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Historical records have indicated an increase in high-impact drought occurrences across China during
recent decades, but whether this increase is due to natural variability or anthropogenic change remains
unclear. Thus, the shift toward dry conditions and their associated attributions across China are discussed
in this study, primarily regarding the standardized precipitation evapotranspiration index (SPEI). The
results show that drought occurrences across China increased consistently during 1951–2014, especially
during the recent twenty years. Most of the increased drought events happened under warm-dry condi-
tions that coincided with relatively high temperature anomalies but without large anomalies in annual
precipitation, implying an increase in hot drought events across China. Further analysis revealed that
the change in drought occurrences were mainly due to the combined activity of external natural forcings
and anthropogenic changes across China. However, external natural forcings were mainly responsible for
the variability of droughts and anthropogenic influences for their increasing trends, suggesting that
anthropogenic warming has increased hot drought occurrences, associated risks and impacts across
China. With continued warming in the future, the impact of anthropogenic warming on the increased
hot drought events will be further amplified. The probability of warm years is projected to significantly
increase, and the occurrence probability of hot drought events (SPEI < �1.0) will increase to nearly 100%
by the year 2050, even though the annual precipitation is projected to increase across China in the future.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

In recent decades, China has suffered several prolonged extreme
droughts, such as the ones from the autumn of 2009 to the spring
of 2010 in Southwest China, from July to August of 2013 in Eastern
China, and from July to August of 2014 in North China, which have
resulted in large economic losses, ecosystem damage, and the dis-
ruption of society (e.g., Yang et al., 2012; Sun, 2014; Wang and He,
2015; Wang et al., 2015). According to Chinese governmental
statistics, the severe drought in 2009/2010 in Southwest China
caused a shortage of drinking water that impacted more than 21
million people and 11 million livestock, resulting in economic
losses that reached nearly 30 billion US dollars (e.g., Yang et al.,
2012). Additionally, the drought in North China in the summer of
2014 is considered to be the most serious event in the past six
decades, resulting in a devastating reduction of agricultural pro-
duction (Wang and He, 2015). Furthermore, the study by Yu
et al. (2014) has revealed that severe and extreme droughts have
become more serious since the late 1990s in China, and the dry
areas were reported to increase by �3.72% decade�1 in past dec-
ades. Thus, understanding the causes of the increasing severe
drought events in China is urgently important for improving pre-
dictions and reducing economic losses.

Previous studies have revealed the possible physical mecha-
nisms responsible for severe drought in China, through associated
atmospheric circulation patterns and atmosphere/ocean modes
(e.g., Wang, 2001; Ma, 2007; Gao and Yang, 2009; Yang et al.,
2012; Wang and He, 2015). The weakening of the East Asian mon-
soon after the late 1970s has contributed to a dramatic decrease of
monsoon rainfall in North China, resulting in the so-called ‘‘South-
ern Flood—Northern Drought” pattern over eastern China (Wang,
2001, 2002; Ding et al., 2009). The winter North Atlantic Oscillation
(NAO) also showed an in-phase correlation with summer precipita-
tion in eastern China, with the NAO directing precipitation for 2–
3 years (Fu and Zeng, 2005). Furthermore, from a multi-decade
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perspective, the positive phase of the Pacific Decadal Oscillation
(PDO) generally corresponds to a dry period over North China
(Ma, 2007; Pei et al., 2015). The severe drought over Southwest
China during the 2009/2010 autumn-winter was simultaneously
accompanied by a strong negative-phase Arctic Oscillation and
an El Niño Modoki event (Yang et al., 2012). The snow cover anom-
aly over the Tibetan Plateau and the activity of the Western Pacific
Subtropical High are also considered as two important causes of
the droughts in this region, especially the drought in the summer
of 2006 (Zou and Gao, 2007). Additionally, some studies have
emphasized the impacts of the upper tropospheric jet stream on
precipitation anomalies over central-southern China (e.g., Wang
et al., 2010).

Despite good insights into the causes of droughts based on
large-scale atmospheric circulation anomalies, the influence of
anthropogenic forcings on the occurrence probability of droughts
has received less attention until recently (Li et al., 2015a; Zhao
and Dai, 2015; Zhao et al., 2015). In early 2007, using a regional cli-
mate model study, Gao et al. (2007) showed that the precipitation
decreased and the temperature increased when land use was mod-
ified by anthropogenic activities. Recently, Wang et al. (2013)
implicated anthropogenic emissions as a prime driver of the
‘‘Southern Flood—Northern Drought” pattern in eastern China after
the late 1970s. However, some recent analyses (Zhou et al., 2013;
Song et al., 2014; Zhang and Zhou, 2015) from simulations of the
Coupled Model Intercomparison Project phase 5 (CMIP5) argued
that although the presence of aerosols can drive a weakened mon-
soon circulation, the responses from these models are far weaker
than the observations. Moreover, the models failed to reproduce
the observed precipitation changes as well as the drought trend
in northern China. Therefore, they suggested that natural variabil-
ity was the dominant factor that determined the drought changes
in China and that the aerosol influence played only a complemen-
tary role. This discrepancy again raised the question of which fac-
tor is important for inducing the increasing droughts in China.

Precipitation deficits are a prerequisite for drought occurrences
by any definition, and thus most previous efforts have evaluated
the droughts using only precipitation anomalies (e.g., Yang et al.,
2012; Chen et al., 2013; Zhang et al., 2013a; Li et al., 2015b). In
addition, temperature anomalies are also considered to play an
important role in drought occurrences, greatly amplifying evapora-
tive demand and thereby increasing the overall drought intensity
and impact (e.g., Dai et al., 2004; Dai, 2012; AghaKouchak et al.,
2014; Chen and Sun, 2015a). In the past century, human activity
has caused significant temperature increases. However, little
attention has been given to the analysis of anthropogenic influ-
ences on droughts in China.

Therefore, on the basis of previous studies, this work focuses
mainly on the discussion of changes in drought occurrences in
China under warming conditions. More importantly, the possible
impacts on the droughts from external natural and anthropogenic
influences are separated and discussed. In addition, the probability
of drought occurrence is also projected under continued future
warming scenarios.
2. Data and methods

2.1. Datasets

The complete record sets, including monthly precipitation and
temperature for the period from January 1951 to December 2014
from 160 first-order meteorological stations across China (Fig. 1),
were used in this study. These stations are maintained by profes-
sional weather observers in China, and the data are collected
and released by the National Climate Center along with their
homogeneity and quality control processes. Because the climates
in China vary across regions due to its complex topography, China
is separated into six regions (Fig. 1) according to the China meteo-
rological and geographical division handbook that was released by
the National Meteorological Center of the China Meteorological
Administration in 2006, which has been widely used in early stud-
ies (e.g., Chen et al., 2012a). These regions include Northeast China
(NEC), North China (NC), South China (SC), Southwest China (SWC),
eastern Northwest China (ENWC), and western Northwest China
(WNWC). Analyses mainly focused on these six regions and are
presented in the following sections. The time series were calcu-
lated from the averages of all stations for China as a whole and
for each of six regions.

To assess the potential effects of natural and anthropogenic
forcings on droughts, monthly outputs from 15 climate model sim-
ulations that include both external natural and human forcings
(‘‘Historical” experiment), only external natural forcings (‘‘Natural”
experiment; simply referring as NAT hereafter), and only anthro-
pogenic influences (‘‘GHG” experiment: Greenhouse Gases) were
used in this study. Additionally, the 21st-century scenarios for
future greenhouse gas emissions, RCP4.5 (Representative Concen-
tration Pathways) and RCP8.5 as defined in Moss et al. (2010), were
used in this study; 33 models from RCP4.5 and 28 models from
RCP8.5 were selected to evaluate potential future changes of
droughts in China. All these analyses in this study were based on
the first ensemble member of each model, referred to as r1i1p1
for all experiments. These outputs were extracted from the CMIP5
and are archived at the website of the Earth System Grid (ESG)
gateway, hosted by the PCMDI (Program for Climate Model Diag-
nosis and Intercomparison). More information about these models
is presented in Table 1. These monthly outputs were re-gridded
into a common 2.5� � 2.5� grid using a first-order conservative
remapping procedure. The topographical adjustment was imple-
mented for the re-gridded monthly temperature due to the differ-
ent resolutions between models and the target grids.

2.2. Methods

Objectively quantification of drought occurrence, intensity,
duration, and spatial extent is very complex. Thus, numerous stud-
ies have been devoted to improving drought detection and moni-
toring, and a few objective indices have been developed on the
basis of readily available data (e.g. Palmer, 1965; McKee et al.,
1993; Ma and Fu, 2001). Among these indices, the Palmer drought
severity index (PDSI; Palmer, 1965) and the standardized precipi-
tation index (SPI; McKee et al., 1993) are the two most widely
used. However, more recent studies (e.g. Guttman, 1998;
Dubrovsky et al., 2009; Vicente-Serrano et al., 2010; Beguería
et al., 2014) have identified several deficiencies in these indices
that limit their accuracies in both operational and research works.
For example, the main shortcoming of the PDSI is its built-in fixed
time scale of 9–12 months (Guttman, 1998), while for the SPI only
precipitation variability is considered in its calculation, but the role
of temperature is ignored (Vicente-Serrano et al., 2010). Therefore,
a new standardized precipitation evapotranspiration index (SPEI)
based on a simple water balance (i.e., the difference between pre-
cipitation P and potential evapotranspiration E) was developed by
Vicente-Serrano et al. (2010) and further improved by Beguería
et al. (2014).

The process of SPEI calculation can be summarized as follows.
First, Vicente-Serrano et al. (2010) suggested the difference (D)
of P and E to measure the water surplus or deficit:

Di ¼ Pi � Ei ð1Þ
Second, D is aggregated at different time scale (n) as:
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Fig. 1. Maps of locations of 160 meteorological stations and topography in China. Mainland China is divided into six regions, including Northeast China (NEC), North China
(NC), South China (SC), Southwest China (SWC), eastern Northwest China (ENWC), and western Northwest China (WNWC). Units (topography): m.

Table 1
List of CMIP5 models used in this study. The label ‘‘

p
” means the model has been employed in the corresponding experiment.

Models Atmospheric resolution (Lat � Lon) Historical Natural GHG RCP4.5 RCP8.5

ACCESS1-0 1.25� � 1.875�
p p p

ACCESS1-3 1.25� � 1.875�
p p p

BCC-CSM1-1 2.784� � 2.8125�
p p p p p

BCC-CSM1-1-m 1.112� � 1.125�
p p p

BNU-ESM 2.784� � 2.8125�
p p p p p

CanESM2 2.784� � 2.8125�
p p p

CCSM4 0.942� � 1.25�
p p p p p

CESM1-BGC 0.942� � 1.25�
p p p

CMCC-CM 0.75� � 0.75�
p p p

CNRM-CM5 1.397� � 1.406�
p p p p

CSIRO-Mk3-6-0 1.861� � 1.875�
p p p p p

FGOALS2-s 1.655� � 2.8125�
p p p

FIO-ESM 2.784� � 2.8125�
p p

GFDL-CM3 2.0225� � 2.5�
p p p p p

GFDL-ESM2G 2.0225� � 2.5�
p p p

GFDL-ESM2M 2.0225� � 2.5�
p p p p p

GISS-E2-H 2.0� � 2.5�
p p p p

GISS-E2-H-CC 2.0� � 2.5�
p p

GISS-E2-R 2.0� � 2.5�
p p p p p

GISS-E2-R-CC 2.0� � 2.5�
p p

HadGEM2-CC 1.25� � 1.875�
p p p

HadGEM2-ES 1.25� � 1.875�
p p p p p

INMCM4 1.5� � 2.0�
p p p

IPSL-CM5A-LR 1.895� � 3.75�
p p p p p

IPSL-CM5A-MR 1.268� � 2.5�
p p p

IPSL-CM5B-LR 1.895� � 3.75�
p p p

MIROC5 1.397� � 1.406�
p p p

MIROC-ESM 2.784� � 2.8125�
p p p p p

MIROC-ESM-CHEM 2.784� � 2.8125�
p p p p p

MPI-ESM-LR 1.861� � 1.875�
p p p

MPI-ESM-MR 1.861� � 1.875�
p p p

MRI-CGCM3 1.119� � 1.125�
p p p p p

NorESM1-M 1.895� � 2.5�
p p p p p
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xi ¼
Xj¼i

j¼i�nþ1

Dj ð2Þ

Third, the twelve time series x of each month (January to
December) was fitted by the three-parameter log-logistic distribu-
tion that suggested by Vicente-Serrano et al. (2010). The probabil-
ity density function f(x) and cumulative distribution function F(x)
are listed below:

f ðxÞ ¼ b
a

x� c
a

� �b�1
1þ x� c

a

� �b
� ��2

ð3Þ

FðxÞ ¼ 1þ a
x� c

� �b
" #�1

ð4Þ

where a, b, and c are scale, shape and location parameters, respec-
tively, which are estimated by the maximum likelihood method.
Finally, the SPEI is calculated by transforming F to the standard nor-
mal distribution (u) as Eq. (5).

SPEI ¼ u�1ðFÞ ð5Þ
According to its definition and calculation, the SPEI combines

the sensitivity of the PDSI to changes in evaporative demand
(Palmer, 1965) with the multiscalar nature of the SPI (McKee
et al., 1993). Table 2 presents the categorization of dry and wet
grades according to the SPEI as well as the corresponding cumula-
tive probabilities relative to the base period (McKee et al., 1993; Yu
et al., 2014).

Due to its multiscalar nature and ease of calculation, the SPEI
has become popular and is widely used around the world in many
aspects. For example, Vicente-Serrano et al. (2012) found the SPEI
was superior to other drought indices for capturing the impacts of
droughts on hydrologic, agricultural, and ecological variables from
a global perspective. Huang et al. (2015) presented a method for
predicting the mortality of trees in the Southwestern US based
on the relationship between the SPEI and annual tree ring growth.
Additionally, this index has also been used for drought assessment
and monitoring works over many regions, such as in Southern
Africa (Ujeneza and Abiodun, 2015), south Texas (Hernandez and
Uddameri, 2014), Spain (López-Moreno et al., 2013), and China
(Yu et al., 2014; Xu et al., 2015). SPEI was thus proposed for the
analyses in this study. The SPEI, with a 12-month time scale, was
calculated for each meteorological station from January 1951 to
December 2014. The values for the months of December for all
years were primarily used in this study (if not otherwise specified)
because the 12-month SPEI in December well represents the
cumulative precipitation deficits or wet/dry conditions for the
entire year. The 12-month SPEIs were also calculated for CMIP5
models and their ensembles. The dry events with an SPEI < �1.0,
including moderate drought, severe drought, and extreme drought,
are discussed below.

To identify the role of anthropogenic activity on drought fre-
quency change, the optimal fingerprint detection method is
Table 2
Categorization of dry and wet grades according to the SPEI and the corresponding
cumulative probabilities relative to the base period.

Grades SPEI Cumulative probability

Extremely dry Less than �2 0.0228
Severe dry �1.99 to �1.5 0.0668
Moderate dry �1.49 to �1.0 0.1587
Normal �1.0 to 1.0 0.5000
Moderate wet 1.0 to 1.49 0.8413
Severe wet 1.5 to 1.99 0.9332
Extremely wet Larger than 2 0.9772
employed here that has frequently been used in recent years for
detection and attribution analysis (e.g. Min et al., 2011; Zhang
et al., 2013b; Sun et al., 2016). This method assumes that Y is
expressed as the sum of scaled fingerprints X plus internal variabil-
ity e:

Y ¼ bX þ e ð6Þ
where b are the scaling factors that estimated by the total least
squares method (Allen and Stott, 2003; Min et al., 2011). If the com-
puted scaling factor is positive and its associated 90% uncertainty
range excludes zero, then detection is indicated (Min et al., 2011).

Furthermore, the detection analysis will be also performed on
the drought frequency changes at different scales. The SPEI series
are separated into two terms involving variability (inter-annual
and inter-decadal variability) and long-term trend using the
ensemble empirical mode decomposition (EEMD) method, which
is an adaptive and temporally local filter developed in recent years
(Wu and Huang, 2009). EEMD decomposed data x(t) in terms of a
set of components from high frequency to low frequency cj, and
the residual rn:

x tð Þ ¼
Xn
j¼1

cj tð Þ þ rn tð Þ ð7Þ

The principle of the EEMD is simple, and the added white noise
populates the whole time-frequency space uniformly with the con-
stituting components of different scales (Wu and Huang, 2009). In
this study, the variability term is obtained by summing the first
five components from EEMD and summing the last two compo-
nents as an adaptive nonlinear trend.

One should be pointed out here that some previous studies (e.g.
Chen and Sun, 2015b) have indicated that the CMIP5 models gen-
erally performed poorly in simulating the variations of climate
variables, particularly precipitation, but the observed long-term
trends can be well captured by most models. To increase the
robustness of the results in this study, three measures were taken
to reduce the influence from these biases. First, the analyses in this
study were carried out using the multi-model ensembles. Second,
the detection and attribution analyses were implemented only
among CMIP5 simulations, without reference to the observation.
Third, the projections were primarily calculated from the differ-
ences among the periods of interest so that uncertainties sourced
from internal models can be reduced.

3. Results

3.1. Hot drought events increased significantly in recent decades

Drought was analyzed in this study using the SPEI metrics;
drought is considered to occur when the SPEI is less than �1.0.
Fig. 2 presents the historical records of the SPEI, precipitation, and
temperature variations for different regions in China for the period
of 1951–2014. The values of precipitation and temperature here
were calculated from the regional-weighted averages of all stations
for each sub-region, and the SPEI series were calculated from the
associated regional averaged precipitation and temperature. The
drought events indicate a consistent increase for different regions
in China over the past 60 years, coinciding with significant (at the
95% confidence level using the Mann-Kendall method) upward
trends of temperature but noobvious changes in precipitation. Thus,
an increasing number of hot droughts occurred under warm condi-
tions. Additionally, the period of interest (1951–2014)was split into
two periods, 1951–1994 and 1995–2014, to compare the dry condi-
tions in China over the past two decades with earlier times.

Over NEC, the drought occurrences indicated by the SPEI
showed an obvious increase over the past six decades, and the fre-



−4
−3
−2
−1

0
1
2
3
4

SPEI

S
P

E
I

 

 

% of ΔP < 0 & SPEI < −1
1951−1994:10%
1995−2014:79%

ΔT > 0 ΔT < 0

−4
−3
−2
−1

0
1
2
3
4

precipitation

st
an

da
rd

iz
ed

 a
no

m
al

y 
(s

.d
.)

 

 

% of ΔP < 0 & ΔT > 0
1951−1994:14%
1995−2014:70% NEC

SPEI < −1

−4
−3
−2
−1

0
1
2
3
4

st
an

da
rd

iz
ed

 a
no

m
al

y 
(s

.d
.)

 

 
temperature

% of ΔT > 0 & SPEI < −1
1951−1994:25%
1995−2014:72%

SPEI < −1

−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & SPEI < −1
1951−1994:0%
1995−2014:79%

S
P

E
I

−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & ΔT > 0
1951−1994:18%
1995−2014:70%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)
NC

−4
−3
−2
−1

0
1
2
3
4

% of ΔT > 0 & SPEI < −1
1951−1994:0%
1995−2014:70%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & SPEI < −1
1951−1994:5%
1995−2014:88%

S
P

E
I

−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & ΔT > 0
1951−1994:11%
1995−2014:35%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

SC
−4
−3
−2
−1

0
1
2
3
4

% of ΔT > 0 & SPEI < −1
1951−1994:20%
1995−2014:72%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)
−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & SPEI < −1
1951−1994:5%
1995−2014:88%

S
P

E
I

−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & ΔT > 0
1951−1994:16%
1995−2014:40%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

SWC
−4
−3
−2
−1

0
1
2
3
4

% of ΔT > 0 & SPEI < −1
1951−1994:20%
1995−2014:69%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & SPEI < −1
1951−1994:0%
1995−2014:83%

S
P

E
I

−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & ΔT > 0
1951−1994:9%
1995−2014:55%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

ENWC
−4
−3
−2
−1

0
1
2
3
4

% of ΔT > 0 & SPEI < −1
1951−1994:0%
1995−2014:89%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

1950 1960 1970 1980 1990 2000 2010
−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & SPEI < −1
1951−1994:7%
1995−2014:67%

S
P

E
I

1950 1960 1970 1980 1990 2000 2010
−4
−3
−2
−1

0
1
2
3
4

% of ΔP < 0 & ΔT > 0
1951−1994:25%
1995−2014:15%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

WNWC
1950 1960 1970 1980 1990 2000 2010

−4
−3
−2
−1

0
1
2
3
4

% of ΔT > 0 & SPEI < −1
1951−1994:15%
1995−2014:74%st

an
da

rd
iz

ed
 a

no
m

al
y 

(s
.d

.)

Fig. 2. Historical records of drought, precipitation, and temperature for different regions in China from 1951 to 2014. Droughts are represented by the December values of 12-
month SPEI, and the standardized anomalies of precipitation and temperature are calculated as anomalies from the long-term annual mean, divided by the standard deviation
of detrended historical annual anomaly time series. The circles in the panels indicate the years that suffered drought events with SPEI less than -1.0.
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quency of years with SPEI < �1.0 was ten times greater in the most
recent two decades (15 years in 1995–2014 = 75%) than in the pre-
ceding half century (3 years in 1951–1994 = 7%). This increase in
drought occurrence was characterized by a substantial increase
in low precipitation and high temperature (Figs. 2–4). According
to the statistics, from 1951 to 1994 only 10% of the years had a neg-
ative precipitation anomaly that could produce an SPEI < �1.0
drought; however, this value increased to 79% in the most recent
two decades (1995–2014). With a significant increase in air tem-
perature, the probability of drought occurrence increased notably
in the most recent two decades (72%) because of the high temper-
ature anomaly, compared to earlier years (25%). Furthermore, the
probability of a negative precipitation anomaly coinciding with a
positive temperature anomaly has increased recently, with 14%
of the years from 1951 to 1994 being classified as warm-dry com-
pared with 70% of the years from 1995 to 2014. Most droughts
have occurred under this warm-dry condition, especially recently,
with 11 of 14 (79%) drought years during 1995–2014 occurring
under this condition (Figs. 3 and 4).

In the regions of northern China, including NC and ENWC,
droughts occurred mainly in 1995–2014, and no drought was
observed in 1951–1994 on the basis of the SPEI indicator (Fig. 2).
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Fig. 3. Plots of relationships of drought occurrences with annual precipitation and temperature anomalies for the period 1951–1994 over (a) NEC, (b) NC, (c) SC, (d) SWC, (e)
ENWC, and (f) WNWC. Warm colors mean negative SPEI values with high drought occurrence probability and cold colors represent positive SPEI values. Standardized
anomalies are calculated as in Fig. 2. The percentage values shown in each quadrant are the percentage of years when droughts occurred under different precipitation and
temperature criteria. The corresponding criteria are identified by different colors in the bottom of the figure.
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There is almost no change in precipitation across these regions
over the past 60 years, and even a slight increase was observed
in the most recent two decades. The years with high temperature
anomalies over NC increased from 23% in 1951–1994 to 100% in
1995–2014 and increased from 11% to 95% in ENWC, with no sub-
stantial corresponding changes in low precipitation anomalies,
which were 54% of the years in 1951–1994 and 70% in 1995–
2014 for NC and 52% in 1951–1994 and 60% in 1995–2014 for
ENWC (Figs. 3 and 4). The probability of warm-dry conditions over
these regions increased in the most recent two decades, 18% in NC
and 9% in ENWC during 1951–1994 to 70% in NC and 55% in ENWC.
Most droughts in the past two decades (79% in NC and 91% in
ENWC) have taken place under these warm-dry conditions. This
suggests that the increased probability of drought occurrence has
resulted mainly from the significant warming of recent years.

The SPEI < �1.0 droughts over southern China, including SC and
SWC, occurred relatively more frequently during 1995–2014, in
65% of these years in SC and 55% of these years in SWC (Fig. 2).
Over southern China, the impact of a high temperature anomaly
on drought obviously increased with this intensified warming,
and positive temperature anomalies produced approximately 70%
of the drought years in 1995–2014 compared with 20% of the years
in 1951–1994. The probability of drought occurrence was also
observed to increase due to the effect of a concurrent low precipi-
tation anomaly. Only 5% of the years with a low precipitation
anomaly could produce an SPEI < �1.0 drought in 1951–1994,
but the probability increased to 88% in 1995–2014. With the
increase in air temperature, the years under warm-dry conditions
were also observed to increase, but the increased magnitudes were
relatively smaller than in the northern regions of China. However,
the SPEI < �1.0 droughts definitely occurred in these warm-dry
years (Fig. 4).

Over the region of WNWC, a decadal shift from dry to wet con-
ditions was reported to have occurred in the late 1980s (Chen et al.,
2012b). With the increase in precipitation, there were just three
years with negative precipitation anomalies during 1995–2014.
However, of these three years, two years could produce an
SPEI < �1.0 drought. The probability of a warm-dry year was
observed to decrease when compared to the early period of
1951–1994, which differs from the other regions. Thus, the signif-
icant increase of SPEI < �1.0 drought (Fig. 2) mostly resulted from
the increased air temperature in the most recent two decades
(Fig. 2), and most of these droughts occurred under warm-wet con-
ditions (Fig. 4).

Taken together, the historical records of the SPEI < �1.0 drought
occurrences over different regions in China show a clear and con-
sistent increase over the past 60 years, especially in the most
recent two decades. Most of these increased droughts occurred
under warm-dry conditions without a substantial corresponding
change in precipitation, except for WNWC. Thus, the significant
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Fig. 4. Same as Fig. 3 but for the period 1995–2014.
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warming across China is suggested as one of the main causes for
the increased drought events although a precipitation deficit is still
a prerequisite for drought occurrence.

3.2. Anthropogenic warming has increased hot drought events in the
past decades

The recorded increasing trends of hot drought occurrences
across China in the past decades are generally reproduced by the
climate model simulations that include both natural and human
forcings (Fig. 5), although the historical experiment exhibits a rel-
atively weaker ability to simulate the inter-annual variations of
SPEI. Thus, simulations from different CMIP5 experiments (includ-
ing historical experiments, natural experiments, and GHG experi-
ments) were analyzed to detect possible reasons for the
increased hot drought occurrences across China in recent decades.

The fact that the air temperature across China has significantly
increased in the last century (e.g., Ren et al., 2012; Cao et al., 2013)
and that the warming clearly happens in the climate model simu-
lations from both historical and GHG experiments but not in the
simulations from the natural experiment (Figures not shown) sug-
gest that human activity has caused substantial increases of air
temperatures in China. Fig. 6 shows the temporal variations of SPEI
for different regions in China from three CMIP5 experiments. As
mentioned before, with rapid warming, the probability of hot
droughts occurring has increased (decreasing trend for SPEI) across
China, in accord with the climate model simulations that included
the historical experiments. Similarly, this exacerbated trend of hot
drought events was also observed in the simulations that included
the GHG experiments for each region in China. The increasing
trend was even relatively larger than that from the historical
experiments, particularly in the most recent five decades. How-
ever, no trend was found in the simulations from the natural
experiment. The same results can be obtained for the different
regions across China, suggesting that human activity is one of the
main causes for the obvious increase of hot drought occurrences
in China in recent decades.

To further understand the possible reasons for the increasing
probability of drought occurrences across China, Fig. 7 presents
the temporal evolutions of the decomposed SPEI series by the
EEMD method from three experiments over SC. Because similar
evolutions and trends of the SPEI series could be found among
the different regions across China (Fig. 6), we just took the decom-
posed results of SC as an example. The drying trend was clear in the
simulations from the historical and GHG experiments, but not in
the natural experiments. Furthermore, this drying trend was rela-
tively larger in the GHG experiment than in the historical experi-
ment result. However, the simulated strong inter-annual to inter-
decadal variability of the SPEI series in the historical experiment
could only be reproduced by the natural experiment, not by the
GHG experiment. The estimated correlation coefficients of the vari-
ability components were up to 0.69 between the historical and nat-
ural experiments and �0.20 between the historical and GHG
experiments. Additionally, similar magnitudes of variability for
the SPEI series could be observed in the historical and natural
results and were relatively larger than those in the GHG results.
This suggests that the variability of droughts in this region was
mainly affected by the natural variability while human activity
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played an important role in the drying trend over the last century
in the region.

To confirm the aforementioned results, the optimal fingerprint
detection method is used here. Fig. 8 shows the scaling factors
and their 90% confidence intervals for different components of SPEI
(presented in Fig. 7) over SC when the simulation from the histor-
ical experiment was regressed simultaneously onto a single signal
(GHG or NAT) and two signals (GHG and NAT), respectively. Signals
(GHG and NAT) were assessed to be detected by the 90% range of
the scaling factors being above zero by both the single-signal and
two-signal detection methods. However, the estimate of the NAT
scaling factor was relatively larger than that for GHG (Fig. 8a).
These estimations imply that the change of drought occurrence is
mainly due to the combined activity of external natural forcings
and anthropogenic activity, with a greater contribution from the
effect of NAT than from GHG. In further analysis, the regional SPEI
was separated into two series (i.e., inter-annual to inter-decadal
variability and long-term trend), and the scaling factors for these
two series were estimated using the two-signal and single-signal
analysis, respectively (Fig. 8b and c). The best estimates of the
GHG scaling factors were less than 0 both by the two-signal and
single-signal methods for the impact on the variability, but the sig-
nals from the external natural forcings were indicated by the NAT
scaling factors all being greater than 0.5 by these two methods
(Fig. 8b). The results were the opposite when the detection analysis
was applied to on the long-term trend (Fig. 8c). The best estimate
of the GHG scaling factor was up to 0.49 and a relatively weaker
signal was detected from the NAT, with a scaling factor at 0.22
using the two-signal analysis. However, no signal was detected
from the NAT when the single-signal method was used (scaling
factor less than 0), while the signal from the GHG was again robust
with a scaling factor of 0.48. These estimations suggest that the
impact of natural variability on drought is mainly from its effect
on the inter-annual to inter-decadal variability of the external nat-
ural forcings and that human impacts were mainly responsible for
the long-term drying trend over this region.

Natural variability and anthropogenic change are the two major
drivers for drought occurrence changes over SC in the last century,
but their impacts have varied depending on the time scale used.
Natural variability was mainly responsible for the inter-annual to
inter-decadal changes of drought events, and anthropogenic influ-
ences have been mainly responsible for the long-term drying
trends, implying that anthropogenic warming has increased the
hot drought risk and impact in this region. Similar results can be
observed in the other regions across China (Figures not shown).

3.3. Hot drought events will become more frequent in the future

The influence of anthropogenic forcings on the droughts across
China is significant. There is a high confidence level that the warm-
ing is projected to continue in the future, and the temperature in
China may increase by 1.3–5 �C by the end of this century, which
is a greater increase than that projected for the globe as a whole
(Chen and Sun, 2015c). Given this background, how these droughts
change has become a concern and key issue for the academic com-
munity, government, and the public.

Fig. 9 presents the probability distributions of future tempera-
ture, precipitation and drought occurrence changes over China
under the RCP4.5 scenarios. The probabilities were calculated as
the ratio of the number of models that meet the specified criteria
to all models; thus, this also represents the confidence level of
the projected result. From Fig. 9, it is clear that the probability of
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extremely warm conditions (anomalies of 1 standard deviation)
remains greatly elevated throughout this century, as indicated by
early studies (e.g., Chen and Sun, 2015c). In China, the occurrence
of warm years was observed to significantly increase, especially
after �1970, and reached 1.0 around the year 2010, which implies
a transition to a permanently warm or extremely warm condition
with a future risk of nearly 100%. However, the probability of a
negative precipitation anomaly is projected to rapidly decrease
beginning early in this century, suggesting an increase of annual
precipitation in the future as indicated by earlier studies (e.g.,
Gao et al., 2012; Wang et al., 2012; Xu and Xu, 2012; Chen,
2013). Thus, the probability of simultaneous warm-dry conditions
decreases with the probability of a negative precipitation anomaly.
This shift from warm-dry to warm-wet conditions in the future
still cannot mitigate the occurrence of droughts in China, despite
the projected precipitation increase. The probability of drought
years (SPEI < �1.0) has increased steeply since early in this century
and will reach �1.0 around the year 2050, suggesting that there
would be nearly a 100% risk for drought occurrences, mainly due
to high temperature anomalies in the future. This condition would
be much worse according to the results of the RCP8.5 scenario
(Fig. 10). The warming in China would progress much more rapidly
in the RCP8.5 scenario than in RCP4.5, resulting in a higher proba-
bility of the occurrence of droughts in the future, and the probabil-
ity of severe drought years (SPEI < �1.5) would be close to �1.0
around the year 2080. The same analysis was implemented for
six regions across China (Figures not shown) with similar results
as above.

The projected changes of the occurrence probability of droughts
(SPEI < �1.0) indicate increases across China, and all the grids
would experience a nearly 100% risk of droughts by the end of this



0

0.2

0.4

0.6

0.8

1
(a)

Two−signal Single−signal

sc
al

in
g 

fa
ct

or
s

−0.8

−0.4

0

0.4

0.8 (b)

sc
al

in
g 

fa
ct

or
s

GHG NAT GHG NAT
0

0.2

0.4

0.6

0.8

1
(c)

sc
al

in
g 

fa
ct

or
s

Fig. 8. Plots of scaling factors from single-signal (right) and two-signal (left) detection analyses for different components of SPEI over South China. (a) Original series of SPEI,
(b) variability component, and (c) long-term trend component. The 5–95% confidence intervals of the scaling factors are displayed by the error bars.

1850 1900 1950 2000 2050 2100
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1 (a)

Historical RCP4.5

1850 1900 1950 2000 2050 2100
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1 (b)

Historical RCP4.5

1850 1900 1950 2000 2050 2100
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1 (c)

Historical RCP4.5

1850 1900 1950 2000 2050 2100
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1 (d)

Historical RCP4.5

prob. of precip. < −1 s.d.

prob. of precip. < 0

prob. of temp. > 1 s.d.

prob. of precip. < 0 & temp. > 0

prob. of precip. < −1 & temp. > 1 s.d.

prob. of temp. > 0

prob. of SPEI < −1.5

prob. of SPEI < −1

prob. of SPEI < −2

Fig. 9. Projected changes in the probability of hot drought occurrences in China in the 21st century from 33 CMIP5 models in the RCP4.5 scenario. (a) The probability of a
negative annual precipitation anomaly that represents a dry condition, (b) the probability of a positive annual mean temperature anomaly that represents a warm condition,
(c) the probability that a negative precipitation anomaly concurrent with a positive temperature anomaly, and (d) the probability of drought occurrences. The corresponding
low-pass filtering results with a 21-year window are also shown in each panel. Probability is calculated as the percentage of models that meet the criteria listed in each panel,
which also can reflect the uncertainty of the projected results from the CMIP5 models.

H. Chen, J. Sun / Journal of Hydrology 544 (2017) 306–318 315
century (Figures not shown). Fig. 11 shows the ensemble changes
of the occurrence probability of extreme droughts (SPEI < �2.0)
across China at the end of this century relative to the period
1986–2005. Clearly, the probability of extreme drought occur-
rences is also increased all across China, especially in eastern
China, with high reliability among models. Similar results can be
found in the RCP8.5 scenario but with a relatively larger increase
in the probability of occurrence.

Hot droughts will occur with a high probability in the future,
even with precipitation increases across China. We consider this
increasing trend of hot drought occurrence to be primarily attribu-
table to continued anthropogenic warming in the future, and it will
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always occur with high temperature anomalies. Thus, hot droughts
would frequently happen under warm-wet conditions in the future
(Fig. 12), unlike the warm-dry conditions in historical simulations
and observations.
4. Discussion and conclusion

Given the severe impacts of droughts on human and natural
systems, the drought occurrence changes across China were inves-
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tigated using site observations for the last six decades. Our results
suggest that the historical records of SPEI < �1.0 drought events
present a consistent and obvious increase in occurrence across
China in the past decades, especially in the most recent two dec-
ades. Most of these increased drought events occurred under
warm-dry conditions with relatively high temperature anomalies
but without large anomalies in precipitation. Thus, we can con-
clude that hot drought events have been observed to increase
across China in the past decades. For example, over NEC, the prob-
ability of drought occurrence has substantially increased in the
most recent two decades (72%) due to high temperature anomalies,
which is a relatively larger increase than in previous decades (25%
in the years 1951–1994). Furthermore, most droughts have
occurred under warm-dry conditions, especially in 1995–2014,
when 11 of 14 (79%) droughts occurred under this condition.

On the basis of CMIP5 simulations involving historical, natural,
and GHG experiments, we suggest that the increase of hot drought
occurrences across China results from the integrated activity of
natural forcings and anthropogenic changes. However, their
impacts vary for different time scales. Natural variability is mainly
responsible for the inter-annual to inter-decadal changes in
drought occurrences, and anthropogenic influences are mainly
responsible for long-term drying trends, implying that anthro-
pogenic warming has increased the hot drought events and has
increased their risk and impact across China. With the projected
continuous warming in the future, the probability of warm years
is expected to increase significantly, with a transition to a perma-
nently warm or extremely warm condition at a nearly 100% risk
across China. Under this background, the SPEI < �1.0 droughts
would occur with this near 100% risk by the year 2050, even
though the future annual precipitation is projected to increase
under the RCP4.5 scenario, and these conditions would become
even worse under the RCP8.5 scenario. Thus, our results strongly
suggest that anthropogenic warming has already increased the
probability of hot drought occurrences and created major impacts
on water policy, management, and infrastructure, and it will fur-
ther increase hot drought risks and impacts across China in the
future.

Some limitations of the current study should be acknowledged.
For example, the evapotranspiration in SPEI is evaluated using the
Thornthwaite algorithm (Thornthwaite, 1948). Some early studies
(e.g., Sheffield et al., 2012) have indicated that the increase in glo-
bal drought was overestimated when this simple equation was
used, and the calculations would be more realistic if the more
sophisticated Penman-Monteith method were used, which
accounts for changes in available energy, humidity, and wind
speed (Chen and Sun, 2015a). However, due to the limitations of
the data availability, especially for the CMIP5 simulations involving
natural and GHG experiments, we used the Thornthwaite equation
instead of the Penman-Monteith method to calculate evapotran-
spiration in this study. Some previous works (e.g. Chen and Sun,
2015a) have indicated that the role of temperature is generally
exaggerated for droughts when using the Thornthwaite equation
in place of the Penman-Monteith method over the northern
regions of China; however, almost no difference can be found for
the southern regions of China. Thus, we believe that the results
of this study will be robust, although the increase of droughts in
response to anthropogenic warming may be somewhat overesti-
mated for northern China.
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