperature, the spatial distribution of warming
rates is expected to be consistent across scenarios, with greater warming pro-
jected in the western region compared to the eastern region. The SSP5-8.5 sce-
nario predicts the most notable increase in minimum temperature, ranging from
0.72°C/10a to 0.78°C/10a. Overall, a strengthening warming trend is expected
across the study area in the future, with both precipitation and temperature
changes displaying significant spatial variability.

Historical Runoff Simulation Using the VIC and VIC–Glacier Models

Figure 5 [Figure 5: see original paper] compares observed and simulated runoff
during the calibration and validation periods using the VIC and VIC–Glacier
models. The VIC–Glacier model demonstrated superior performance, partic-
ularly during peak- and low-flow periods. In the Kaidu River Basin, water
resources originate from a combination of precipitation, glacier melt, and snow-
pack inputs. Glaciers in the mountainous upstream areas indirectly contribute
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to runoff through their storage and gradual release of meltwater. The traditional
VIC model, which lacks a glacier melt component, introduces biases in runoff
simulations, particularly in high-altitude regions where glaciers significantly in-
fluence peak flow periods. In contrast, the VIC–Glacier model addressed this
limitation by incorporating terrain effects and dividing glacierized areas into 100
m elevation bands. This approach enables a more accurate estimation of glacier
meltwater, resolving the issue of uniform glacier temperatures within modeling
grids. As a result, the VIC–Glacier model can effectively capture peak flows
associated with meltwater runoff, leading to more precise simulations of runoff
changes in the basin (Fig. 6 [Figure 6: see original paper]). Consequently, the
VIC–Glacier model is more reliable for projecting future runoff, especially in
glacier-dominated watersheds.

Future Runoff Projection Using the VIC–Glacier Model

Future runoff projected by the VIC–Glacier model exhibits a fluctuating down-
ward trend, with obvious differences among the four scenarios (Fig. 7 [Figure
7: see original paper]). The higher emission scenarios (SSP3-7.0 and SSP5-8.5)
project a more pronounced decline rate of runoff per decade, at 7.04 and 7.20
m3/s, respectively. These rates are significantly higher than those under the
lower emission scenarios (SSP1-2.6 and SSP2-4.5), with decline rates of 3.09
and 3.42 m3/s per decade, respectively. Runoff under the SSP5-8.5 scenario
not only exhibits greater variability but also the most marked declining trend,
potentially linked to its higher projected greenhouse gas emissions, which may
intensify climate change and increase the frequency of extreme climate events,
adversely affecting runoff. Notably, specific years, such as 2045 and 2046 under
the SSP5-8.5 scenario and 2045 under the SSP1-2.6 scenario, show significant
peaks and troughs in runoff, possibly indicating extreme climate events like
droughts and floods. During 2020–2030, all scenarios predict significant vari-
ability in runoff, likely reflecting natural climate fluctuations and the short-term
impacts of socio-economic factors.

Runoff exhibits pronounced seasonal variations across the four scenarios (Fig.
7a). Peak runoff occurs in July, with values of 178.06, 180.36, 185.79, and
185.72 m3/s under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios,
respectively. In contrast, the lowest runoff occurs in early March, with values of
45.80, 45.70, 47.32, and 48.36 m3/s under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5 scenarios, respectively. The summer peak may be primarily driven by
increased precipitation and higher temperatures, which enhance glacier meltwa-
ter and surface runoff, particularly under higher emission scenarios (SSP3-7.0
and SSP5-8.5). Conversely, spring represents the low-flow period due to reduced
precipitation and limited snowmelt contribution.
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Estimated GHP Under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-
8.5 Scenarios

Under the four SSP scenarios, GHP exhibits a fluctuating downward trend (Fig.
8a [Figure 8: see original paper]). Specifically, under the SSP1-2.6 scenario,
GHP declines at a rate of 507.74 MW/10a. In contrast, under the SSP2-4.5
scenario, GHP shows greater variability, changing at a rate of 563.33 MW/10a,
with a stable minor decrease around the year 2045 (372.31 MW/10a), potentially
reflecting mid-term climate impacts. GHP under both the SSP3-7.0 and SSP5-
8.5 scenarios demonstrates significant variability throughout the period 2017–
2070, with decline rates of 1158.42 and 1184.53 MW/10a, respectively. GHP un-
der the SSP5-8.5 scenario shows pronounced declines during 2020–2040 (1032.61
MW/10a) and 2045–2060 (2052.34 MW/10a), highlighting the challenges faced
by GHP under high greenhouse gas emissions and unsustainable development
pathways.

GHP under all four SSP scenarios exhibits significant seasonal variations, as
shown in Figure 8b. Specifically, GHP peaks during the summer months, exceed-
ing the annual average by about 92.12% to 96.31%. GHP under the SSP5-8.5
scenario demonstrates a more pronounced peak in summer, likely due to in-
creased rainfall, glacier melt, and snowmelt contributing to higher runoff. Con-
versely, at the beginning of spring (March), GHP drops to its lowest, about
50.05% below the annual average, indicating a period of water scarcity and cor-
respondingly lower GHP. A shift in the peak period of GHP from June to July
can be observed across all four SSP scenarios. For SSP1-2.6, the peak occurs
in June during 2021–2030; for SSP2-4.5, it shifts to June during the periods of
2051–2060 and 2061–2070; for SSP3-7.0, it occurs in June during 2061–2070; for
SSP5-8.5, it occurs in June during the periods of 2041–2050, 2051–2060, and
2061–2070. The frequent early peaks under the SSP5-8.5 scenario highlight the
need to closely monitor the seasonal variability of GHP, especially under high
emission scenarios.

Estimated Electricity Generation Under the SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5 Scenarios

Figure 9 [Figure 9: see original paper] depicts the annual variations in electricity
generation and runoff. Notable differences emerge in the trends of electricity
generation across all four SSP scenarios. Under the lower emission scenarios
(SSP1-2.6 and SSP2-4.5), the slope of the fitted curve for annual electricity gen-
eration is relatively small, indicating greater stability in electricity production
over time. In contrast, the annual electricity generation under the higher emis-
sion scenarios (SSP3-7.0 and SSP5-8.5) exhibits a more pronounced downward
trend, reflecting increased instability in electricity generation. These results
align with the observed variations in runoff. As greenhouse gas emission in-
creases, both runoff and hydropower generation display accelerated rates of de-
cline, underscoring the sensitivity of hydropower systems to changes in climate
forcing.
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Under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, the av-
erage annual electricity generation of the reservoirs from 2017 to 2070 is
approximately 3.12$×10{8}, 3.11×10{8}, 3.19×10{8}, 𝑎𝑛𝑑3.25×10{8}$ kWh, re-
spectively, with the highest value observed under the SSP5-8.5 scenario.
Observing by periods, the average annual electricity generation during 2017–
2040 under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios is
3.26$×10{8}, 3.25×10{8}, 3.55×10{8}, 𝑎𝑛𝑑3.56×10{8}$ kWh, respectively. This
indicates an increasing trend in electricity generation before the 2040s, with
relative rates of change compared to the overall period being 4.31%, 4.32%,
11.27%, and 9.76%, respectively. During 2041–2070, the average annual electric-
ity generation under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios
is 3.02$×10{8}, 3.01×10{8}, 2.90×10{8}, 𝑎𝑛𝑑2.99×10{8}$ kWh, respectively. The
relative rates of change compared to the overall period are –3.44%, –3.45%,
–9.01%, and –7.81%, respectively. The most significant decline is observed
under the SSP3-7.0 scenario during this period. The decrease in generation
during this phase is a critical signal for the hydropower industry, necessitating
attention from hydroelectric-related sectors to the impact of climate change on
hydropower generation.

Estimated CO2 Emission Reductions Under SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5 Scenarios

The CO2 emission reductions under the four SSP scenarios all show a decreas-
ing trend, though there are significant differences among them (Fig. 10 [Figure
10: see original paper]). Before 2050, higher CO2 emission reductions can be
observed under SSP3-7.0 and SSP5-8.5 scenarios compared to the lower emis-
sion scenarios (SSP1-2.6 and SSP2-4.5). However, after 2050, the decreasing
trend of CO2 emission reduction across all four SSP scenarios begins to slow
and converge. Beyond 2060, the lower emission scenarios (SSP1-2.6 and SSP2-
4.5) surpass the higher emission scenarios (SSP3-7.0 and SSP5-8.5) in terms
of CO2 emission reduction. Specifically, the annual average CO2 emission
reductions under SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios are
2.60$×10{5}, 2.59×10{5}, 2.65×10{5}, 𝑎𝑛𝑑2.70×10{5}$ t, respectively.

Discussion
This study indicated that both temperature and precipitation in the Kaidu
River Basin are expected to increase in the future, with temperature rising at a
significantly faster rate than precipitation, particularly under the high emission
scenario (SSP5-8.5). Furthermore, related research showed that the frequency
of extreme high-temperature events in the basin will significantly increase, while
extreme low-temperature events will decrease (Pan et al., 2022). Temperature
and precipitation are critical factors influencing future runoff in the Kaidu River
Basin. Under higher emission scenarios, the variability in temperature and pre-
cipitation is expected to increase, leading to a higher frequency of droughts
and floods. Meanwhile, previous research suggested that the region may face
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more frequent extreme runoff events and more severe catastrophic floods in the
future (Zheng et al., 2024). These changes present new challenges for the lo-
cal hydropower sector. Firstly, the increased variability in runoff is likely to
impact the efficiency and operational stability of hydropower plants, necessitat-
ing adjustments to current electricity generation scheduling strategies to cope
with uncertain hydrological conditions. Secondly, the frequent occurrence of
extreme climate events may escalate maintenance costs and increase the pres-
sure of risk management on hydropower infrastructure, particularly in flood and
drought prevention. To address these challenges, the local hydropower sector
should adopt a range of adaptive measures. Investment should be made in more
flexible and intelligent hydropower dispatch systems to enhance the ability to
respond to runoff variability. Additionally, efforts should focus on strengthen-
ing climate data monitoring and analysis to improve the capacity to predict
future climate trends, thereby optimizing resource planning and management.
Finally, the hydropower sector should enhance collaboration with other relevant
departments to develop comprehensive climate adaptation strategies, ensuring a
transition to clean energy while maintaining the security and stability of power
supply.

This study provides a scientific foundation for addressing climate change and
optimizing water resource management, while also supporting clean energy tran-
sitions and sustainable regional economic development, which is critical for en-
suring energy security and mitigating climate change risks. A recent research in-
dicated that the Kaidu River Basin is likely to experience more frequent extreme
climate events in the future (Zhang et al., 2024). Therefore, future research
should focus on investigating the impact of climate variability on hydropower
generation, particularly the potential effects of extreme climate events, such
as droughts and heavy rainfall, on hydropower resources. These events could
significantly affect reservoir level regulation, leading to seasonal variations in
hydropower resources (Naz et al., 2018; Brás et al., 2023). Additionally, future
studies should conduct sensitivity analyses of climate change on hydropower re-
sources, quantitatively assessing the contributions of different climatic variables
to hydropower output (Klein et al., 2013; Anghileri et al., 2018). This would
provide policymakers with a more comprehensive understanding of how climate
factors impact the hydropower system in the Kaidu River Basin. It is important
to note that this study offers only preliminary estimates of electricity genera-
tion. Future research could incorporate reservoir operation models to more
comprehensively simulate the electricity generation of two-reservoir, nine-step
cascade hydropower stations in the Kaidu River Basin (Chong et al., 2021; Song
et al., 2023), thereby offering deeper insights into future trends in hydropower
resources within the basin.

Conclusions
Given the increasing frequency of extreme climate events, it is critical to analyze
future changes in water resources and hydropower potential in the Kaidu River
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Basin. This study evaluated future runoff and hydropower availability under
various climate change scenarios, with a focus on assessing their implications
for CO2 emission reductions. The key findings are as follows:

(1) Compared to the observational period, precipitation exhibits a slight in-
crease under all four SSP scenarios. However, the three temperature vari-
ables (mean, maximum, and minimum temperatures) demonstrate signif-
icantly more pronounced warming trends as greenhouse gas emission in-
tensifies, with temperature increases far outpacing those in precipitation.
This imbalance suggests a potential future characterized by water resource
disparities and increased frequency of extreme climate events in the basin.

(2) Annual runoff exhibits a fluctuating declining trend under all emission
scenarios, with sharper decreases observed under the higher emission sce-
nario, particularly under the SSP5-8.5 scenario. Seasonally, runoff peaks
in July and reaches its lowest point in March. These findings provide reli-
able data to inform water resource management in the Kaidu River Basin
and contribute to forecasting water level fluctuations in the downstream
of Bosten Lake.

(3) Hydropower resources closely follow runoff trends, with the highest emis-
sion scenario (SSP5-8.5) exhibiting the most significant changes, highlight-
ing the sensitivity of hydropower to climate change. Seasonally, summer
remains the peak period for hydropower resources, while early spring rep-
resents the lowest point, with an observed advancement in the timing of
the peak period. As hydropower potential declines, its capacity to reduce
CO2 emissions also diminishes.

These findings emphasize the need for proactive measures to address climate
change challenges and ensure the sustainable utilization of hydropower resources
in the inland river basin of arid regions.
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