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Five General Circulation Model (GCM) climate projections under the RCP8.5 emission scenario were used to drive the Varia-
ble Infiltration Capacity (VIC) hydrologic model to investigate the impacts of climate change on hydrologic cycle over conti-
nental China in the 21st century. The bias-corrected climatic variables were generated for the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC AR5) by the Inter-Sectoral Impact Model Intercomparison Project (ISI- 
MIP). Results showed much larger fractional changes of annual mean Evapotranspiration (ET) per unit warming than the cor-
responding fractional changes of Precipitation (P) per unit warming across the country, especially for South China, which led 
to a notable decrease of surface water variability (PE). Specifically, negative trends for annual mean runoff up to 0.33%/ 
year and soil moisture trends varying between 0.02% to 0.13%/year were found for most river basins across China. Coinci-
dentally, interannual variability for both runoff and soil moisture exhibited significant positive trends for almost all river basins 
across China, implying an increase in extremes relative to the mean conditions. Noticeably, the largest positive trends for run-
off variability and soil moisture variability, which were up to 0.41%/year and 0.90%/year, both occurred in Southwest China. 
In addition to the regional contrast, intra-seasonal variation was also large for the runoff mean and runoff variability changes, 
but small for the soil moisture mean and variability changes. Our results suggest that future climate change could further exac-
erbate existing water-related risks (e.g., floods and droughts) across China as indicated by the marked decrease of surface wa-
ter amounts combined with a steady increase of interannual variability throughout the 21st century. This study highlights the 
regional contrast and intra-seasonal variations for the projected hydrologic changes and could provide a multi-scale guidance 
for assessing effective adaptation strategies for China on a river basin, regional, or as a whole. 
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Global warming is projected to increase rainfall variability 
(O’Gorman and Schneider, 2009) and substantially intensify 
the global water cycle (Durack, 2012), with notable effects 
on the water availability for ecosystems and agriculture 
(Arnell, 2003). Most Asian countries are facing challenges 

in adapting to social and environmental problems associated 
with climate changes (Zhai et al., 2005; Fujibe et al., 2006; 
Yao et al., 2008; Kranz et al., 2010). China is one of the 
most vulnerable countries around the world to future climate 
changes with water being one of the sectors most directly 
affected (Piao et al., 2010). Such vulnerabilities are further 
exacerbated by its incomplete or not-so-well-designed water 
infrastructure. A robust response to future climate change is 
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to develop effective adaptation strategies and actions based 
on sound management and knowledge of the water resource 
infrastructure and scientific basis for how climate changes 
may influence the hydrologic systems. 

Motivated by the above needs, several studies have fo-
cused on the likely changes of hydrology and water re-
sources in some major river basins over North China where 
water related issues have already emerged as a serious 
problem (Li et al., 2008; Xu et al., 2009; Li et al., 2010; 
Yang et al., 2012). For example, using an improved XAJ 
model, Li et al. (2008) projected an approximately 5% de-
crease in runoff for the headwater region of the Yellow 
River. Li et al. (2010) predicted a 19.8% to 37.0% change 
for runoff and 5.5% to 17.2% change for soil moisture in 
Heihe watershed by 2010–2039. The frequent occurrences 
of extreme hydrological events (e.g., flooding and droughts) 
in South China have also attracted more attentions recently 
(Jiang et al., 2007; Qiu, 2010; Xu et al., 2012; Zeng et al., 
2012; Zhang et al., 2013). For example, Zeng et al. (2012) 
showed that annual river discharges in the Yangtze River 
Basin have no obvious trends based on global climate model 
ECHAM5/MPI-OM. Using the calibrated VIC model, 
Zhang et al. (2013) showed that the annual runoff will likely 
increase across the Huaihe River Basin with exacerbated 
regional flooding/shortage. However, the climate change 
impacts on the water sector for the country as a whole has 
rare been studied (Guo et al., 2002; Wang et al., 2012), 
which has hampered a comprehensive assessment over dif-
ferent regions, some of which are connected by projects 
such as the South-North Water Transfer. Using a monthly 
water balance model applied over China, Guo et al. (2002) 
suggested that the semi-dry and semi-humid regions in 
North China are more sensitive to climate changes than 
those river basins in the humid regions of South China. Re-
cently, Wang et al. (2012) assessed the hydrologic response 
to climate changes over China using calibrated VIC model 
based on the PRECIS climate model system, and projected 
an increase of total runoff by approximately 3%–10% by 
the 2050s relative to the baseline 1961–1990. However, 
without an explicit evaluation of suitability of the specific 
General Circulation Model (GCM) climate scenario, single 
or two GCMs are still used at the regional scale (Zeng et al., 
2012) and continental scale (Guo et al., 2002; Wang et al., 
2012) despite evidence from numerous studies that an 
over-reliance on a single GCM could lead to an inappropri-
ate projection of hydrologic responses to climate changes. 
More importantly, due to the coarse resolution of GCM 
climate data, hypothetical scenarios or delta change factor 
approach was adopted in most previous studies in deriving 
future climate change scenarios (Jiang et al., 2007; Guo et 
al., 2002; Li et al., 2010; Dan et al., 2012). By this approach, 
changes in monthly climatology were preserved whereas 
changes in climate variability (e.g., increased precipitation 
variability) were not well represented (Portmann et al., 2013) 
with potential effects on the projected hydrological extremes. 

Most studies focus mainly on the annual mean changes 
of water cycle component, especially in total runoff. In 
many instances, however, the increased variability and re-
sulting extreme conditions could even be more difficult than 
mean condition changes for the society to adapt to (Katz 
and Brown, 1992; Rahmstorf and Coumou, 2011) and have 
been explored in various regional climate simulation studies 
as a measure of systematic variation from one year to the 
next (Räisänen, 2002; Schar et al., 2004; Giorgi et al., 2004). 
Hence, it is very important to elucidate the spatial and tem-
poral patterns of this variability of projected hydrologic 
responses to climate changes since changes in hydrologic 
variability have been reported to be as important as changes 
in the mean state especially for agriculture, ecosystems, and 
water resources management (Easterling et al., 2000a, 2000b). 

The primary goal of this study is to examine the project-
ed changes of surface water across China using climatic 
variables from the Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC AR5) to provide 
up-to-date knowledge of how water resources distributions 
in China might evolve in the future. The novelty of this 
study is: (1) Multi-model ensemble mean approach based on 
climate scenarios from Coupled Model Intercomparison 
Project Phase 5 (CMIP5) archive and calibrated hydrologi-
cal model were adopted to provide updated investigation on 
the impact of climate change for ten major river basins over 
China. (2) The impact of climate variability was accounted 
for by applying the bias-corrected daily climate model out-
put, which was developed within the Inter-Sectoral Impact 
Model Intercomparison Project (ISI-MIP) (Hempel et al., 
2013). (3) Not only the changes in the mean of water cycle 
(Precipitation, evaportranspiration, runoff, and soil moisture) 
but also the interannual and seasonal variability (30-year 
timescales) was considered to comprehensively characterize 
the hydrological response to climate change. (4) Unlike 
most previous studies that considered specific future time 
periods, we examine consecutive 30 years periods through-
out the 21st century, which allows us to investigate the multi- 
decadal variability and trends of hydrologic changes. 
Through this analysis, we aim to identify regions with high 
risks and provide guidance for the design of effective cli-
mate change adaptation strategies and actions, especially on 
how to optimize human water use (e.g., domestic, industry, 
and agriculture irrigation) in the future.  

1  Data and methodology  

1.1  Bias-corrected climate dataset 

The fast-track of the Inter-Sectoral Impact Model Inter- 
comparison Project (ISI-MIP) aims to quantify the uncer-
tainty in projecting climate change impacts on water, bi-
omes, and agriculture using a minimal setting that spans 
uncertainties in climate models, climate scenarios, and impact 
models and sectors (Hempel et al., 2013). As a compromise, 
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only 5 GCMs driven by multiple Representative Concentra-
tion Pathway (RCP) scenarios were bias-corrected to provide 
climate change forcing for impact models. For our analysis, 
we used the bias-corrected climate data from all 5 GCMs 
(HadGEM2-ES, GFDL-ESM2M, IPSL-CM5A-LR, MIROC- 
ESM-CHEM, and NorESM1-M) provided by ISI-MIP. The 
atmospheric data, including precipitation, air temperature, 
wind speed, surface radiations, air pressure, and specific hu-
midity, were provided at 0.5°×0.5° spatial resolution at daily 
time step from 1950 to 2099 (Hagemann et al., 2013). The 
most conservative scenario RCP8.5 in which the anthropo-
genic radiative forcing equals 8.5 W m2 by 2100 was se-
lected, given that the observed CO2 emissions in the period 
of 2000 to 2006 are larger than those estimated by models 
(Canadell et al., 2007). Also, at the time scale of a century 
up to 2100, the signal to noise ratio for this extreme scenar-
io is expected to be more significant compared to the other 
three RCP scenarios.  

1.2  Variable Infiltration Capacity model and setup 

The Variable Infiltration Capacity (VIC) model (Liang et al., 
1994, 1996), a semi-distributed macroscale hydrological 
model, was applied in this study to partition the incoming 
precipitation into runoff, ET, and soil moisture. The model 
is characterized by representing subgrid variability in pre-
cipitation, vegetation classes, soil moisture storage capacity, 
and topography. More details can be found elsewhere 
(Liang et al., 1994, 1996; Nijssen et al., 1997). The VIC 
model simulates both the water and energy budgets within 
the grid cell and has been widely used to assess the impact 
of climate change on water resources and hydrology in 
many studies (Hamlet and Lettenmaier, 1999; Christensen 
et al., 2004; Maurer, 2007; Hayhoe et al., 2007; Wang et al., 
2012). Land surface characteristics such as soil, vegetation, 

and elevation for this study were obtained from Nijssen et al. 
(2001). The calibrated VIC parameters were obtained from 
Zhang et al. (2014) in which the infiltration parameter b, the 
second and third soil layer depths (d2, d3), and the three 
parameters in baseflow scheme (Dm, Ds, Ws) were cali-
brated for the ten river basins (Figure 1) over China to re-
produce the long-term monthly stream flow observations 
using 15 hydrological stations and validated against the ob-
served soil moisture using 43 stations obtained from the 
Global Soil Moisture Data Bank (Robock et al., 2000). The 
spatial resolution of the calibrated parameters, which was 
0.25°, was aggregated into 0.5° for use in our study. This 
study only assessed the climate change impacts on water 
resources without considering the dynamical effects of hu-
man activities. Assuming constant of model parameters, this 
study shows the hydrologic response only to climate 
change/variability projected by GCMs. By using the above 
bias-corrected climate data, time series of hydrologic terms 
from VIC were produced for the period 1950–2099. We 
excluded the first 20-year results as model spin up to elimi-
nate the impact of initial conditions and started our analysis 
from 1971 to 2099.  

1.3  Analysis measures 

Changes in mean and coefficient of variation (CV) as a 
measure of interannual variability were used to analyze the 
impacts of future climate change on water balance terms 
over China. Here, changes are defined as the relative dif-
ferences between each future 30 years period in the time 
series of 1971–2099 and the reference period of 1971–2000, 
expressed as a percentage of the 1971–2000 value to allow a 
consistent inter-comparison (Tang and Lettenmaier, 2012) 
and investigation of multidecadal variability and trends of 
hydrologic changes. A running average of 30 years was  

 
Figure 1  The modeling domain and ten river basins in the study area.  
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calculated for each year with the 30 years period centering 
at that year. CV is defined as the standard deviation nor-
malized by the 30 years average, similar to that used in 
Räisänen (2002). CV is also calculated for each 30 years 
period following the way the running average was calculat-
ed. Figure 1 shows the modeling domain and the locations 
of the ten river basins in the study area, which were grouped 
into North China and South China based on the existing 
spatial structure of water resource distribution across China. 
That is, North China includes the Songhua River (SR), 
Liaohe River (LR), Haihe River (HR), Northwest Inland 
Rivers (NWR), and Yellow River (YR), whereas South 
China includes theYangtze River (YZR), Huai River (Huai), 
Southwest Rivers (SWR), Southeast Rivers (SER), and 
Pearl River (PR). In addition, the regional mean change was 
calculated by averaging VIC inputs/outputs over the indi-
vidual grid cells within each specific region for each GCM 
scenario. In order to reduce the uncertainties arising from 
GCMs, the ensemble average change was calculated by 
averaging over the individual changes from VIC for all 
GCM scenarios. The superiority of the multi-model ensem-
ble method to any individual GCM has been well demon-
strated in assessing climate change impacts in both global 
and regional studies (Reichler and Kim, 2008; Pierce et al., 
2009). Adopting the multi-model ensemble method could 
also largely cause the cancellation of offsetting errors in the 
individual GCMs and has been recommended in both global 
and regional studies (Pierce et al., 2009). Note that extreme 
events could be eliminated by the multi-model ensemble 
mean approach. Choosing a suitable GCM projection could 
be an appropriate alternative, which is associated with huge 
works on climate model evaluation against observed histor-
ical climate data and should therefore be addressed in fur-
ther studies. Moreover, the results of choosing suitable 
GCMs or weighting GCM models based on their perfor-
mance are dependent highly on the evaluation criteria (Mote 
et al., 2011). Based on these 5 GCMs provided by ISI-MIP, 
several studies have also demonstrated the value of multi-    
model ensemble method in quantifying the impacts of cli-
mate change/variability on water resource (Wada et al., 
2013; Piontek et al., 2014; Elliott et al., 2014; Schewe et al., 
2014; Portmann et al., 2013). To compromise, we show the 
results by either specific GCM or box diagram/error bar 
associated with multi-GCMs in the following analysis, in 
order to characterize the extreme event or uncertainty ranges/ 
magnitudes arising from GCMs. 

2  Results 

2.1  Hydrologic response to future climate change 
across continental China 

Figure 2 shows the ensemble average changes in annual 
mean precipitation (P) and precipitation minus evapotran-
spiration (PE) over Continental China for 2010–2039 mi-

nus 1971–2000 and 2070–2099 minus 1971–2000. The near 
future period 2010–2039 was selected because the results 
could be much helpful for decision making while the far 
future period 2070–2099 was selected to highlight the larg-
est possible temperature change at the end of the twenty- 
first century (Moss et al., 2010; Rogelj et al., 2012). It is 
found that annual mean P decreases across the country espe-
cially in South China with a decrease larger than 0.8 mm d1 
in the latest decades (i.e., 2010–2039). This decrease of 
annual mean P combined with increase of ET leads to the 
overall decrease of PE, which is the net flux of water at the 
land surface across the country as shown in Figure 2(b). By 
the end of 21st century (i.e., 2070–2099), annual mean P 
increases across almost all of China, except for the lower 
reaches of Yangtze River Basin (Figure 2(c)). The greatest 
change of annual mean P was found in river basins across 
northeastern China (e.g., SR, LR, HR), with an increase up 
to 0.3 mm d1. Relatively small changes of annual mean P 
(<0.1 mm d1) were found over the major part of Northwest 
China. Conversely, PE was projected to decline across 
major regions of China (Figure 2(d)), as a consequence of 
increased evaporative demand in a warming world (Dai, 
2013). Specifically, the strongest reductions of annual mean 
P-E up to 0.5 mm d1 were found in major areas of South 
China especially in YRZ and SWR, although the corre-
sponding annual mean P increases in much of this same area. 
No evident change of annual mean PE was found over 
most parts of North China, except for HR and LR and SR 
where PE became positive and negative respectively.  

Figures 3(a) and 4(a) show the fractional change of an-
nual mean P per unit warming versus the corresponding 
fractional change of ET per unit warming for China, North 
China and South China for 2010–2039 minus 1971–2000 
and 2070–2099 minus 1971–2000 respectively. It is shown 
that the long-term inter-model spread in predicted water 
balance components per unit warming is large with the sign 
of fractional P change per unit warming disagreeing among 
models even when averaged over the whole country. In 
Figure 3(a), one specific GCM even projected a decrease by 
80% of fractional P change per unit warming, which poten-
tially contributed to the significant decrease of annual mean 
P as predicted by the multi-model ensemble average in Fig-
ure 2(a). This suggests that the over-reliance on a single 
GCM could lead to an inappropriate projection of hydro-
logic responses to climate change without evaluation of 
suitability of specific GCM climate scenario and thus multi- 
model ensemble approach should be encouraged. However, 
all models agree that the predicted fractional changes of 
annual mean ET per unit warming are much larger than the 
corresponding fractional changes of P per unit warming for 
North China and South China as well as the whole country 
(Figure 3(a)). This indicates that, regionally averaged, the 
increase of precipitation is consumed by the increase of ET 
in a warming climate so that the residual component of the 
water balance (i.e., runoff) in the long term is constrained.  
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Figure 2  Multi-model ensemble average change in annual mean (a) P and (b) P-E for 2010–2039 minus 1971–2000, and (c) P and (d) P-E for 2070–2099 
minus 1971–2000 , using the RCP8.5 emissions scenario for the future and the historical forcing for the past.  

 

Figure 3  (a) Fractional changes of annual mean P per unit warming versus the corresponding fractional changes of ET per unit warming for China (blue), 
North China (red) and South China (green) for 2010–2039 minus 1971–2000. Note relative changes for annual mean P and ET were divided by absolute 
changes in annual mean T respectively. Each open symbol indicates a GCM estimate. (b) Box plots illustrating the annual mean changes of PE for China, 
North China and South China. Note that the absolute changes in PE that represent the available water resource were shown for each region by the 5 GCMs. 
The box edges illustrate the 25th and 75th percentile, the central mark is the median, and the whiskers mark the 5th and 95th percentiles.  

In addition, South China exhibits a much larger fractional 
increase of ET per unit warming than North China, suggest-
ing that South China will experience larger impacts in the 

future. The similar results are more evident by the end of 21st 
century as shown in Figure 4(a). This regional discrepancy 
is partly because North China is already very dry, so ET  
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Figure 4  As in Figure 3 but for 2070–2099 minus 1971–2000.  

cannot increase by much even if evaporative demand in-
creases. From the multi-model average estimates (Figures 
3(b), 4(b)), the changes of surface water availability (i.e., 
PE) exhibit obvious regional differences across China. 
Specifically, for the regional changes in the latest decades, 
multi-model ensemble mean annual PE decreased 0.82 
mm d1 in South China, compared to decrease of 0.2 mm d1 
in North China. By the end of 21st century, a large decrease 
of PE up to 0.24 mm d1 was found for South China, while 
North China showed little change (0.04 mm d1).  

From the viewpoint of water resource management, it is 
the seasonal changes of runoff and soil moisture that are 
critical for agriculture and ecosystem management. There-
fore, Figures 5 and 6 show the changes in temperature (T), P, 
ET, soil moisture, and runoff (hereafter, runoff refers to the 
combined surface and subsurface runoff) for four seasons 
averaged over China, North China and South China for 
2010–2039 minus 1971–2000 and 2071–2099 minus 1971– 
2000 in the form of box and whisker diagrams respectively. 
In the latest decades, overall increase of median T around 
1.5 K was found across the country (Figure 5). Decrease of 
median P in all seasons combined with corresponding in-
crease of ET in a warming climate led to decrease in median 
soil moisture for all seasons. Relative to other seasons, a 
larger increase of median ET in summer contributed to the 
significant decrease of summer runoff for the country as a 
whole. The significant increase of winter runoff in North 
China is partly related to a higher fraction of P falling as 
rain instead of snow and/or earlier snowmelt in a warmer 
climate, which contributes to the overall increase in runoff 
for the whole country in winter. By the end of 21st century 
(Figure 6), the median P increases in all seasons with the 
largest increase in summer and relatively small increase in 
winter and autumn when averaged over the country. The 
seasonal change pattern of ET generally matches that of the 
P changes. However, a major portion of P was evaporated in 
spring and summer. These combined changes of P and ET 
translate into increase in the median in runoff for autumn 

and winter by around 15% and 18% respectively and robust 
drops in soil moisture by 8% for all seasons. In contrast, in 
South China for all seasons, small increases in P and large 
increases in E were found to contribute to notable declines 
in both soil moisture and runoff. These changes of soil 
moisture in South China and North China combined con-
tributed to the overall decrease of soil moisture for all sea-
sons with the largest decrease in spring for the whole coun-
try. Overall, our result highlights the contrast hydrologic 
response to warming climate between North China and 
South China, although a similar magnitude of increase in T 
was found.  

2.2  Changes in mean and CV of runoff and soil mois-
ture throughout the 21st century at the regional scale 

Figure 7 shows the ensemble average change in annual 
mean and CV of runoff and soil moisture averaged over 
continental China. Generally, the projected changes are 
small in the early time horizon of the century, but they ac-
celerate and maximize during the late 21st century for the 
RCP8.5 scenario. Specifically, the ensemble of models in-
dicates a persistent decrease of runoff and soil moisture by 
15% and 8% respectively by the end of the 21st century, 
implying that droughts will intensify in China throughout 
the 21st century. Coincidentally, the changes of CV of run-
off and soil moisture are characterized by long term positive 
trends, indicating larger interannual variability in the future. 
It should be noted that the CV change in soil moisture is 
somewhat higher than that of runoff, which suggests that 
soil moisture variability could be more sensitive to climate 
change than runoff when averaged over China. As indicated 
by the ensemble spread, considerable differences exist 
among the models for the projection of annual mean and 
CV changes in runoff and soil moisture throughout the 21st 
century. For example, the maximum standard deviation of 
the mean changes in runoff over all GCM scenarios in the 
time horizon is 10.20%/year, implying a relatively large  



 Leng G Y, et al.   Sci China Earth Sci   May (2015) Vol.58 No.5 745 

 

 
Figure 5  Changes by season in P, ET, runoff and soil moisture for 2071–2099 minus 1971–2000 for China, North China, and South China. The box edges 
illustrate the 25th and 75th percentile, the central mark is the median, and the whiskers mark the 5th and 95th percentiles. Note that MAM indicates the 
March, April, and May; JJA indicates June, July, and August; SON indicates September, October, and November; DJF indicates December, January, and 
February. 

inter-model spread. Conversely, the scenarios agree well 
upon changes in annual mean soil moisture, with a maxi-
mum standard deviation of 1.92%/year. For the change of 
CV in runoff and soil moisture, the maximum large inter- 
model spread in the time horizon amounts to 9.39% and 
17.10%/year respectively, indicating a relatively low level 
of inter-model agreement on magnitude of projected CV 
change averaged over China, although most models pro-
jected increases in CV over time.  

Figure 8 shows the monthly percentage changes in runoff 
and soil moisture for North China and South China. Similar 
to the annual mean changes as shown in Figure 7, the pro-
jected changes at the monthly scale are also small in the 
early time horizon of the century, but they accelerate and 
maximize during the late 21st century for the RCP8.5 sce-

nario. However, large seasonal variation and regional dif-
ference were found for the runoff changes. That is, a persis-
tent increase of runoff greater than 25% over North China 
was found in winter and spring while a large decrease up to 
25% was found from April to September in the time hori-
zon. In contrast, runoff changes over South China exhibit 
persistent and robust decreases up to 20% for the all 
months except for September. Compared to the changes of 
runoff changes, soil moisture exhibits much more consistent 
seasonal response to future climate change. That is, de-
crease of soil moisture for both North China and South 
China was found for all the months throughout the 21st 
century. In addition, the magnitude of soil moisture (10%) 
is small relative to runoff changes for both North China and 
South China.  
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Figure 6  As in Figure 5 but for 2070–2099 minus 1971–2000.  

 

Figure 7  Multi-model ensemble average changes in annual (a) mean runoff (%) and mean soil moisture (%) and (b) runoff CV (%) and soil moisture CV 
(%) throughout the 21st century averaged over China under the RCP8.5 emission scenario. The changes are calculated for each 30 years running average in 
the time series with respect to 1971–2000. The shading denotes the one standard deviation.  
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Figure 8  Ensemble average percent changes in monthly mean runoff (%) for (a) North China, (b) South China and mean soil moisture (%) for (c) North 
China, (d) South China throughout the 21st century under the RCP8.5 emission scenario. The changes are calculated for each 30 period in the time series 
with respect to 1971–2000.  

As shown in Figure 9, the CV changes of runoff and soil 
moisture for North China and South China clearly show that 
large regional difference and seasonal variations for both 
runoff CV and soil moisture CV changes also exist between 
North China and South China. Runoff CV changes in South 
China increased persistently for all the months except April 
and November. In contrast, runoff CV changes in North 
China exhibit an overall decrease for most months. The re-
gional contrast between North China and South China is 
even more significant for the soil moisture CV changes. 
That is, a large increase up to 25% of soil moisture CV was 
found for South China while a relatively small increase up 
to 10% was found for North China for the late 21st century. 
It should be noted that a turning point for soil moisture CV 
changes in North China was found at the 2060s, indicating a 
decrease before the 2060s but an increase after the 2060s in 

the time horizon. Furthermore, the magnitude of percent 
changes in soil moisture CV in South China is much larger 
than changes in runoff CV, suggesting that soil moisture CV 
could be more sensitive to future climate change than runoff 
CV in South China. Overall, our result highlights the con-
trast in mean and CV changes between North China and 
South China at the monthly scale.  

2.3  Changes in mean and CV of runoff and soil mois-
ture throughout the 21st century at the river basin scale 

To further look into the hydrologic response to future cli-
mate change at the river basin scale, Figure 10 shows the 
ensemble average of annual mean and variability changes in 
runoff and soil moisture over the ten river basins (Figure 1) 
across China. It is evident that the projected changes exhibit  
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Figure 9  Ensemble average percent changes in monthly runoff CV (%) for (a) North China, (b) South China and soil moisture CV (%) for (c) North China, 
(d) South China throughout the 21st century under the RCP8.5 emission scenario. The changes are calculated for each 30 period in the time series with re-
spect to 1971–2000.  

obvious regional differences across China for annual mean 
runoff change (Figure 10(a)). Over North China, an increase 
of runoff by 15% is found for HR and no significant change 
for LR, while SR, YR, and NWR exhibit a persistent de-
crease trend throughout the 21st century. Runoff in all the 
river basins over South China was projected to decrease 
persistently during the 21st century, with the largest de-
crease up to 25% in YZR. The changes in runoff CV (Fig-
ure 10(b)) differ among the river basins as well, showing 
marked increase for most river basins over South China and 
no long term trend for river basins over North China, except 
for YR with a persistent increase up to 25%. These results 
thus suggest a general decrease of runoff reliability over 
South China indicated by the increasing interannual varia-
bility, where the largest increase of CV could reach 40% in 
SWR. For mean soil moisture (Figure 10(c)), we found a 

decrease for all ten river basins by the end of 21st century, 
with varying magnitude between North and South China 
regions. Over North China, small decreases of annual mean 
soil moisture ranging from 2% to 4% are found for SR, LR, 
and HR while river basins over South China show a marked 
decrease up to 11%. This implies that soil moisture induced 
droughts, or agricultural droughts, are projected to become 
more severe and extensive under future climate change for 
major river basins over South China. The changes in North 
China are relatively small because it is already an arid re-
gion with little soil moisture to support the increased evap-
orative demand in a warmer climate. Similar to changes of 
runoff CVs, CVs of soil moisture (Figure 10(d)) in river 
basins over North China are characterized by multi-decadal 
oscillations and non-evident long term trend, except for a 
decrease of 20% in NWR. However, the soil moisture CVs  
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Figure 10  Ensemble average changes in annual (a) mean runoff (%), (b) runoff CV (%), (c) mean soil moisture (%), and (d) soil moisture CV (%) 
throughout the 21st century for ten river basins over China under the RCP8.5 emission scenario. The changes are calculated for each 30 years running aver-
age in the time series with respect to 1971–2000. The river basins over North China are indicated by thin lines, while river basins over South China are indi-
cated by thick lines. 

show significant increases for the river basins over South 
China with the largest increase in SWR by up to 80%. 
Overall, our results suggest that the projected decrease of 
annual mean runoff and soil moisture combined with in-
crease of interannual variability may cause more risks for 
the water resource management (e.g., water security, water 
supply), especially across South China, and could be detri-
mental to the agriculture, industrial, and domestic water use 
in the future. 

The temporal variations shown in Figure 10 provided an 

overall depiction of how hydrologic responses to climate 
change evolve throughout the 21st century. However, the 
analysis showed interannual to decadal variations as well as 
some longer term trends. To summarize the trends of these 
changes, Figure 11 presents the ensemble average and 
standard deviation of the 21st century trends in mean runoff 
and soil moisture and their CVs over all GCM scenarios for 
each river basin. These trends were calculated using the 30 
years running averages from 1971 to 2099 to filter out 
shorter term fluctuations and are statistically significant at  

 
Figure 11  Ensemble average 21st century trend (% yr1) and Inter-Model standard deviation (% yr1) of the trends for the changes of runoff mean, soil 
moisture mean, runoff CV, and soil moisture CV in the 10 river basins across China. The error bar indicates one standard deviation.  
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the 95% confidence level. For annual mean runoff, negative 
trends were found for all ten river basins except for HR, 
which shows a slight increase of 0.15%/year. The largest 
negative trends are found for NWR (0.33%/year) and YR 
(0.31%/year). The trends of ensemble average of mean soil 
moisture, however, are all negative and vary between 
0.02% and 0.13%/year. In contrast, almost all basins 
show positive trends for CVs in the runoff and soil moisture, 
except for a slight decrease in soil moisture variability in 
NWR. The CV trends for both runoff and soil moisture are 
much larger in South China than in North China, indicating 
higher risks of floods or droughts in South China. This is 
confirmed by the higher values of soil moisture CVs com-
pared to runoff CVs in South China, implying a greater var-
iability of soil moisture in the future, consistent with the 
relationship between soil moisture and runoff variability 
shown in Figure 7(b). Noticeably, the largest trends in terms 
of CVs for runoff and soil moisture were both in SWR, with 
an increase by 0.41%/year and 0.90%/year respectively. 
This suggests that SWR might be the region of the highest 
risk in terms of water resources security under projected 
future climate change, compared to other regions across 
China. Overall, both runoff and soil moisture show negative 
change trends in the future for most regions over China 
while the variability is expected to become much greater 

especially for South China.  

2.4  Possible mechanisms associated with the changes in 
mean and CV of runoff and soil moisture 

What are the main physical processes that might be associ-
ated with these changes of mean and variability for runoff 
and soil moisture under climate change? When looking at 
the corresponding ensemble average P and ET mean and 
variability changes in Figure 12, we found that positive 
trends of mean P and ET are for all river basins across Chi-
na. Specifically, for the river basins over North China, a 
persistent and robust increase of annual mean P was found 
and was generally much larger than that over South China. 
A steady increase of annual mean ET was found for all ten 
river basins across China. However, the magnitude of annu-
al mean ET change was much larger than that of annual 
mean P, which contributed to the decrease of annual mean 
runoff and soil moisture for the major river basins across 
China (Figure 10(a), (c)). Moreover, compared to North 
China, a similar increase in ET in combination with smaller 
increase in P led to the much larger decrease in runoff and 
soil moisture for river basins over South China. For CVs, it 
is noted the CVs of P for the river basins over South China 
increase over time, but such changes were rarely found over  

 

Figure 12  Ensemble average percent changes in annual (a) mean P (%), (b) P CV (%), (c) mean ET (%), and (d) ET CV (%) throughout the 21st century 
for ten river basins over China under the RCP8.5 emission scenario. The changes are calculated for each 30 years running average in the time series with 
respect to 1971–2000. The river basins over North China are indicated by thin lines, while river basins over South China are indicated by thick lines. 
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North China, except for SR and YR where increases up to 
15% and 10% respectively were found by the end of 21st 
century. Generally, the CVs of ET were characterized by 
multi-decadal oscillations with no evident trend throughout 
the 21st century, except for the Huai and SWR river basins. 
This shows that generally the interannual variability of ET 
is not strongly forced by the interannual variability of P. 
The relatively larger changes in CVs of P and ET led to the 
projected larger changes in CVs of runoff and soil moisture 
over South China than North China (Figure 10 (b), (d)). 
Also, negative trends for CVs of both P and ET are respon-
sible for the decrease in CVs of runoff and soil moisture in 
NWR in North China. In summary, changes in the mean and 
variability of runoff and soil moisture, which are critical to 

water resource management, are associated primarily with 
combined effects of the corresponding P and ET changes 
from a water balance point of view.  

From Figure 10(c), agricultural droughts, characterized 
by decreases in annual mean soil moisture, are expected to 
become more persistent under future climate change. Some 
observation-based studies have shown that changes in pre-
cipitation intensity could have more important impacts on 
the variation of summer soil moisture than changes in mean 
precipitation (Piao et al., 2009; Wu et al., 2012). To exam-
ine the effects of projected changes in precipitation fre-
quency on soil moisture, Figure 13 shows the percent change 
in the annual number of daily precipitation events between 
the running mean of each future 30 year period and that of  

 
Figure 13  Ensemble average percent changes in the annual number of daily precipitation events for dry (P=0), light (0.1 mm≤P<10 mm), moderate (10 
mm≤P<25 mm), heavy (25 mm≤P<50 mm), and very heavy (P≥50 mm) precipitation throughout the 21st century for ten river basins over China under 
the RCP8.5 emission scenario. The changes are calculated for each 30 years running average in the time series with respect to 1971–2000. 
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the reference period (1971–2000) for dry (P=0), light (0 
mm≤P<10 mm), moderate (10 mm≤P<25 mm), heavy 
(25 mm≤P<50 mm), and very heavy (P≥50 mm) precipi-
tation events. The definition of these bands is to some ex-
tent qualitative and depends on the discriminating criteria of 
precipitation events. However, it is evident that there are 
more moderate, heavy, and very heavy daily precipitation 
events for all river basins over China throughout the 21st 
century while light precipitation changes little over time. 
Such a shift in the precipitation intensity leads to the in-
crease of annual mean P shown in Figure 12(a). The in-
crease of total precipitation caused by increase of heavy and 
very heavy precipitation events did not further lead to the 
increase of soil moisture as shown in Figure 10(c). This 
could be attributed partly to the persistent increase of dry 
days (P=0), especially in river basins over South China. Our 
results suggest that the temporal changes in precipitation 
frequency and intensity could greatly affect soil moisture 
content. We emphasize the need to comprehensively evalu-
ate the relationship between soil moisture and other precip-
itation characteristics (e.g., frequency and intensity) in addi-
tion to quantity, to provide a better understanding of agri-
cultural droughts under climate change.  

3  Summary and conclusions 

By driving the VIC macroscale hydrologic model using the 
bias-corrected climatic data provided by the fast-track of 
ISI-MIP that aims at providing timely results for IPCC AR5, 
this study presents an updated examination of hydrologic 
responses to future climate change over China. Also, this 
study extends previous work by examining mean changes in 
P, ET, runoff and soil moisture and the corresponding in-
terannual variability for all ten river basins across China 
throughout the 21st century. Physical interpretation of these 
changes is discussed, which motivates more comprehensive 
analysis to understanding the projected drying in the future. 
The main findings of this study are summarized in the fol-
lowing. 

Spatially, surface water availability indicated by PE 
was projected to decrease by the end of the 21st century 
especially for South China, although the same regions expe-
rienced increases in P. This will reduce the existing uneven 
spatial structure of water resources over China, which is 
featured by the abundant water resource over South China 
and inadequate water resource over North China. The pro-
jected decrease in surface water availability can be attribut-
ed primarily to the larger fractional increase in ET per unit 
warming than the corresponding fractional changes in P per 
unit warming. Temporally, both annual mean runoff and 
soil moisture are projected to decrease persistently and ro-
bustly throughout the 21st century while the corresponding 
interannual variability which affects the community the 
most, accelerates and maximizes during the late 21st centu-

ry for most river basins over China and for the country as a 
whole. In addition to the regional contrast between North 
China and South China, intra-seasonal variation was also 
large for the runoff mean and runoff CV changes, but small 
for the soil moisture mean and CV changes. Additionally, 
our study shows that soil moisture related droughts will 
increase in the future, especially for river basins over 
Southwest China. Overall, our results suggest that the de-
crease in surface water amounts combined with increasing 
interannual variability will cause more detrimental social 
and environmental risks across China, especially in South-
west China where exceptional drought disasters have al-
ready been frequently reported such as Yunnan in 2005, and 
Sichuan in 2009. 

Relatively small increase in P combined with a much 
larger increase of ET in a warmer world contributed to the 
overall decrease in annual mean runoff and soil moisture for 
almost all river basins across China. Heavy and very heavy 
daily precipitation events were projected to increase greatly 
across China, which is consistent with previous studies re-
porting increases in heavy precipitation events in many re-
gions around the world for the 20th century (Groisman et al., 
2005; Kunkel et al., 2013). In addition to changes in mean 
precipitation, changes in precipitation frequency and inten-
sity might also be associated with the significant decrease of 
soil moisture. Hence, more attention should be given to the 
precipitation intensity and frequency in assessing the cli-
mate change impacts on hydrology and water resource. 

It is also important to recognize the uncertainties in 
evaluating climate change impacts on hydrology and water 
resources, including uncertainty stemming from future 
greenhouse gas emissions, GCMs, downscaling and bias 
correction methods and impact evaluation models (Had-
deland et al., 2011; Hagemann et al., 2013). Specifically, 
numerous studies show that over-reliance on a single GCM 
could lead to an inappropriate projection or adaptation re-
sponses to climate changes. Our analysis indicates large 
differences among ensemble members driven by different 
GCMs (e.g., in Figures 3(a), 4(a)). By adopting arithmetic 
ensemble averages (AEMs) (Lambert and Boer, 2001), un-
certainty from GCMs in impact analysis may be reduced to 
some extent. Uncertainty arising from hydrological model 
structure can also be large as model specific outputs can 
differ substantially among different hydrological models 
(Jiang et al., 2007; Gosling et al., 2011; Haddeland et al., 
2011). Nevertheless, through model calibration against ob-
servation, Zhang et al. (2014) showed that the simulated 
streamflow and soil moisture after calibration show good 
agreement with reported statistics in general. By adopting 
the calibrated parameters from Zhang et al. (2014), the un-
certainties from impact model (i.e., VIC) used in this study 
was to some extent reduced. However, addressing all these 
uncertainty sources such as greenhouse gas emissions, 
GCMs, downscaling and bias correction methods, and im-
pact evaluation models has been challenging because no 
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efficient way exists to handle all of them. These factors 
have been shown to play major roles in uncertainties in 
projecting hydrologic response to climate changes in the 
Colorado River Basin, which is marked by complex terrain 
and water balance dominated by snowmelt in the headwa-
ters (Vano et al., 2013). To what extent these factors influ-
ence our analysis in China that encompasses diverse climate 
and hydrologic regimes is not clear and should be investi-
gated in the future. Overall, through adopting multi-ensemble 
mean of GCMs and model calibration, uncertainties in this 
study were reduced as much as possible. In addition, 
through showing the specific GCM result (Figures 3(a), 4(a)) 
and box diagram/error bar (Figures 3(b), 4(b), 5–7 and 11), 
the uncertainty ranges or magnitude was provided for read-
ers to better capture the useful information. 

By providing regional analysis and comparison across all 
river basins in China, this study highlights important dif-
ferences in hydrologic response between South China and 
North China at various temporal scales. Overall the reduc-
tion in runoff and soil moisture and the increase in interan-
nual variability for both, especially in South China, should 
motivate more studies to understand the climate and hydro-
logic processes responsible for those changes and quantify 
uncertainties in the projections. We identified high-risk re-
gions that could provide guidance for future climate change 
adaptation and mitigation strategies for water resource 
management (e.g., water allocation, water security, and ag-
riculture irrigation) at the river basin, regional, and national 
scales.  
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