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Abstract In this paper, the intensity, area and duration of
future droughts in China are analyzed using the Standard-
ized Precipitation Index (SPI) and the Standardized Precip-
itation Evapotranspiration Index (SPEI). The SPI and SPEI
are used to evaluate the simulation ability of drought char-
acteristics with the regional climate model COSMO-CLM
(CCLM). The projected intensity and duration of future
drought events are analyzed for the period 2016-2050
under three different respective concentration pathways
(RCPs). The simulated and projected drought events are
analyzed by applying the intensity-area-duration method.
The results show that CCLM has a robust capability to
simulate the average drought characteristics, while some
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regional disparities are not well captured, mainly the simu-
lation of more drought events of shorter duration in North-
west China. For the future period 2016-2050, more intense
dryness conditions are projected for China. An increase in
evapotranspiration is found all over China, while a reduc-
tion in precipitation is apparent in the southern river basins.
The increase in evapotranspiration plays an important role
in the changes of future droughts over the northern river
basins and southern river basins. Under RCP2.6, drought
events of longer duration and with higher frequency are
projected for the southwest and southeast of China. Under
RCP4.5 and RCP8.5, a continuing tendency to more dry
conditions is projected along a dryness band stretching
from the southwest to the northeast of China. More fre-
quent drought events of longer duration are projected in the
southwestern river basins. For all future droughts, larger
extents are projected, especially for events with long-term
duration. The projected long-term drought events will
occur more often and more severe than during the baseline
period, and their central locations will likely shift towards
Southeast China. The results of this study can be used to
initiate and strengthen drought adaptation measures at
regional and local scale, especially in the south of China.

Keywords Drought - Intensity - Area - Duration -
CCLM - China

1 Introduction

Since the late twentieth century, a trend to warmer aver-
age temperatures is observed for most parts of the World
(Hansen et al. 2010; Rohde et al. 2013). A continuation of
this trend is projected by many climate models under most
emission scenarios and concentration pathways, which
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calculate an increase in the surface temperature of about
0.7-2.4°C by the year 2050 relative to the reference period
1986-2005 (Collins et al. 2013). Field et al. (2012) presume
that due to the increase in global temperatures, unprec-
edented intense climate events (e.g. floods and droughts)
might occur. Although the observed trend in global drought
events varies over temporal and spatial scales (Park et al.
2015), more severe droughts occurred in the early twenty-
first century, e.g. the 2010 drought in Australia (Cai et al.
2014), the 2011-2012 drought in the United States (Senevi-
ratne 2012), and the 2011 drought in southern China (Sun
and Yang 2012). Drought is a space—time dimension pro-
cess of insufficient water availability usually characterized
by its intensity, spatial extent, and duration (Xu et al. 2015;
Sheffield and Wood 2007). There are three main types of
droughts depending on the system (climate, agriculture,
and hydrology) in focus, i.e. meteorological drought (e.g.
Duffy et al. 2015), agricultural drought (e.g. Wang et al.
2005), and hydrological drought (e.g. Wong et al. 2013).
In general, droughts predominantly result from decreases
in precipitation amounts and increased evaporation, which
might be related to a warming climate, and have profound
impacts on ecosystems and the society (Vicente-Serrano
et al. 2012; Dai 2013). Information on potential changes
in future drought characteristics are needed for managing
local drought risks, mitigating possible impacts on numer-
ous socio-economic sectors, and developing adaptation
strategies (Hirabayashi et al. 2008; Svoboda et al. 2015).
Climate models are regarded as a key tool to provide
possible tendencies in future climate variables based on dif-
ferent emission scenarios (i.e. SRES) or concentration path-
ways (RCPs). The confidence in projecting such future cli-
mate variables is related to the ability of a climate model in
reproducing the past and present climate patterns and their
trends (Raisanen 2007; Reifen and Toumi 2009; McMahon
et al. 2015). The Coupled Model Intercomparison Project
phase 5 (CMIP5) organized by the World Climate Research
Program (WCRP) has provided multi-model simulations
(Meehl et al. 2000, 2007; Taylor et al. 2012), which con-
tributed to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change (IPCC ARS5) and several
other climate change assessment reports. Although con-
sistent tendencies with the observations are reproduced by
the CMIP5 model ensembles at a global scale, the regional
dryness and wetness tendencies are hardly captured, while
the drought area identified by the drought index is overes-
timated by most CMIP5 models (Nasrollahi et al. 2014).
At regional scales, global climate models (GCMs) often
induce rather large errors due to their poor representation of
the regional atmospheric processes and climatic feedbacks.
Therefore, adequate spatial resolution is needed to resolve
the physical processes by regional climate models (RCMs)
(Gao et al. 2006; Yu et al. 2010). The improvements in
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RCMs, especially their ability in reproducing the regional
values and patterns in precipitation, temperature, and
evaporation, allows more realistic climate impact assess-
ments providing more accurate and credible information on
potential impacts of climate extremes, e.g. droughts (Liang
et al. 2004, 2008). Therefore, a RCM dynamically down-
scaled from a CMIP5 model (i.e. MPI-ESM-LR) will be
used in the current study.

Based on datasets of GCMs, many scientists have con-
ducted research on projected future drought characteris-
tics (Orlowsky and Seneviratne 2013; Park et al. 2015;
Zarch et al. 2015). One major finding sees the drought risk
increasing at global scale during the whole twenty-first
century (Sheffield and Wood 2008; Dai 2013). Regional
projections of drought characteristics for different conti-
nents and regions of high vulnerability are necessary for
developing adaptation strategies and disaster response
measures (Sheffield et al. 2009). For example, Burke and
Brown (2007) assessed the drought risk in southern Africa
and forecast an increasing risk due to the modeled decrease
in annual average precipitation. For North America, the
changes in the frequency and severity of droughts have
been projected by Wehner et al. (2011). In contrast, a lesser
frequency, weaker intensities, and shorter durations in
drought are projected for entire Asia. But strong increases
in the standard deviation of mean precipitation for the mon-
soon regions of Asia and decreasing precipitation in West
Asia are projected to result in an increase in drought fre-
quency and intensity in these regions (Kim and Byun 2009;
Dai 2013).

Based on past drought events, China is prone to costly
drought impacts, e.g. with an average annual drought-
affected crop area of 209,000 km? and annual direct eco-
nomic losses of more than 32 billion Yuan (according to
2013 price levels) in the period from 1949 to 2013 (Zhai
et al. 2014; Qin et al. 2015). Previous studies on observa-
tion data found significant trends towards dryness mainly
in a regional band from the southwest to the northeast of
China, while significant trends toward wet conditions were
mainly observed in the northwestern parts of China (Shi
et al. 2003; Zhai et al. 2010a, b; Qian et al. 2011; Zhao
et al. 2012; Tao et al. 2014). In areas of this regional dry-
ness band, drought events occurred more frequently and
more severe in the most recent decades (Fischer et al. 2011;
Yang et al. 2012; Zhang et al. 2013; Yu et al. 2014a, b).
Additionally, Zhai et al. (2016) analyzed the intensity, con-
tiguous area, and duration (IAD) of past drought events in
China by applying an IAD analysis method. Their results
allow comprehensive statements on the severity of histori-
cal drought events. Furthermore, a continuing tendency to
more intense dry conditions is projected for the observed
dryness band based on findings of a GCM with a SRES A2
scenario (Zhai et al. 2010a, b). Under the A1B scenario,
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drought will increase in southern Tibet, Southwest China,
the middle and lower Yangtze River basin, and Northeast
China (Liu et al. 2012). Using the CMIP5 models under the
newer RCPs, higher drought risks are projected in South-
west and East China for the twenty-first century (Wang and
Chen 2014; Yin et al. 2015).

Currently, studies on future drought characteristics
in China mainly use GCMs under RCPs or RCMs under
SRES. For regional drought analyses, it seems necessary to
apply state-of-the-art RCMs under RCPs to further increase
the knowledge of potential drought impacts in China. Addi-
tionally, most of the existing studies on drought mainly
focus on station- or grid-based projections of climate vari-
ables and only using one-dimensional methods without
considering the spatial extent of drought events (Biondi
et al. 2008). In order to better understand the future drought
characteristics, in this study, the regional climate model
Cosmo-CLM (CCLM) is evaluated on observations for the
baseline period 1961-2005, and future changes in drought
events for China are projected by using the CCLM under
different RCPs. The modeled climate variables are used
to calculate the SPI and SPEI. The results are analyzed in
a space—time dimension by applying the Intensity-Area-
Duration method (Zhai et al. 2016) to obtain information
on potential drought intensities and contiguous drought-
affected areas at predefined durations for the period
2016-2050.

2 Data and methods
2.1 Observational data

Quality-proven monthly precipitation, temperature (mean,
maximum, minimum), air pressure, relative humidity, wind
speed, and sunshine duration from 530 meteorological sta-
tions in China for the period 1961-2005 as provided by the
National Meteorological Information Center of the China
Meteorological Administration were used in this study

(Fig. 1).
2.2 Simulation data

The regional climate model CCLM has been developed out
of the weather forecast model ‘Lokal Modell’ (Rockel et al.
2008), which was developed by the German Weather Ser-
vice (DWD). The atmospheric circulation is described on
the basis of primitive thermo-hydro-dynamical equations
at resolutions between 1 and 50 km. Climate simulations
with a high spatial resolution of about 50 km are carried
out with CCLM in the CORDEX-East-Asia domain (http://
www.cordex.org) (Giorgi et al. 2009). CCLM, based on
downscaled GCMs under different SRES scenarios, has

already been applied in various studies on changing climate
variables (e.g. precipitation, temperature) in China (Fischer
et al. 2013; Cao et al. 2013; Wang et al. 2013).

In this study, the latest GCM from the Max Planck Insti-
tute, the Earth System Model running on a low resolution
grid (MPI-ESM-LR) serves as the data input for global cli-
mate change projections (Giorgetta et al. 2013). The MPI-
ESM is a comprehensive Earth System Model consisting of
general circulation models for the atmosphere (ECHAMO),
the land surface (JSBACH), and the ocean and sea ice
(MPIOM). A nesting approach is used in CCLM to down-
scale the GCM with a coarse resolution. CCLM runs with a
spatial resolution of 0.44° (50 km) on a rotated coordinate
system. For analytical purpose, CCLM is interpolated into
a regular geographical grid with a 0.5°%0.5° resolution by
applying the bilinear interpolation method. The CCLM-
simulated datasets of precipitation, temperature (mean,
maximum, minimum), air pressure, relative humidity, wind
speed and sunshine duration for China are evaluated for
the years 1961-2005, while projected future changes in
drought characteristics under three RCPs (RCP2.6, RCP4.5,
and RCP8.5) are analyzed for the years 2016-2050. The
RCP2.6, RCP4.5, and RCP8.5 represent a low concentra-
tion, a stable concentration, and a high concentration of
emissions, respectively (van Vuuren et al. 2011). To obtain
the future changes in wind field at 850 hPa relative to the
baseline period 1961-2005, the simulated atmospheric
circulation pattern are reproduced by MPI-ESM-LR with
a resolution of 1.875°%1.875° for the period 1961-2005
and 2016-2050, respectively. The spatial distribution of
the CCLM grid over the ten major hydrological regions of
China is shown in Fig. 1.

2.3 Drought indices

There are three main types of droughts depending on the
system (climate, agriculture, and hydrology) in focus, i.e.
meteorological drought (e.g. Duffy et al. 2015), agricultural
drought (e.g. Wang 2005), and hydrological drought (e.g.
Wong et al. 2013). These types can be represented by multi-
scale drought indices. Our research focusses on the hydro-
logical drought in China. In our study, the well-known
multi-scale standardized precipitation index (SPI) and the
standardized precipitation-evapotranspiration index (SPEI)
are used (McKee et al. 1993; Vicente-Serrano et al. 2010).
The 1- to 3-months SPI/SPEI is usually used to reflect the
status of soil moisture. The changes in soil moisture in the
lower layers as well as in river runoff are better reflected
with a 6- to 24-months SPI/SPEI (WMO 2012). Similar
as the research by Zhai et al. (2010a, b, 2016), we focus
on the hydrological drought, which is assumed to be best
reflected with the 12-months SPI/SPEI, as with a time scale
of 12 months the highest correlation coefficients between
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Fig. 1 The spatial distribution of meteorological stations and the
CCLM grid over the ten major hydrological regions of China (/ Son-
ghuajiang River basin, 2 Liaohe River basin, 3Haihe River basin, 4

SPI and runoff anomaly are found in numerous river basins
of China. Both multi-scale indices are used to analyze the
characteristics of future hydrological droughts in China.

A detailed description of the design of the SPI can be
found in McKee et al. (1993) and Wu et al. (2005). For
the SPI, the shape parameter and scale parameter of pre-
cipitation are estimated based on the fitted Gamma distri-
bution (Bordi and Sutera 2002). Following this, the SPI is
calculated by transforming the fitted distribution to a nor-
mal distribution. By using the estimated parameters for the
baseline period (1961-2005), the cumulative probability of
future SPI values (2016-2050) can be compared and then
transformed to a normal variable.

Future changes in aridity or drought should also con-
sider the climate variables such as temperature, wind, water
vapor pressure etc. (PaiMazumder and Done 2014). The
SPEI proposed by Vicente-Serrano et al. (2010) is suitable
for the impacts of global warming on drought, as it consid-
ers the potential evapotranspiration. The SPEI is designed
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Yellow River basin, 5 Huaihe River basin, 6 Yangtze River basin,
7 Southeast river basins, 8 Zhujiang River basin, 9 Southwest river
basins, /0 Northwest river basins)

to quantify the difference between monthly mean precipi-
tation and potential evapotranspiration (PET) at multiple
timescales reflecting the impacts of droughts on different
water resources (Tao et al. 2014; Begueria et al. 2014). For
the i-month timescale, a window length of i months is used
to accumulate the difference between the monthly mean
precipitation and PET. This preprocessing is calculated as
follows:

n—i+1
Dyyior = Z Py — PET,

k=1
where, i is the time scale, P, and PET, denote the monthly
precipitation and potential evapotranspiration at k time,
respectively, and n is the length of the data record of the
station.

The PET is calculated by the Penman—Monteith equa-

tion as recommended by the Food and Agriculture Organi-
zation (FAO) (Allen et al. 1998). The difference between
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precipitation and evapotranspiration is fitted to the Log-
logic distribution and transformed to a normal distribution
(Vicente-Serrano et al. 2010). The distribution function
parameters estimated in the period 1961-2005 is used for
the calculation of the future SPEI, which means the dry-
ness or wetness conditions in future can be compared to the
baseline period.

While —1<SPI(SPEI)<0 denote dry conditions near
normal, a SPI(SPEI) <—1, —1.5, —2 denote a moderate,
severe, and extreme drought, respectively. In this paper,
the contributions of precipitation and evapotranspiration to
droughts are analyzed by the comparison of SPI and SPEI.

2.4 Trend analysis

For detecting the trends and tendencies in the SPI/SPEI
time-series as well as testing the significance of variation,
the widely used non-parametric Mann—Kendall (MK) test
is applied (Gemmer et al. 2008; Zhai et al. 2016). The
value of the MK statistic (MKs) denotes the tendency and
its significance. Here a MKs >1.96 means a significant pos-
itive trend and a MKs <—1.96 denotes a significant nega-
tive trend, both at the 95% confidence level.

2.5 RCM evaluation

The spatial patterns of CCLM-simulation are evaluated by
the spatial correlation coefficient (SCC) between the MK
statistics of the observation and of the simulation. The SCC
is defined as:

Y., (CCLM; — CCLM,)(Obs; — Obs,)

SCC =

) 2
Y. (CCLM; — CCLM,)" }\_, (Obs; — Obs,)

where, CCLM; (OBS;) is the MK-value of the CCLM-sim-
ulation (observation) at station i, CCLMI-(WSI-) denote the
mean of all the grid points in the CCLM-simulation (obser-
vation), ¢ denotes the total number of station points in the
spatial field (Gao et al. 2012a). The significance of the cor-
relation coefficient is tested by the p value which is com-
puted using a Student’s t distribution for a transformation
of the correlation. The correlation is significant if p <0.05.

2.6 Intensity-area-duration analysis

In general, drought is a space—time dimension process usu-
ally characterized by its intensity, spatial extent, and dura-
tion (Xu et al. 2015; Sheffield and Wood 2007). Tradition-
ally, the drought intensity and duration are extracted from
the time series of a drought index for a certain grid point,
while the drought area is obtained only by the accumula-
tion of such grid points. In this study, the intensity, contigu-
ous area, and duration of droughts are identified at temporal

and spatial scale by using a cluster analysis method, the
Intensity-Area-Duration (IAD) method, as described in
Andreadis et al. (2005) and Sheffield et al. (2009). This
method has been already applied for China by Zhai et al.
(2016). The IAD method spatially connects similar regions
(or cluster) with drought conditions, i.e. a SPI/SPEI <-1.
Based on this, separate drought clusters (drought events)
with different area sizes are identified in the follow-up.
For each drought event, the cluster algorithm starts at the
drought center (lowest SPI/SPEI value) and attaches the
adjacent grid with a low SPI/SPEI value. When all grids
with a SPI/SPEI <-1 are incorporated in the drought event,
the contiguous area (accumulation) and the intensity (aver-
age) are calculated and listed in the database. More details
and descriptions on this cluster analysis method can be
derived from Zhai et al. (2016). Based on the results, the
IAD curves are constructed for each drought event with a
predefined duration (e.g. 1, 3, 6, 9, 12, 24 months). The
IAD envelope curve, extracted from the IAD curves, shows
the time and intensity per contiguous drought area and for a
specific duration.

3 Results
3.1 Evaluation of CCLM simulations

As the SPI and SPEI are both standardizations of precipi-
tation or the difference between precipitation and potential
evapotranspiration, the simulation ability of CCLM relates
to the ability in reproducing the precipitation and potential
evapotranspiration. Spatial patterns of the observed and
simulated average annual precipitation and potential evapo-
transpiration are presented in Fig. 2. The SCC of precipita-
tion between the observation and the CCLM-simulation is
0.71, which is significant at the 99% confidence level. The
Songhuajiang, Liaohe, and Huaihe River basins are all well
simulated with coefficients of 0.80, 0.89, and 0.87, respec-
tively (Table 1). However, CCLM simulates higher precipi-
tation in Southwest China and the Tibetan Plateau, while
less precipitation is simulated in Southeast China. Com-
pared to the observed data, the precipitation in North China
is less biased.

The SCC of the potential evapotranspiration between
the observation and the CCLM-simulation is 0.53, which
is significant at the 99% confidence level. The potential
evapotranspiration in the northeastern river basins is also
well simulated and less biased. The SCCs of the Song-
huajiang, Liaohe, and Yellow River basins are 0.94, 0.80,
and 0.90, respectively (Table 1). All ten large river basins
are passing the test of significance at the 95% confidence
level. The overestimation of potential evapotranspiration is
mainly located in the Huaihe, Zhujiang, and lower Yangtze

@ Springer



512

J. Huang et al.

55°N

45°N

35°N

25°N

(a) P - observation

\ Yo

1

15°N -
80°E

90°E

100°E  110°E  120°E

130°E

55°N

45°N

35°N

25°N

55°N

45°N|

35°N}

25°Nf

15°N

55°N

45°N

35°N

25°N

(C) ET - observation

\ ‘o 1

15°N :
80°E 90°E 100°E 110°E 120°E 130°E

15°N

2000

-
[$)
o
o

1000

precipitation (mm)

500

(b) P - simulation

. 2 .
100°E  110°E 120°E 130°E

80°E  90°E

1600

1400

tion (mm)

1200 ;

Ira

11000

evapotransp

800
(d) ET - simulation

" N 2 L .
100°E  110°E  120°E  130°E

600

80°E  90°E

Fig. 2 Spatial distribution of the observed and simulated average annual precipitation (a, b) and potential evapotranspiration (¢, d) in China for

the period 1961-2005

Table 1 Spatial correlation coefficients and biases of precipitation
and evapotranspiration between observation and CCLM-simulation of
the major river basins in China during 1961-2005

Regions Precipitation Evapotranspiration
SCC Bias (mm) SCC Bias (mm)
Songhuajiang 0.80% 250 0.94% -78
Liaohe 0.89% 112 0.80% 23
Haihe -0.29° 8 0.75% 148
Yellow 0.55% 144 0.90% 41
Huaihe 0.87¢ -177 0.20 319
Yangtze 0.25% 135 0.33% 19
Southeast -0.07 -234 0.69* 92
Zhujiang —-0.05 —388 0.78% 191
Southwest 0.36* 744 0.46% =271
Northwest 0.73% 147 0.44% -112

Significant at 99% confidence level
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River basins, while an underestimation occurs in Southwest
China and the Tibetan Plateau of higher elevation.

To evaluate the ability of CCLM in reproducing the
drought characteristics in China, the overall distribution
characteristics and spatial patterns of the number and aver-
age duration of observed and simulated drought events
(SPI/SPEI <-1) in China are shown in Fig. 3. For this pur-
pose, drought number and duration are extracted from the
drought events without considering the contiguous drought
area. The number of droughts is counted and the duration
of droughts is calculated by averaging all events’ duration
at each grid. CCLM simulates the overall distribution char-
acteristics of the observed drought number well with 15-20
droughts in most grids. During the period 1961-2005,
most droughts (more than 21 events per grid) have been
observed mainly in the southern and eastern parts of China
(Fig. 3b, d). Based on the classification into five groups of
drought numbers, the simulated number of events identified
by SPI/SPEI fit the observations at around 37% (31%) of all
grids. The CCLM-simulated events identified by SPI show
a lower frequency in the south, but a higher frequency in
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Fig. 3 Overall distribution characteristics of observed and simulated number and duration of drought events and their spatial distributions based

on the SPI and SPEI of China for the period 1961-2005

the central and southwestern parts of China (Fig. 3f). An
overestimation in the number of drought events obtained
from the SPEI is found in Northwest China.

During 1961-2005 droughts with duration of
4-6 months are most common, which are well captured
by CCLM using both SPI and SPEI (Fig. 3). For droughts
identified by the SPI, short-to-medium-term events
(4—6 months) are mainly simulated in the south and east
of China, while medium-term events (7-12 months) are
mainly located in parts of the northwestern and northeast-
ern river basins. The simulated duration of drought events
fit the observations at around 63% of all grids. For SPEI
droughts, short-to-medium-term events are also mainly
simulated in the south and east of China, especially in the
Zhujiang River basin and the middle and lower Yangtze
River basin (Fig. 31). Droughts with longer duration are
found in the northwestern river basins and parts of the Yel-
low, Haihe, Liaohe, and Songhuajiang River basins. Com-
pared to the observations, about 53% of the grid points
show similar average durations, while shorter durations
are simulated by CCLM for the northwestern river basins
but longer durations in the eastern Zhujiang River basin
(Fig. 3p).

3.2 Projected changes in SPI and SPEI

Droughts are influenced by the decrease in precipitation
and the increase in evapotranspiration. Changes of pre-
cipitation and evapotranspiration in 2016-2005 relative to
1961-2005 are presented in Fig. 4. Under RCP2.6, large
decreases in precipitation are shown in the southwest and
southeast of China, while large increases are projected in
the northeast river basins. Under RCP4.5 and RCP8.5, the
decreases are mainly located in the southwestern to north-
eastern regions of China. For evapotranspiration, increases
are found all over China with relative large changes pro-
jected in the Huaihe River basin under both RCP2.6 and
RCP4.5, and in the northeast river basins under RCPS.5.
By applying the same distribution function parameters
estimated for the baseline period 1961-2005 to the future
SPI/SPEI the dryness/wetness conditions relative to the
1961-2005 can be compared. Each box in Fig. 5 is con-
structed based on the 45 years’ (1961-2005) or 35 years’
(2016-2050) dryness/wetness conditions. The changes in
observed and projected SPI/SPEI are calculated under three
RCPs relative to the baseline period (Fig. 4). SPI(SPEI) <0
indicates dryness, while SPI(SPEI) >0 denotes wetness.
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Fig. 4 Projected changes in spatial patterns in precipitation (a—c) and evapotranspiration (d—f) under RCP2.6 (a, d), RCP4.5 (b, e) and RCP8.5

(¢, f) over China for the period 2016-2050 relative to 1961-2005

5 T T T T T T T T T
(a)se
+
I Fr LR | -
T.71 | | | - | | | T T
o - gy
I 0 '
| i— | LN ! = 1
! + l + + + *
5 1 1 | | 1 1 1 1 ] 1
Songhuangjiang Liaohe Haihe Yellow Huaihe Yangtze Zhujiang Southeast  Southwest  Northwest

| [__JBaseline [ RCP26 [ |RCCP4.5 [ RCPSS |

SPEI

d |
Songhuangjiang Liaohe Haihe Yellow Huaihe
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For the changes in SPI (Fig. 5a), relative to 1961-2005,
most years in future are projected to become wetter in Son-
ghuajiang River basin, Liaohe River basin, Haihe River
basin, Yellow River basin and Northwest river basins,
while a dryness tendency is found in the Yangtze River
basin and the Southeast and Southwest river basins under
RCP2.6. Under RCP4.5, strong dryness trends are found
in the Yangtze River basin and the Southwest river basins,
but a wetness tendency in the Northwest river basins. The
Yangtze and the Northwest river basins also get drier and
wetter under RCP8.5, respectively. But a dryness tendency
is found in the Songhuajiang, Liaohe, and Haihe River
basins, and a wetness tendency in the Southwest river
basins in most of the years under RCP8.5, which is con-
trary to the RCP2.6.

In contrast to the changes in SPI, the changes in SPEI
(Fig. 5b) show more severe dryness conditions in the north-
ern river basins, namely the Songhuajiang, Liaohe, Haihe,
Yellow, and Huaihe River basins. Similar changes are found
in the Yangtze, Southeast and Southwest river basins, while
a contrasting dryness change under all RCPs is found in the
Northwest river basins relative to the baseline period. From
low to high emission pathways, the northern river basins
are more likely to become drier, while the southern river
basins are projected to become wetter.

The spatial patterns of projected changes in the CCLM-
simulated SPI/SPEI are calculated for the three RCPs over
China for the period 2016-2050 relative to 1961-2005
(Fig. 6). For the change in SPI under RCP2.6 (Fig. 6a),
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multiple grids with statistically significant changes towards
wet conditions are found in the Songhuajiang River basin
(85% of all grids in the river basin), the Liaohe River basin
(84%), Haihe River basin (87%), the north of Huaihe River
basin (36%), Yellow River basin (88%), and the Northwest
river basins (65%). Significant changes towards dry condi-
tions are mainly shown in the Yangtze River basin (36%),
and Southeast river basins (93%). In the low emission RCP,
the regions with projected increases in dry conditions are
moving towards the south of China, indicating that more
drought impacts can be expected in South China, but less
in the central north. Under RCP4.5 (Fig. 6b), significant
changes towards dry conditions are mainly shown in the
west of Songhuajiang River basin (15%), east of Liaohe
River basin (27%), Yangtze River basin (50%), the South-
west river basins (68%). The significant negative changes
are mainly located in the observed dryness band. The spa-
tial patterns of significant changes toward dry conditions
under RCP8.5 are similar to RCP4.5, as significant trends
toward dryness conditions are simulated in the regions
from the southwest to the northeast of China (Fig. 6¢).
Under all RCPs, similar changes in the SPI are located in
Southwest China with changes toward dry conditions. For
the dryness or wetness changes detected by SPEI, dryness
changes are found almost all around China, except for parts
of the northeastern river basins under RCP2.6, the Zhuji-
ang River basin under RCPS8.5, and parts of the northwest
river basins under all RCPs (Fig. 6d—f). About 50, 51, and
38% of all grids in the Songhuajiang, Liaohe, and Haihe
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Fig. 6 Spatial distribution of projected changes in CCLM-simulated SPI (a—c) and SPEI (d—f) under RCP2.6, RCP4.5 and RCP8.5 over China
for the period 2016-2050 relative to the period 1961-2005; The significance is based on the two-sample ¢ test at 0.05 significance level
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River basinsare projected with a significant wetness trend
under RCP2.6, respectively. Similarly, around 42% of all
grids in the Zhujiang River basin show significant trends
towards wet conditions under RCP8.5.

3.3 Projected changes in drought frequency
and duration

To identify the relative changes in drought frequency,
the annual number of drought events is compared
between the future period 2016-2050 and the baseline
period 1961-2005 at each grid without considering the
drought extent. By using the SPI, the regional varia-
tions in drought frequency under RCP2.6, RCP4.5, and
RCP8.5 for the period 2016-2050 relative to the baseline
period 1961-2005 are shown in Fig. 7a—c. Under RCP2.6,
droughts occur more frequently in the Southwest and the
Southeast river basins. The relative changes in drought
frequency can be up to 264%. Under RCP4.5, the number
of droughts is projected to increase in the Southwest river
basins, the Yangtze River basin, the middle of the Yel-
low River basin, the Haihe River basin, and in parts of
the Liaohe and Songhuajing River basins. Under RCP8.5,
most frequent drought events occur in the observed south-
west to northeast dryness band. For all RCPs, the projected
changes in drought frequency to more occurrences are
generally located in the southwest of China, while more
drought events are mainly projected in the eastern, central,

and northeastern river basins with increasing emission con-
centration levels, respectively. The changes in SPEI-based
drought frequency (Fig. 7d—f) in South China are similar
to the SPI under all three RCPs, while different tendencies
are mainly located in North China with most of the grids
having an increasing tendency, especially in the northwest
river basins.

The average drought duration is calculated by averag-
ing the duration of all droughts simulated in the baseline
period 1961-2005 and likewise the projected future period
2016-2050 at each grid. The relative changes in drought
duration between these study periods are then com-
pared and illustrated (Fig. 8). For the SPI-based analysis
under RCP2.6, the projected drought duration will mainly
increase in parts of the Southwest, Zhujiang, Yangtze, and
Southeast river basins, while other regions show decreasing
tendencies in drought duration. Under RCP4.5, regions with
tendencies toward longer duration are additionally found in
some parts of the northeastern river basins. Here, the maxi-
mum relative change is up to 215%. Under RCP8.5, even
more regions with increasing drought durations are pro-
jected. These regions mainly include the river basins along
the previously mentioned southwest to northeast dryness
band. Under all RCPs, droughts especially in the south-
west and southeast of China are projected with prolonged
duration. For the SPEI-based analysis of drought duration,
relative to 1961-2005, tendencies toward shorter duration
are mainly found in the Zhujiang and the northeastern river
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Fig. 7 Spatial distribution of projected changes in the CCLM-simulated drought frequency detected by SPI (a—c) and SPEI (d—f) under RCP2.6
(a, d), RCP4.5 (b, e), and RCP8.5 (¢, f) over China during 2016-2050 relative to the period 1961-2005
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Fig. 8 Spatial distribution of projected changes in the CCLM-simulated drought duration detected by SPI (a—c) and SPEI (d—f) under RCP2.6
(a, d), RCP4.5 (b, e), and RCP8.5 (¢, f) over China during 20162050 relative to the period 1961-2005

basins, while droughts with a longer duration are projected
in the Yangtze, Southwest, and Southeast river basins
under RCP2.6. Similar spatial patterns are also found under
RCP4.5 and RCP8.5. From the low emission to high emis-
sion, droughts with longer duration are projected in the
middle and lower Yangtze River basin.

3.4 Projected changes in drought area

At a space—time dimension, each drought event has a spa-
tial extent. The average area of drought events with dif-
ferent duration identified by SPI or SPEI is calculated by
averaging the area of all drought events. The number of
drought events per year is counted by considering the spa-
tial extent. Relative changes in drought area and number
between the baseline period 1961-2005 and the future
period 2016-2050 are shown in Fig. 9.

The SPI-based changes under RCP2.6 show areas of
short-term drought events (1-3 months) with a slight
decreasing tendency, while strong increases of up to 48%
are found for long-term drought events (>12 months). All
drought events with different duration have a decreasing
tendency in area under RCP4.5, while increasing tenden-
cies in drought area are projected under RCP8.5. Here, the
increases in drought area with a 24-month duration are up
to 60%. Relative to the baseline period, decreasing changes
in frequency are found in short term (1-3 months) drought
events, while increases are projected in medium- and

long-term drought events (>9 months) under both RCP2.6
and RCP8.5. Under RCP4.5, increasing changes are shown
in drought events with duration of less than 12 months,
while the frequency of long-term drought events (>12
months) decreases.

For SPEI-based changes (Fig. 9c, d), all RCPs show an
increasing tendency in drought area for different duration.
Large increases are found in short-term (1-3 months) and
long-term (>12 months) drought events. The drought num-
ber also shows increasing tendencies under all RCPs. The
relative changes in drought events with 24-month duration
can reach 473, 594, and 1073% for RCP2.6, RCP4.5, and
RCPS8.5, respectively. Longer drought events are projected
to be more frequent in future.

To identify the spatial changes in drought area, the loca-
tion of the drought center per event (grid of the lowest SPI/
SPEI in the spatial extent) is extracted. Changes in the loca-
tion of the drought center for different drought duration are
shown in Fig. 10. As indicated by the SPI, drought events
with 1-month duration will shift to the southwest under
RCP2.6, while drought events with duration longer than
6 months are projected to move to the southeast. Under
RCP4.5, drought events with different durations are pro-
jected to follow a southeastward shift. An eastward shift in
drought centers is also found under RCP8.5. For the SPEI-
based analysis, all durations follow a shift to the southwest
under RCP2.6, except for the southeastward shift found in
drought events with 24 months. Under RCP4.5, short- and
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Fig. 9 Relative changes in drought area (a, ¢) and drought number (b, d) based on the SPI (a—b) and SPEI (c—d) for various durations and under

three RCPs over China during the period of 20162050
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medium-term (1-6 months) drought events move to the
northeast relative to the baseline period 1961-2005. A
southeastward shift is also projected in drought events
with 24 months duration. Under RCP8.5, northeast and
northwest shifts of the location of drought events have
been found for durations less than 12 months, while
drought events with 24 months show a southeastward shift.
Although different results are found between SPI and SPEI,
consistent changes are shown in the location of the center
of drought events with 24 months.
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3.5 Severity of projected drought events

The IAD envelope curves represent the highest intensity
at each contiguous drought area during the study period
for whole China. A comparison of past and future enve-
lope curves and projected single events is done to assess
whether the drought events with predefined duration in
future are more severe than the past drought events. In
Fig. 11, the IAD envelope curve of the baseline period is
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Fig. 11 Intensity-area-duration envelope curves and severe drought events (more severe than the baseline period) based on the SPI (a—f) and
SPEI (g-1) under different RCPs over China for the period of 2016-2050 and the baseline period (1961-2005)

compared with the respective curves of the future period
for each RCP.

The SPI-based analysis of IAD curves and severe
drought events is presented in Fig. 11a—f. For droughts with
1-month duration, the envelope curves show quite simi-
lar paths (Fig. 11a), with the future curves having higher
intensities under all RCPs. By considering both drought
intensity and drought area under all RCPs, between four
to seventeen future drought events of 1-month duration
with an area above 50,000 km? are more severe than the
most severe droughts of the baseline period (Table 2). For
drought events with 3-months duration, from two to 16
drought events are projected to be more severe than in the
past. Higher intensities are found for future IAD envelope
curves at almost all contiguous areas. This is also found for
drought events with 6- and 9-month duration (Fig. 11c—d).

The strongest change to higher intensities and high num-
bers of more severe drought events is projected for events
with 12- and 24-months duration (Fig. 11f). In contrast to
the baseline period, drought events with 12- and 24-months
duration cover even larger areas under RCP2.6 and RCPS.5.
Under RCP8.5, some 58 events are projected to be more
severe than any 24-months-drought simulated in the past.
Relative to the baseline period, the projected number
of more severe drought events generally increases with
increasing drought duration (Table 2).

The SPEI-based analysis of IAD curves and severe
drought events is shown in Fig. 11g—1. Drought events with
different durations cover even larger areas under RCP8.5
than in the baseline period. Short-term (1-3 months) and
long-term (>12 months) drought events have a higher num-
ber of severe drought events than short-to-medium-term

Table 2 Number of CCLM-

. : Event duration SPI SPEI
projected drought events in (months)
China (2016-2050), which are RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5
more severe than events in the
baseline period (1961-2005); 1 11 4 17 22 26 33
the projected droughts are 3 15 2 16 18 27 25
categorized by their duration, all 6 15 3 9 2 14 12
cover a contiguous area larger
than 50,000 km?, and they are 9 16 6 11 2 13 11
based on the SPI or SPEI under 12 24 9 43 12 11 13
three RCPs 24 30 4 58 47 59 132
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(4-6 months) and medium-term (7-12 months). The
strongest change to higher intensities and high numbers
of more severe drought events is also projected for events
with 24-months duration. From low emission to high emis-
sion, higher numbers of drought events are projected.
Under RCPS.5, the number of drought events more severe
than in the baseline period with 24-months duration is 132
(Table 2). This means that for whole China long-lasting
drought events of 24-months duration are very likely to be
more severe (in intensity and/or areal extent) in the future.
The locations of the centers of severe drought events
(more severe than events in the baseline period) for the
period 2016-2050 are analyzed for all three RCPs (Fig. 12).
For the SPI-based droughts under RCP2.6, the severe
droughts show a southeastward shift in the 2020s and
2030s, and an eastward shift in the 2040s. Under RCP4.5,
the projected locations of the centers of severe drought
events are mainly located in the south of China, implying a
southeastward shift compared to the baseline period. Under
RCP8.5, many severe drought events also show a southeast-
ward shift, while some others show shifts to the northeast
or northwest. For the SPEI-based locations of the drought
centers, a general southeastward shift is found under all
RCPs. Some shifts to the east and to the northeast can also
be detected under RCP8.5. By visualizing the location of
the most severe drought centers, quite a large difference in
the regional distribution of projected droughts based on the

SPI as compared to the SPEI can be seen. While the main
concentration of SPI-based severe droughts is projected in
South China, the SPEI-based severe droughts concentrate
mostly in the northwest of China.

3.6 Projected changes in the wind field at 850 hPa

Projected changes in the summer and winter wind fields
at 850 hPa during the period of 2016-2050 are shown in
Fig. 13. Relative to 1961-2005, the rare changes in wind
direction are less than 45 degrees, indicating only lit-
tle changes in wind direction for both summer and win-
ter during 2016-2050 under the three RCPs. In summer
(June—August, JJA), similar changes in spatial patterns of
wind speed are found under all RCPs. Increasing tenden-
cies are shown in the Bay of Bengal, the South China Sea,
the western Pacific and west of Eurasia, while decreases
are projected in South of China. Differences are found in
Northeast China with decreasing tendencies under RCP2.6
and increasing tendencies under RCP4.5 and RCP8.5.
From low to high emission pathways, the wind speed gets
stronger in the area of increases and weaker in the regions
of decreasing tendencies (Fig. 13a—c). During the win-
ter period (December—February, DJF), wet air flows come
mainly from the west. Differences in wind speed changes
under the three RCPs are mainly found for Northeast China
and the North China Plain (Huaihe River basin, Haihe
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Fig. 12 Locations of severe drought events of specific duration (cir-
cle size) based on the SPI (a—¢) and SPEI (d—f) under three RCPs in
China for the baseline period (1961-2005, grey circles) and for the
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Fig. 13 Projected changes in the wind field at 850 hPa for summer
(a—c) and winter (d—f) of 2016-2050 under RCP2.6 (a, d), RCP4.5
(b, e) and RCP8.5 (c, f) relative to 1961-2005; arrows represent the

River basin and east of Yellow River basin). Decreasing
tendencies are shown in Northeast China under RCP2.6,
while increases are projected under both RCP4.5 and
RCPS8.5. Contrasting in the North China Plain, increas-
ing tendencies are found under both RCP2.6 and RCP4.5,
while decreases are projected under RCPS8.5 (Fig. 13d—f).

4 Conclusions and discussion

The ability of CCLM in reproducing drought characteristics
in China is evaluated on observed monthly climate datasets.
Based on this, CCLM-projected changes in the intensity,
area, and duration of future drought events are analyzed by
applying the TAD method on SPI and SPEI time series for
the period 2016-2050. Future analysis of drought charac-
teristics is rather based on the SPEI-results, while the SPI
is used in comparison with the SPEI to identify the effects
of evapotranspiration on drought events.

Compared to the observations, the regional climate
model CCLM has a certain capability to simulate the cur-
rent climate (e.g. precipitation, evaporation) and drought
characteristics in China. Dominant spatial features in
annual precipitation are well reproduced by CCLM with
significant SCCs around 0.71. But the variation in precip-
itation is hard to capture, the temporal correlation coeffi-
cient (TCC) between observation and simulations provided
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by CMIP5 models over China is not significant or even
negative (Xu and Xu 2012a). The simulation ability can be
influenced by the biases in the driving GCM (Laprise 2014;
Fischer et al. 2013). The MPI-ESM-LR, which is used
to drive CCLM in this paper, shows a higher spatial and
temporal correlation coefficient when compared to other
CMIP5 GCMs (Xu and Xu 2012a).

The dominant spatial features in drought character-
istics based on the SPI or SPEI are also well reproduced
by CCLM, while significant higher numbers in drought
events with shorter duration are simulated for the SPEI in
the northwest of China. This may be related to the simu-
lation ability in potential evapotranspiration. By using
the Thornthwaite (TH) approach as described by Yu et al.
(2014a, b), potential evapotranspiration can be well simu-
lated, as temperature over China is satisfyingly captured by
RCMs and even GCMs with spatial and temporal correla-
tion coefficients above 0.90 (Gao et al. 2012b; Xu and Xu
2012a). Except contrasting tendencies between SPI- and
SPEI-based drought events in the Northwest river basins,
the Thornthwaite approach and the Penman—Monteith
(PM) equation show similar results (Chen and Sun 2015).
It has been found that the PM equation is more robust and
can be computed with the climate variables provided by
CCLM (Begueria et al. 2014). In addition, the dominant
spatial features in observed potential evapotranspiration
calculated with the PM equation could also be captured
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with CCLM, especially for the northeastern river basins
with SCCs above 0.80. The biases in PET from observa-
tions and simulation might be caused by the higher biases
in relative humidity and sunshine duration, as well as the
general assumptions of plant characteristics, which are very
sensitive variables in the PET calculation for all regions of
China (Yin et al. 2010).

Relative to the baseline period 1961-2005, in most of
the future years (2016-2050) dry conditions according to
the SPEI are projected for the ten large river basins. By
comparing the results from the SPI and SPEI, it becomes
clear that the northern river basins, including the Song-
huajiang, Liaohe, Haihe, Yellow River, and the Northwest
river basins, are heavily affected by evapotranspiration. In
the Northwest river basins opposite drought conditions are
found between the SPEI and SPI. However, the Yangtze,
Zhujiang, Southwest, and Southeast river basins are less
affected by evapotranspiration showing only small differ-
ences between the two drought indices. The responses of
temperature and precipitation to drought in northern China
are also larger for the baseline period (Chen and Sun 2015).
This can also be seen in the spatial patterns of the changes
in the CCLM-simulated SPI and SPEI, especially under the
higher emission RCPs.

A dryness band from the southwest to the northeast of
China has been observed for the period 1960-2013 (Zhai
et al. 2016). A continuing tendency to dry conditions along
this observed dryness band in China is projected under
RCP4.5 and RCP8.5. Under RCP2.6, continuing dryness
tendencies are found in Southwest China. Additional areas
with tendencies to dryness under all RCPs are also found in
the Southeast river basins, the middle and lower Yangtze
River basin, and the Northwest river basins. These changes
may lead to more serious drought events in Southwest
China and an overall shift of drought events to the south.
According to the differences between the spatial patterns
of the SPI and SPEI, from low emission to high emission
RCPs, the drought centers are more likely to experience a
southeastward and northwestward shift mainly caused by
the decrease in precipitation or the increase in evapotran-
spiration, respectively. The decrease in precipitation in the
southern parts of China has also been projected with the
CMIP5 multi-model ensemble, especially under RCPS8.5
(Xu and Xu 2012b).

Based on the SPEI results, more frequent drought
events with a longer duration will occur mainly in the
Southwest and the middle and lower Yangtze River basins
under RCP2.6 and RCP4.5 relative to the baseline period,
which are the results of a projected reduction in precipita-
tion amounts. Under RCP8.5, drought events with longer
duration are more frequent in the southwest and north-
east of China and less frequent in the southeast of China.
Comparing the SPEI and SPI-results, evapotranspiration

@ Springer

plays an important role in the increase in drought num-
ber and duration in parts of the northern river basins. The
similar changes under all RCPs are the higher drought
numbers and longer duration in the southwest of China
and the longer duration in the southeast. Comparable
findings are also projected by other GCMs and RCMs,
which use a similar drought index or the extreme climate
index of consecutive dry days (CDD). By calculating the
SPI drought index under a SRES A1B scenario (equiva-
lent to RCP6.0), fewer droughts in northern China and
more droughts in parts of southern China have also been
projected (Chen et al. 2013). The projected CDD show an
increase in the south of China, with the strongest increase
found in the southwest, indicating an aggravation of
drought risks, especially in southwestern China (Xu et al.
2013; Ji and Kang 2015). Furthermore, the drought risks,
projected by the CMIP5 multi-model ensemble, show
two major risk locations, one in the southwest of China
and one in the Qinghai-Tibetan Plateau (Wang and Chen
2014).

The drought area is traditionally obtained either by
considering its largest extent or by counting the affected
(administrative) regions of China. The IAD method pro-
vides a good opportunity to analyze drought events in
a space-time dimension by considering their spatial
extent (in this study larger than 50,000 km?) for different
drought durations. Based on this, all drought events show
increasing tendencies in drought area and number, espe-
cially for the long-term (>12 months) drought events. For
the drought events detected by SPI only considering the
decrease in precipitation, under RCP4.5 (the closest RCP
to SRES AI1B), the drought areas for all drought dura-
tions show decreasing tendencies, which is in line with the
results described by Chen et al. (2013) who used SRES
A1B. More severe drought events of small areal extent and
duration less than 12 months are projected under RCP4.5
relative to the baseline period. Observed changes in China
during 1960-2013 show a decreasing tendency in drought
area but an increase in severity (Zhai et al. 2016). This ten-
dency is projected to continue under RCP4.5. However, a
higher frequency with increasing area extent is projected
for drought events with more than 6 months duration under
RCP2.6 and RCP8.5. According to the differences between
the SPI and SPEI, global warming will lead to an increase
in droughts with larger area and different duration. It
should be noted that the actual projected monthly data is
used in the identification of the future number of drought
events under the different RCPs, hence taking the projec-
tions as some kind of real forecast instead of focusing on
the underlying trends, for which the climate projections
are implied for. That means the projected number in severe
drought events inhibit a high uncertainty, which should be
considered when comparing past and future drought events.
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Without considering the effects of global warming, the
locations of drought events with different durations are
estimated to likely shift from the southwest to the east or
southeast of China. The shift of the location of drought
centers from the northwest to the southeast within Central
China has also been found in observed time series (Zhai
et al. 2016). By considering the evapotranspiration through
assessing the SPEI, a relative northward shift of drought
centers can be projected. However, the long-term (>12
months) drought events indicated by the SPI and SPEI are
projected to shift to the southeast of China. To further quan-
tify the intensity of future droughts, more severe drought
events than experienced in the past can be extracted by the
IAD method. From low emission to high emission RCPs,
higher numbers of drought events more severe than in the
past are projected, especially for the drought events with
24-months duration. Relative to most severe droughts in
baseline period, the severe drought events in future are also
expected to mainly shift southeastward.

Changes in droughts characteristics (and location shifts)
are affected by the observed and projected decrease in
precipitation and increase in evapotranspiration. Con-
stant increases in evapotranspiration are projected for all
regions of China, which is associated with global warming.
The changes in precipitation are related to the changes in
water vapor inflows. Differences in regional precipitation
changes projected with three RCPs are mainly found in
Northeast China and the North China Plain (Huaihe River
basin, Haihe River basin and east of Yellow River basin).
The decreasing tendencies in 850 hPa wind speed in North-
east China under RCP2.6 will lead to more precipitation
than under RCP4.5 and RCP8.5. These changes result in a
tendency to wetness in the northeast river basins of China
under RCP2.6.

Conclusively, more frequent long-term drought events
(>12 months) with large areas are more likely to occur in
the south of China. This finding should be of great concern,
as most droughts have rather adverse impacts in the socio-
economic sectors of China, especially in the south of China
(Qin et al. 2015). For example, the reduction in hydroelec-
trical production went up to 20% and significant impacts
on the vegetation productivity had been detected in south-
western China during the 2009/2010 drought event (Barrio-
pedro et al. 2012; Zhang et al. 2012). Shifts and increases
in the intensity, area, and duration of future droughts will
put more stress on the population, the agriculture, and the
water resources in China. Therefore, adaptation measures at
regional and local scale need to be implemented to be pre-
pared for severe future drought impacts in China. Further
research on local impacts of droughts and potential adapta-
tion measures is of great demand. In addition, Multi RCM-
ensembles under the CORDEX frame should be analyzed
in further studies to address the uncertainties involved in

regional climate projections (Giorgi et al. 2009; Giorgi and
Gutowski 2015).
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