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ABSTRACT
Understanding how climate change influences hydrological variability and extremes is crucial for assessing future hydrocli-
matic risks and climate adaptation needs. Despite the importance of China as a region highly vulnerable to climate change, few 
studies have assessed future runoff variability and extremes at a high spatial resolution across the entire country. This study 
provides a comprehensive analysis of future runoff changes across China at 0.25-degree resolution under medium (SSP245) and 
high (SSP585) emission scenarios. This analysis uses the Joint UK Land Environment Simulator (JULES), specifically tailored 
for simulating hydrological processes in China. The model is driven by downscaled and bias-corrected Global Climate Models, 
using the bias-correction and spatial disaggregation method. Results highlight significant regional disparities in annual runoff, 
with the Southeast basin experiencing an increase of 41.45 mm/decade under SSP585, compared to a national average increase 
of 7.30 mm/decade. Seasonal patterns reveal contrasting trends: wetter summers and drier winters are expected in the south, 
whilst the northwest is expected to experience the opposite pattern. More than 56% of regions, especially in the Pearl River and 
Southeast basins, are projected to face an increase in extreme high runoff. Extreme low runoff is projected to intensify across 
over 40% of China, with the central Yangtze River basin being particularly affected. Both extreme high and low runoff are 
expected to become more severe in the far future, with more severe impacts under SSP585. These findings reveal the spatial 
differences in runoff changes under climate change, highlighting the varying impacts across different regions and the need for 
tailored adaptation strategies.

1   |   Introduction

Climate change is now having significant impacts on the hydro-
logical cycle in many parts of the world (Yin et al. 2018; Zhang 
et al. 2018; IPCC 2023). This has resulted in an increase in the 
likelihood and magnitude of drought and flooding, posing neg-
ative impacts on ecology, society and the economy (Schewe 
et  al.  2014; Miller et  al.  2021). Therefore, understanding run-
off responses to climate change is essential for investigating 
water security and extreme events. China, one of the most 
water-stressed nations (Zhai et al. 2022), has a significant mis-
match in water resources across regions (Jin et al. 2021). Thus, 

investigating the climate change impacts on runoff is essential 
for the sustainable management of water resources in China.

Recent studies have examined runoff responses to climate 
change across different regions of China using a range of hy-
drological modelling approaches and climate forcings. Early in-
vestigations based on Coupled Model Inter-comparison Project 
Phase 5 (CMIP5) projections applied models such as VIC-CAS 
on the Tibetan Plateau to assess changes in runoff components 
(Zhao et al. 2019), the VIC model for the Upper Yangtze River 
Basin (Wang et  al.  2019), and conceptual hydrological mod-
els for 151 catchments across China (Gu et al. 2020). With the 
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advent of CMIP6 (Eyring et al. 2016), more recent studies have 
employed both process-based and empirical frameworks to ex-
plore runoff changes. These include applications of the Budyko 
framework to ten major river zones (Guan et al. 2021), the VIC 
model to eleven major basins (Zhou, Lu, et al. 2023), and var-
ious hydrological models applied to individual basins such as 
the Upper Yellow River Basin (Chen et al. 2023), small basins 
in the Pearl River Basin (Mo et al. 2023), the Haihe River Basin 
(Ingabire et al. 2024), and the Liaohe River Basin (Li et al. 2025).

However, the model simulations in these studies were basin-
specific and lacked a consistent framework for nation-
wide hydrological assessment. With 2221 rivers in China 
having catchment areas exceeding 1000 km2 (Ministry of Water 
Resources, P. R. China and National Bureau of Statistics, P. R. 
China, 2013), achieving comprehensive national coverage is 
particularly challenging. The difficulty of obtaining hydrologic 
data in China (Lin et al. 2023), combined with rare observation 
sites in some regions (e.g., high mountains), makes it extremely 
difficult to calibrate and validate models for all catchments in 
China. Moreover, basin-scale studies have reported contrasting 
results due to differences in model structure, climate forcing, 
and spatial resolution. Therefore, a substantial gap remains in 
understanding hydrological changes at a national scale using a 
unified high-resolution modelling approach.

Some global studies on future runoff under climate change 
covered China region (Cook et al. 2020; Chai et al. 2021; Wang 
et al. 2022; Miao et al. 2023). However, their analysis was mainly 
based on results from CMIP5, CMIP6, Inter-Sectoral Impact 
Model Inter-Comparison Project (ISMIP2a), and Global Land 
Data Assimilation System (GLDAS); the resolutions of their 
runoff projections were coarse (≥ 0.5°). Besides, the results were 
discussed mainly on the continental scale; the specific environ-
mental attributes of China were not particularly addressed. In 

this study, we will consider the features in the Joint UK Land 
Environment Simulator (JULES) to simulate hydrological pro-
cesses with high resolution (0.25°) at the national scale.

The JULES model was developed by the UK Met Office and 
evolved from the Met Office Surface Exchange Scheme (MOSES, 
Cox et al. 1999), which was the land surface scheme of the UK 
Met Office Earth System Model. It is now used as a stand-
alone land surface model to simulate the carbon fluxes (Clark 
et  al. 2011), water, energy, and momentum (Best et  al. 2011) 
between the land surface and the atmosphere. The model has 
been increasingly used for hydrological assessment (Zulkafli 
et al. 2013; Le Vine et al. 2016; de la Martínez- Torre et al. 2019; 
Yang et al. 2019; Chou et al. 2022). However, the application of 
the JULES model to China needs to be examined, especially for 
hydrological simulation at high resolutions.

In this study, we apply a high-resolution, nationwide modelling 
approach to simulate future runoff response to climate change 
in China. We will answer the following questions: (1) How well 
can the JULES model simulate hydrological processes in China 
at 0.25° resolution? (2) What will be the future runoff magni-
tude, as well as its inter-annual, seasonal variability, and spatial 
distribution in China? (3) Where and to what extent will China 
face extreme runoff events under climate change? Addressing 
these questions will be crucial in enhancing our understanding 
of hydrological dynamics in China and in formulating effective 
adaptation and mitigation strategies to reduce the impacts of cli-
mate change on water resources management.

2   |   Materials and Methods

The overall methodology framework is shown in Figure 1. The 
framework consists of three main components: driving data 

FIGURE 1    |    Flowchart of the methodological framework.
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preparation, model calibration and validation, and future run-
off projection. ERA5 meteorological data were first used to 
drive the JULES model for historical simulations, supported 
by ancillary datasets. The simulated historical discharge was 
evaluated against observed discharge data from the Global 
Runoff Data Centre (GRDC) for model calibration and valida-
tion. Meanwhile, a set of CMIP6 global climate models (GCMs) 
was selected and bias-corrected using the Bias Correction and 
Spatial Disaggregation (BCSD) method to produce downscaled 
meteorological inputs. The downscaled GCMs were evaluated, 
and the best-performing models were reselected to generate the 
final bias-corrected driving data for future simulations. The cal-
ibrated and validated JULES model was then forced with these 
downscaled future climate data to produce high-resolution pro-
jections of future runoff across China.

2.1   |   The JULES Model

To accurately simulate hydrological processes, we employed the 
JULES model, which requires both meteorological forcing data 
and ancillary data. The following describes the configuration 
and process for historical simulation, including the calibration 
and validation of the model using observed discharge data.

Input for the JULES model includes meteorological forcing data 
and ancillary data. In its standard configuration, JULES rec-
ognises nine land cover types: broadleaf trees, needleleaf trees, 
C3 (temperate) grass, C4 (tropical) grass, shrubs, urban, inland 

water, bare soil and ice (Best et al. 2011). In this study, historical 
meteorological forcing data include near surface temperature, 
precipitation, downward shortwave and longwave radiation, 
wind speed, specific humidity and surface pressure from the 
European Centre for Medium-Range Weather Forecasts 
Reanalysis 5 (ERA5, Hersbach et al. 2020). The ancillary data 
are from Marthews et  al.  (2022), considering nine land cover 
and seven soil layers.

To generate a reasonable initial condition, the JULES model 
was spun up in December of 1959 with 200 spin up cycles. The 
main run was during 1960 to 2014 covering all of China, using 
0.25° resolution and a daily timestep. Observed discharge from 
the Global Runoff Data Centre (GRDC) was used to do monthly 
calibration and validation (Figure 2). The model calibration was 
from 1962 to 1977; 1978 to 1986 were used for validation. The 
Pearson correlation coefficient (r), Nash-Sutcliffe efficiency co-
efficient (NSE, Nash and Sutcliffe 1970), Kling-Gupta efficiency 
(KGE, Gupta et  al.  1999), ratio of the root mean square error 
to the standard deviation of the measured data (RSR, Murphy 
et al. 2004), and the percent bias (PBIAS, Gupta et al. 1999) were 
used to evaluate the model performance. The corresponding 
equations are shown in Equations (1–5). The values of r, NSE, 
and KGE should all be 1 in an ideal model, whereas RSR and 
PBIAS should be 0. Generally, an NSE greater than 0.5 indicates 
good alignment (Decharme et al. 2012). More detailed standard 
thresholds for NSE are provided in Marthews et al. (2022) and 
descriptions of these performance metrics are provided in Singh 
et al. (2023).

FIGURE 2    |    Location of GRDC stations for calibration and validation. [Colour figure can be viewed at wileyonlinelibrary.com]
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where Qm is modelled discharge, Qo is observed discharge, Qo 
is the mean of observed discharges, �ob and �p refer to the stan-
dard deviation of the observed and modelled discharge, respec-
tively. t is time, and n is the number of observations available for 
analysis.

2.2   |   Bias-Correction Spatial Disaggregation 
(BCSD) Method

To drive the JULES model for future runoff simulations, it 
is necessary to prepare future climate data at 0.25° resolu-
tion. To achieve this, we used the bias-correction and spatial 
disaggregation (BCSD) method (Wood et  al.  2004; Thrasher 
et al. 2022) for downscaling data from CMIP6 GCMs, as de-
tailed below.

The BCSD method compares the original GCMs output with 
climate observations during a common historical reference 
period and uses the information obtained from the compari-
son to adjust future projections of GCMs, aiming to align the 
GCMs more closely with historical observation data and en-
hance their realism within the specific spatial area (Thrasher 
et al. 2022).

The BCSD method consists of three steps: preprocessing, bias 
correction, and spatial disaggregation. Preprocessing is only for 
the temperature variable; the main purpose is to detrend tem-
perature so that their climate trends would not be affected by the 
bias correction. The 9-year moving average is calculated in each 
month individually. These trends are preserved and then re-
incorporated into the adjusted data following the bias correction 
process. The bias correction process corrects the bias in GCMs 
output by observations; firstly, ERA5 datasets were interpolated 
to match the resolution of the selected GCMs. The data within 
±15-day window from GCMs and ERA5 in a reference period 

from 1959 to 2014 were chosen to generate two cumulative dis-
tribution functions (CDFs). The quantile corresponding to each 
original GCM value was derived from the GCM-based CDF 
distribution for that particular day. Subsequently, this quantile 
was used to calculate the corresponding value from the ERA5-
based CDF distribution. The final value is the bias-corrected 
GCMs data. Spatial disaggregation process interpolates the bias-
corrected GCMs data to the observational resolution (0.25°). A 
smoothed daily climatology was generated over the reference 
period based on ERA5 by a Fast Fourier Transform retaining 
three harmonics. This climatology was then interpolated to the 
original grid of the GCMs and factored out of the bias-corrected 
GCMs either by subtracting from the temperature variables or 
by dividing from the other variables. The residual fields were 
bilinearly interpolated to the original 0.25° grid of the ERA5. 
Subsequently, the 0.25° climatology was factored back in either 
through addition to the temperature variables or multiplication 
by the other variables, yielding the final downscaled GCMs data.

We selected six GCMs from CMIP6 (EC-Earth3, INM-CM5-0, 
MIROC6, MPI-ESM1-2-HR, MRI-ESM2-0 and NorESM2-LM, 
shown in Table S1) based on their documented performance 
and frequent use in studies over China. Previous evaluations 
show that EC-Earth3 and MPI-ESM1-2-HR rank highly for 
both temperature and precipitation across seasons, whilst 
MRI-ESM2-0 and NorESM2-LM perform well at an annual 
scale (Yang et al. 2021). Basin-scale assessments further indi-
cate that all six models simulate temperature reliably, and EC-
Earth3, MPI-ESM1-2-HR, MRI-ESM2-0 and NorESM2-LM 
capture realistic precipitation variability in most regions. 
MIROC6 performs well in the Yellow River and Southwest re-
gions, and INM-CM5-0 shows comparatively good precipita-
tion performance in the Northeast (Lu et al. 2022). Uncertainty 
decomposition also demonstrates that these models contribute 
meaningfully to the structural spread of CMIP6 projections, 
with EC-Earth3 and MPI-ESM1-2-HR dominant across all 
regions, and the others adding regional structural diversity 
(Jia et al. 2023). Moreover, these six models are widely used 
in runoff projection studies over China (e.g., Bian et al. 2021; 
Wang et al. 2022; Zhou, Lu, et al. 2023; Ingabire et al. 2024; 
Song et al. 2024; Xue et al. 2024).

First, we downscaled the precipitation of these six GCMs. By 
comparing the temporal root-mean-square error (RMSE) of an-
nual precipitation in the reference period over China, spatial 
Pearson correlation coefficient (r), and RMSE for multi-year 
average (1959–2014) daily precipitation, the three best perform-
ing GCMs were selected. To ensure the selected GCMs repre-
sent the performance of most GCMs, daily average precipitation 
and temperature from 1959 to 2014 for the selected GCM en-
semble means were compared with the ensemble means of 19 
GCMs. These GCMs include ACCESS-CM2, ACCESS-ESM1-5, 
CanESM5, CMCC-ESM2, CNRM-ESM2-1, EC-Earth3, EC-
Earth3-Veg, FGOALS-g3, GFDL-ESM4, INM-CM4-8, INM-
CM5-0, MIROC-ES2L, MPI-ESM1-2-HR, MPI-ESM1-2-LR, 
MRI-ESM2-0, NorESM2-LM, NorESM2-MM, TaiESM1, and 
UKESM1-0-LL.

Then we downscaled the near surface temperature, precipita-
tion, downward shortwave and longwave radiation, wind speed, 
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specific humidity, and surface pressure of these three GCMs in 
middle and high emission scenarios (SSP245 and SSP585) as fu-
ture input forcing data for the JULES model.

2.3   |   Future Projection Under Climate Change

With the validated JULES model and downscaled future climate 
data established, the next phase involved projecting future hy-
drological processes under a range of climate change scenarios. 
This section details how these projections were made using the 
JULES model and the evaluation of future runoff dynamics and 
variability.

The downscaled GCMs for both the historical and future peri-
ods under the two scenarios were input into the calibrated and 
validated JULES model to simulate the hydrological processes. 
The runoff rate output by JULES is in units of kg·m−2·s−1. We 
estimated the runoff at different time steps, measured in mm 
of depth. The annual and seasonal variations in runoff over 
China and its basins were analysed using the Mann-Kendall test 
(Mann  1945; Kendall  1975) to assess changing trends. Runoff 
variability was evaluated by calculating the Detrended Standard 
Deviation (DSD). This involved first detrending the time series 
data to remove long-term trends, followed by computing the 
standard deviation of the residuals to quantify the magnitude of 
inter-annual fluctuations.

To assess changes in extreme runoff under climate change, the 
future period was divided into the near future (2021–2060) and 
the far future (2061–2100). The 90th and 10th percentile runoff 
values were calculated for each grid in China during the histor-
ical period (1975–2014), as well as for the near and far future 
under SSP245 and SSP585 scenarios.

3   |   Results

3.1   |   JULES Model and Downscaled GCMs 
Evaluation

The JULES model was calibrated and validated against observed 
discharge from GRDC stations across China. The results show 
that the model reproduces historical hydrological processes 
well, with satisfactory performance across multiple evaluation 
metrics (Figures S1 and S2, Table S2). Higher skill is found in 
humid regions of southern China, reflecting the model's ability 
to capture regional hydrological variability. Additional correla-
tion analyses between simulated runoff and observed climate 
variables (Figure S3) further confirm the physical consistency of 
the modelled runoff responses to temperature and precipitation. 
Detailed analyses are provided in the Supporting Information.

The bias-corrected and downscaled GCMs produced using the 
BCSD method also show markedly improved consistency with 
ERA5 reanalysis data, confirming the reliability of the driving 
climate inputs. The Taylor diagram (Figure  3) illustrates the 
overall agreement of bias-corrected precipitation from the six 
selected GCMs with ERA5 in terms of correlation, standard de-
viation, and centred RMSE. All models show high correlations 
(r > 0.9) and standard deviations close to 1, indicating that the 

BCSD method effectively reduces systematic biases and en-
hances the consistency amongst models. The close clustering of 
all GCMs around the reference point also suggests that inter-
model differences are minimal after bias correction, implying 
that subsequent hydrological projections are less sensitive to the 
choice of individual GCMs. Detailed evaluation metrics and bias 
comparison analyses for each GCM and meteorological variable 
are provided in Table S3 and Figures S4–S8.

3.2   |   Future Runoff Simulation

3.2.1   |   Inter-Annual Changes and Variability

The calibrated and validated JULES model is used to proj-
ect runoff changes in China under SSP245 and SSP585. The 
Mann-Kendall test reveals a significant upward trend ex-
pected in runoff under the high-emission scenario (SSP585), 
with an increase of 7.30 mm per decade from 2015 to 2100. In 
contrast, no clear trend is expected under SSP245 (Figure 4a). 
This projected runoff increase under SSP585 aligns with 
a significant rise in precipitation (+21.44 mm per decade, 
Figure 4b), although the growth in runoff is moderated by a 
concurrent rise in evapotranspiration (+13.19 mm per decade, 
Figure 4c).

From the perspective of variability, The Detrended Standard 
Deviation (DSD) reveals that both precipitation and run-
off variability are projected to increase significantly under 
SSP585, with increases of 37% and 35% respectively, compared 
to the historical period (1962–2014). In contrast, under SSP245, 
the increases are more moderate, at 29% and 26% respectively, 
compared to the historical baseline. This highlights a greater 
likelihood of hydrological extremes under SSP585. Conversely, 
the variability in evapotranspiration remains relatively stable, 
showing a slight decrease of 6% in SSP scenarios compared to 
the historical period. Overall, whilst evapotranspiration rates 

FIGURE 3    |    Taylor diagram showing the performance of bias-
corrected precipitation from the six selected CMIP6 GCMs compared 
with ERA5. [Colour figure can be viewed at wileyonlinelibrary.com]
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are expected to rise (Figure 4c), their fluctuations will remain 
consistent, contributing less uncertainty compared to precip-
itation and runoff.

In summary, under SSP585, a combination of increased precip-
itation and runoff variability points to heightened hydrological 
risks, whereas a more stable hydrological response is expected 
under SSP245, though with variability greater than in the his-
torical period.

From a regional perspective, the projected annual runoff 
changes show significant spatial differences across basins 
(Figure  5a). Under SSP585, annual runoff is expected to 
increase notably in eastern and southern basins, includ-
ing the Haihe River, Huaihe River, Pearl River, Songhua 
River, Southeast, and Southwest basins. Amongst these, the 
Southeast basin is expected to exhibit the most dramatic in-
crease, with a trend rate of 41.45 mm per decade, driven by 
a substantial precipitation increase of 59.38 mm per decade. 
Under SSP245, the trends in most basins are expected to be 
less dramatic compared to SSP585, but the direction of change 
is expected to be the same as under SSP585.

The DSD of annual runoff across basins in China highlights in-
creasing variability under future climate scenarios (Figure 5b). 
Notably, the Pearl River basin is expected to show a significant 
increase in DSD, rising by 35% under SSP245 and 59% under 
SSP585 compared to historical (1962–2014) levels, reflecting 
its susceptibility to substantial fluctuations and indicating a 

growing risk of extreme runoff events in this region. In contrast, 
the Continental and Southwest basin shows decreasing trends 
in DSD, with reductions of 13% under SSP245 and 14% under 
SSP585, reflecting their relative stability.

3.2.2   |   Seasonal Changes and Variability

From the perspective of seasonal runoff, spring and summer run-
off is projected to increase under both scenarios (Figure  6b,c). 
Notably, the summer runoff under SSP585 is expected to rise at 
a significantly higher rate (4.60 mm/decade) compared to SSP245 
(0.82 mm/decade), indicating a significant humidification trend. 
In contrast, winter runoff is projected to show a decreasing trend, 
suggesting the potential for drier conditions (Figure 6a). This de-
crease is expected to be more significant under SSP585, highlight-
ing the potential risk of reduced water resources during winter.

Runoff is projected to increase in summer across eight basins, 
with the highest increases expected in the Southeast basin, at 
34.27 mm per decade (Figure 7a). However, in the Continental 
basin, summer runoff is expected to decrease by 0.90 mm and 
1.34 mm per decade under SSP245 and SSP585, respectively, 
whilst winter runoff is expected to increase by 0.11 and 0.13 mm 
per decade under the same scenarios. In contrast, southern ba-
sins, including the Pearl River, Southeast, and Yangtze River ba-
sins, are projected to experience decreasing winter runoff, with 
higher rates of 1.95, 2.32, and 1.22 mm per decade under SSP585, 
respectively.

FIGURE 4    |    Projected annual hydrological changes across China in the historical period and under SSP245 and SSP585 scenarios. (a) Runoff 
depth, (b) Precipitation, and (c) Evapotranspiration. The black line represents the precipitation from ERA5, the simulated runoff and evapotranspi-
ration based on ERA5. The yellow, blue and red lines are the ensemble mean precipitation from the three GCMs, simulated runoff and evapotranspi-
ration driving by the three GCMs in historical, under SSP245 and SSP585, respectively. The shaded areas indicate the range between the maximum 
and minimum values of precipitation, simulated runoff depth and evapotranspiration based on the three GCMs. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Seasonal variability in these basins is expected to follow a 
similar pattern (Figure 7b). In the Continental basin, winter 
runoff is projected to show an increase in DSD by 33% and 52% 
under SSP245 and SSP585, respectively, compared to histori-
cal levels, whilst the variability of summer runoff is projected 
to decrease. Conversely, in the Pearl River, Southeast, and 
Yangtze River basins, summer runoff is expected to exhibit 
greater variability compared to winter runoff, with the high-
est increase of 70% projected for the Pearl River basin under 
SSP585.

These trends suggest a stark contrast in the seasonal runoff 
patterns between northwestern and southern China. Southern 
China is expected to experience wetter summers and drier win-
ters, with the increase in winter runoff variability further em-
phasising the potential for more unpredictable water availability 
during this season. In contrast, the opposite trend—wetter win-
ters and drier summers—is expected in northwestern China, 
with increased summer runoff variability indicating a higher 
likelihood of frequent or severe fluctuations. These changes 
could exacerbate flooding risks and pose significant challenges 
for water management strategies in the region.

3.3   |   Projected Changes in Extreme Runoff

Extreme high and low runoff events play a critical role in assess-
ing future flood and drought risks. To capture these changes, 
we analysed the 90th percentile (high flow) and 10th percen-
tile (low flow) runoff as indicators of flood and drought condi-
tions, respectively. These metrics provide an effective proxy for 
understanding how the frequency and intensity of hydrological 
extremes may evolve under different climate scenarios.

3.3.1   |   Changes in Extreme High Runoff

Extreme runoff changes reveal distinct patterns across basins 
and future scenarios. Spatial changes in 90th percentile runoff 
are shown in Figure 8, highlighting regions with heightened ex-
treme high runoff, which may indicate an increased flood risk. 
The basin mean values, percentage changes and the propor-
tion of area with positive changes in each basin are presented 
in Tables S6–S8. Compared to the historical period, more than 
56% of area in China, particularly those in southern China, are 
projected to experience increased extreme high runoff in the fu-
ture. The high flow is projected to increase most prominently in 
southern basins under SSP585, particularly in the Pearl River 
(by +0.37 mm/day in NF and +1.03 mm/day in FF relative to the 
historical period; equivalent to increases of 5.92% and 16.33%, 
respectively) and Southeast Basin (by +0.42 mm/day in NF and 
+1.03 mm/day in FF; 5.89% and 14.23%), indicating a higher po-
tential for extreme flooding events over time. In contrast, the 
Continental Basin and Songhua River Basin show comparatively 
minor changes in high flows, suggesting a relatively stable flood 
risk in these regions.

Under SSP245 (Figure 8a,d), notable increases are projected in the 
western Pearl River basin, the Southwest basin, and the middle 
Yangtze River basin. In these regions, more than 61% of area is pro-
jected to experience an increase in 90th percentile runoff. These 
increases are expected to become more pronounced in the far fu-
ture compared to the near future, particularly in the Southwest 
and Yangtze River basins, where the increases in maximum 90th 
percentile runoff are projected to reach 65% and 56%, respectively.

Under SSP585 (Figure  8b,e), the extent and intensity of in-
creased 90th percentile runoff are more significant in the 

FIGURE 5    |    Rate of annual runoff depth change during 2015 to 2100 under SSP245 and SSP585. (a) and percentage change in Detrended Standard 
Deviation under SSP245 and SSP585 compared to historical levels (b) in each basin. In (a), the left semicircle represents SSP245, the right semicircle 
represents SSP585. Slashed lines indicate trends that have passed the Mann-Kendall test. Detailed numerical values are listed in Table S4. [Colour 
figure can be viewed at wileyonlinelibrary.com]
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southern basins (Southeast, Pearl River, and Yangtze River ba-
sins) in the far future, with the basin mean increase surpassing 
141% compared to the near future. Additionally, the maximum 
90th percentile runoff in these basins is projected to increase 
by more than 86%, signalling a significantly heightened extreme 
high runoff.

Compared to SSP245, southern regions (Pearl River, Southeast, 
and Southwest basins) are projected to experience a lower risk 
of extreme high runoff in the near future under SSP585 but a 
significantly higher risk in the far future. In the near future, 
the basin mean 90th percentile runoff under SSP585 is ex-
pected to be lower than SSP245 by less than 0.06 mm/day in the 
Southeast and Southwest basins, whilst in the Pearl River basin, 
it is expected to be slightly higher by more than 0.06 mm/day 
(Figure 8c). However, in the far future, the basin mean 90th per-
centile runoff under SSP585 is projected to increase substantially 
in all three basins, with the runoff expected to exceed SSP245 by 
more than 0.50 mm/day (Figure 8f). In the near future, less than 
59% of area in these basins is expected to experience an increase 
in 90th percentile runoff under SSP585 compared to SSP245. In 

contrast, in the far future, more than 90% of area is projected 
to experience an increase in 90th percentile runoff, signalling a 
sharp rise in the risk of extreme high runoff under SSP585.

3.3.2   |   Changes in Extreme Low Runoff

Figure 9 illustrates the spatial patterns of 10th percentile run-
off, providing insights into extreme low runoff, which may 
indicate an increased drought risk under SSP245 and SSP585. 
The basin mean values, percentage changes and the propor-
tion of area with negative changes in each basin are presented 
in Tables S9–S11. In both scenarios, for both the near and the 
far future, a decrease in the 10th percentile runoff is expected 
across more than 40% of grid cells in China, primarily concen-
trated in central and southern China. Substantial declines are 
projected in southern basins, particularly in the Pearl River (by 
−0.02 mm/day in NF and −0.05 mm/day in FF relative to the 
historical period; −22% and −50%, respectively) and Southeast 
Basin (by −0.03 mm/day in NF and −0.07 mm/day in FF; −16% 
and −34%), indicating heightened drought vulnerability. In 

FIGURE 6    |    Seasonal runoff depth over China. The blue and red lines represent the ensemble mean of simulated runoff driven by three GCMs 
under SSP245 and SSP585, respectively. The shaded areas indicate the range between the maximum and minimum simulated runoff depths across 
the three GCMs. The blue and red dashed lines represent the runoff trends under SSP245 and SSP585, respectively, with the rates of change indicated 
in the top right corner. [Colour figure can be viewed at wileyonlinelibrary.com]
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contrast, northwestern basins, especially the Continental Basin, 
are projected to experience modest increases (by +0.0034 mm/
day in NF and +0.0059 mm/day in FF; 31% and 53%), suggesting 
improved baseflow conditions.

Under SSP245 (Figure 9a,d), the most significant reductions in 
low flows are expected in the southern Yangtze and northern 
Pearl River basins. The minimum 10th percentile runoff is pro-
jected to decrease by more than 0.20 mm/day in the near future 
and by over 0.28 mm/day in the far future, compared to the his-
torical period, indicating a more significant reduction in the far 
future.

Similarly, under SSP585 (Figure 9b,e), a similar drying pattern is 
expected, with the trend projected to intensify further in south-
ern China. In the far future, over 82% of area in the Southeast, 
Yangtze, and Pearl River basins are projected to face decreased 
low flows. Notably, a more significant decline is expected in the 
central Yangtze River basin, with the minimum 10th percentile 
runoff decreasing by 0.32 mm/day compared to the near future.

In the near future (Figure 9c), only 33% of grid cells in China 
are projected to experience a reduction in the 10th percentile 
runoff under SSP585 compared to SSP245, whilst in the far 
future, the percentage is expected to increase to 44%. This 

FIGURE 7    |    Rate of JJA and DJF runoff depth change from 2015 to 2100 under SSP245 and SSP585 (a) and the percentage change in Detrended 
Standard Deviation under SSP245 and SSP585 compared to historical levels (b) in each basin. In (a), the left semicircle represents SSP245, the right 
semicircle represents SSP585, the top semicircle represents JJA, and the bottom semicircle represents DJF. Slashed lines indicate trends that have 
passed the Mann-Kendall test. Detailed numerical values are listed in Table S5. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8    |    Multi-year ensemble mean 90th percentile runoff changes in (a) 2021–2060 and (d) 2061–2100 under the SSP245, as well as (b) 
2021–2060 and (e) 2061–2100 under the SSP585, relative to the historical period (1975–2014). (c) and (f) are the differences in multi-year ensemble 
mean 90th percentile runoff depth between SSP245 and SSP585 in 2021–2060 and 2061–2100, respectively. [Colour figure can be viewed at wileyon-
linelibrary.com]
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indicates that the area facing extreme low runoff is expected 
to be wider under SSP245 in the near future, but under SSP585, 
the drying trend is expected to intensify over time. Notably, in 
the far future (Figure 9f), the minimum 10th percentile runoff 
in the Yangtze River is expected to decrease by 0.28 mm/day 
under SSP585 compared to SSP245. This suggests that under 
high emission scenarios, specific regions, such as the central 
Yangtze River basin, are expected to face more severe extreme 
low runoff.

Overall, these findings indicate that focusing solely on mean 
annual runoff may obscure critical changes in extreme flows. 
Highlighting both low and high flow changes, as well as their 
evolution from the near future to the far future, is therefore es-
sential for understanding hydrological risks and planning water 
resources management under future climate scenarios.

4   |   Discussion

4.1   |   Comparisons of Runoff Estimates in 
Different Studies

The change trends in annual runoff depth over China are simi-
lar to the results in Zhou, Lu, et al. (2023), indicating an overall 
wavelike rise, with the upward trend under SSP585 expected to 
be more severe than that under SSP245. However, the rise in 
runoff depth under SSP245 in this study does not pass the signif-
icance test in the Mann-Kendall trend test. In Guan et al. (2021), 
the increase in runoff in 10 typical basins in China under SSP585 
is not consistently greater than that under SSP245. This is at-
tributed to Guan et al. (2021) using the climate elasticity method 
to project future runoff, which ignores complex hydrological 
and ecological processes.

The magnitude of simulated runoff depth in this study is larger 
than that in Zhou, Lu, et  al.  (2023). On one hand, the differ-
ence of simulated runoff depth may be caused by using different 

models and parameterisation schemes. On the other hand, it is 
mainly because the GCMs downscaled and historical hydro-
logical modelling in this study are based on ERA5. ERA5 gen-
erally overestimates precipitation in the northern and western 
regions of China, but it can capture seasonal variations and the 
broad spatial distributions in both magnitudes and trends (Sun 
et al. 2021; Zhou, Chen, et al. 2023). We used three meteorologi-
cal datasets to drive the model, including ERA5. Our evaluation 
showed that ERA5 performed the best compared to the other 
datasets. We agree with other scholars that, despite its biases, 
ERA5 remains one of the best reanalysis datasets available, pro-
viding a comprehensive set of variables (Cucchi et al. 2020; Xu 
et al. 2021).

The spatial variations of projected runoff in this study are simi-
lar to those in other studies (Cook et al. 2020; Wang et al. 2022; 
Zhou, Lu, et al. 2023). However, Cook et al.  (2020) and Wang 
et  al.  (2022) analysed runoff change by percentage change, 
which cannot visually convert the actual changes in runoff 
volume. The percentage change in runoff is expected to be the 
largest in northern China, which could mislead readers into 
thinking that northern China is projected to face the most dra-
matic change in absolute runoff volume. However, the com-
bined volume of runoff from six northern river basins, covering 
a total catchment area of 2.27 million km2, contributes to less 
than 20% of the national total runoff. In contrast, four south-
ern river basins, spanning a total catchment area of 2.86 million 
km2, contribute to over 80% of the national total runoff (Zhang 
et  al.  2011; Yang et  al.  2022). Additionally, the runoff analy-
sis in Cook et  al.  (2020) and Wang et  al.  (2022) was based on 
global coarse resolution and did not focus on the changes within 
China. Seasonal changes and changes in extreme runoff were 
not included in these studies (Cook et al. 2020; Wang et al. 2022; 
Zhou, Lu, et al. 2023).

Beyond the annual changes, our results highlight that seasonal 
shifts in runoff need to be interpreted in the context of annual 
trends. Under SSP585, the projected overall increase in annual 

FIGURE 9    |    Multi-year ensemble mean 10th percentile runoff changes in (a) 2021–2060 and (d) 2061–2100 under the SSP245, as well as (b) 2021–
2060 and (e) 2061–2100 under the SSP585, relative to the historical period (1975–2014). (c) and (f) are the differences in multi-year ensemble mean 
10th percentile runoff depth between SSP245 and SSP585 in 2021–2060 and 2061–2100, respectively. [Colour figure can be viewed at wileyonlineli-
brary.com]
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runoff is primarily driven by the significant summer increase, 
whilst the simultaneous decline in winter runoff is expected to 
partly offset this rise. This indicates that the annual upward trend 
is unlikely to translate into uniformly improved water availabil-
ity but will instead intensify the seasonal contrast between wet 
and dry periods in southern China. In contrast, in northwestern 
China, the relatively small annual changes are projected to mask a 
redistribution within the year, with wetter winters but drier sum-
mers. These findings suggest that focusing only on annual projec-
tions may obscure critical seasonal dynamics, underscoring the 
importance of jointly considering both annual and seasonal scales 
when assessing future hydrological risks and water security.

4.2   |   Comparisons of Extreme Runoff in Different 
Studies

The extreme low runoff in the central Yangtze River basin is pro-
jected to be the most severe and is expected to increase further 
in the far future compared to the near future, which aligns with 
the findings regarding projected hydrological drought changes in 
the severity reported (Gu et al. 2020). Regarding flooding, the rel-
ative change results of 100- and 20-year flood quantiles in some 
GCMs indicated greater changes in eastern and southern China 
river basins (Gu et al. 2021), which are consistent with the patterns 
projected for the 90th percentile runoff in this study. However, the 
drought and flooding analysis conducted by Gu et al. (2020, 2021) 
was performed under RCP8.5 in CMIP5 and focused on specific 
basins of China, rather than covering the entire country.

4.3   |   The Dominant Driving Forces for Runoff 
Changes

Runoff changes in the future under climate change primarily 
stem from alterations in precipitation patterns, temperature 
variations, shifts in the hydrological cycle, and changes in the 
land surface. Continuous climate change is expected to increase 
the variability of the water cycle, leading to more global mon-
soon precipitation, as well as the occurrence of very wet and 
very dry weather, climate events and seasons (IPCC  2023). 
Specifically, in a warming climate, the water vapour holding 
capacity increases according to the Clausius-Clapeyron law 
(Clapeyron 1834; Clausius 1850). This results in more precipi-
table water and intensified precipitation extremes, which may 
cause flooding events. Warmer temperatures can enhance water 
evaporation from the ground. As soils desiccate, the overlying 
air may heat up further, intensifying evaporation and exacerbat-
ing drought conditions.

In the case of China, projected runoff changes can be attributed 
to two key factors: the contribution of precipitation and domi-
nant climatic drivers. First, precipitation plays a significant role 
in driving runoff changes across most basins in China (Huang 
et  al.  2016; Zhai et  al.  2018). In the Southeast and Southwest 
basins, runoff change patterns are largely influenced by the 
positive contribution of precipitation, resulting in similar trends 
across these basins. In contrast, the runoff patterns in the Yellow 
River and Songhua River basins are shaped by a negative contri-
bution from precipitation, leading to similar runoff behaviours 
in these basins.

Second, the dominant climatic factors influencing runoff changes 
vary in different basins. In the lower reaches of the Yangtze River 
basin, the Pearl River basin, the Huaihe River basin, and the 
southeast area, net radiation is the primary factor driving runoff 
changes. Conversely, in the upper reaches of the Yellow River basin 
and the northern part of the Songhua River basin, air temperature 
plays a more critical role (Huang et al. 2016). Liu et al. (2017) also 
found that in the Yellow River and Songhua River basins, a 1% in-
crease in precipitation would lead to a 2%–5% increase in runoff, 
whilst a 1°C rise in temperature would reduce runoff by 1%–5%.

Floods over mainland China are mainly induced by storm ex-
tremes (Wei et al. 2018; Yin et al. 2018), and this is evident in 
the regional variations in extreme high runoff in this study. 
Northern regions are expected to experience smaller absolute 
changes in precipitation extremes, whilst southeastern re-
gions, with significant increases in precipitation extremes (Guo 
et al. 2018), face a much higher flood risk.

For extreme low runoff, regions projected to experience similar 
change patterns likely do so due to their shared primary driv-
ing factors. Ding et  al.  (2024) highlighted precipitation as the 
dominant driver in northwestern China, the North China Plain, 
and southern China. In contrast, soil moisture plays a more crit-
ical role as the primary factor in driving hydrologic drought in 
southwestern and northeastern China.

4.4   |   Uncertainties of the Study

Due to the difficulty in obtaining gauge discharge data in China 
(Lin et al. 2023), we used open access observational data to cal-
ibrate and validate the JULES model. Although the number 
of sites is limited, the results indicate that the model performs 
acceptably within the available dataset. If more site data dis-
tributed across various regions of China can be obtained and ap-
plied to calibration and validation, the model performance could 
be further improved.

Additionally, this study did not consider the influence of hy-
draulic structures on runoff, which could potentially alter 
the distribution of runoff and the occurrence of floods. Our 
study primarily focuses on understanding the impacts of cli-
mate change on hydrological processes. Investigating how hy-
draulic structures affect such processes is beyond our scope. 
Consequently, we did not incorporate the effects of hydraulic 
engineering structures into our model. Future research could 
involve integrating data on dams, reservoirs, and other hydrau-
lic structures into hydrological models to assess their effects on 
runoff dynamics. This approach could investigate how human 
activities impact hydrological processes and contribute to flood 
vulnerability.

The land surface model and precipitation data products intro-
duce uncertainties into runoff extremes. These uncertainties 
may increase during the propagation through models when 
projecting runoff extremes in southeast China, but decrease in 
north China (Marthews et al. 2020).

GCMs introduce uncertainty into hydrological modelling, and 
the selection of GCMs can significantly affect the climate change 
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impacts on hydrology (Her et al. 2019). Therefore, in this study, 
three GCMs that are deemed more suitable for China were se-
lected based on their precipitation downscaling performance 
amongst the six GCMs evaluated. Meanwhile, the ensemble 
mean values of precipitation and temperature from the three 
selected GCMs were compared with those from 19 GCMs to en-
sure the representativeness of the model spread. Whilst using 
and screening more GCMs for hydrological simulation may help 
reduce uncertainty, it also necessitates substantial computing 
resources.

4.5   |   Practical Implications

Given the projected increase in runoff depth by 7.30 mm per 
decade under the high emission scenario, water resource man-
agers should prepare for higher water availability, especially in 
eastern and southern basins. This information is vital for opti-
mising water storage and distribution systems to prevent wast-
age and ensure equitable water distribution.

The contrasting seasonal trends between northern and southern 
China highlight the need for region-specific water management 
strategies. Whilst southern regions are expected to experience 
wetter summers, northern regions may face drier conditions. 
Policymakers should develop flexible, seasonal water allocation 
plans that account for these divergent trends, optimising water 
use for agriculture, urban needs, and ecosystem protection.

The projected changes in 90th and 10th percentile runoff sug-
gest a need for enhancing disaster preparedness. Areas prone 
to flooding should focus on flood defence infrastructure, whilst 
regions facing drought risk should prioritise sustainable water 
management and conservation efforts. Coordinating national 
and local strategies will be key in mitigating the adverse impacts 
of both extremes.

5   |   Conclusions

In this study, we constructed a JULES model specifically tai-
lored for simulating hydrological processes in China and em-
ployed the BCSD method to downscale and bias correct the 
three selected GCMs. Using the GCMs to drive the JULES 
model, the future hydrological processes under medium and 
high emission scenarios were projected. The main findings are 
summarised below:

1.	 The JULES model performed well in simulating hydro-
logical processes in China at 0.25° resolution. It is par-
ticularly well-suited for modelling hydrological processes 
in Southern China, which is characterised by a humid 
climate.

2.	 The contrasting trends in northwestern and southern 
China suggest differing seasonal patterns, with wetter 
summers and drier winters projected for the south under 
the high-emission scenario, whilst the opposite trend is ex-
pected in the northwest.

3.	 More than 56% of area in China, especially in southern 
China, is projected to experience increased risk of extreme 

high runoff. Southern regions (Southeast basin, Pearl 
River basin, and southern Yangtze River basin) are ex-
pected to face significantly heightened extreme high run-
off. Compared to SSP245, southern regions (Pearl River, 
Southeast, and Southwest basins) are projected to experi-
ence lower risk of extreme high runoff in the near future 
but significantly higher risk in the far future under SSP585.

4.	 Conversely, more than 40% of area in China, predomi-
nantly in central and southern regions, is projected to ex-
perience severe extreme low runoff, which would lead to 
more severe drought conditions. The area facing extreme 
low runoff is expected to be wider under SSP245 in the 
near future, but under SSP585, the drying trend is expected 
to intensify over time. These findings highlight the influ-
ence of different emission scenarios on extreme high and 
low runoff; it is important to take proactive measures to 
enhance climate adaptations in the future.
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