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Abstract: Understanding historical and future drought patterns is crucial to acclimation and the
mitigation of drought. The negative impact of China’s droughts on the social economy has attracted
attention; however, there is still no comprehensive or long-term monitoring pattern for future
droughts. Here we evaluated the precipitation and temperature simulation capability of Coupled
Model Intercomparison Project Phase 6 (CMIP6) and evaluated the temporal and spatial pattern of
droughts during 1961-2099 across China. The results show that the multi-model ensemble mean
(MME) is more representative of the observed precipitation and temperatures across China than the
single climate model. China experienced an overall drying trend in the historical period. After 1991,
the drought frequency (DF), drought duration (DD), and drought intensity (DI) in the northwest of
the Inland River Basin and in the Yangtze River Basin increased significantly. Compared with the
historical period, China will suffer more frequent drought events, although the DD and DI will be
weakened under SSP1-2.6 and SSP2-4.5, while China will experience longer DD and more serious
drought events under SSP3-7.0 and SSP5-8.5. The Hai River Basin and Huai River Basin are expected
to have more serious drought trends in summer. Compared with historical periods, the drought trend
will increase by 2.9-5.7 times and 1.1-4.2 times, respectively. The results can be used for decision
making regarding future drought control.

Keywords: drought assessment; drought characteristics; standardized precipitation evapotranspiration
index; CMIP6 models; SSP scenarios; China

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC, 2021) in its 6th Assessment
Report reported that the global surface temperature (GST) was 1.09 °C (0.95-1.20 °C) higher
in 2011-2020 than that in 1850-1900. An accelerated hydrological cycle can be expected in
the context of global warming [1,2], which may potentially increase the frequency and/or
intensity of climate extremes, such as floods and droughts, at regional and global scales [3,4].
Global economic losses caused by droughts have been estimated to be as high as USD
6-8 billion annually, which is considerably higher than those caused by other meteorolog-
ical disasters. In the past 50 years, thousands of people have died from the increase in
extreme climate incidents around the world, mainly resulting from climate change, such as
the flood on the Yangtze River Basin in 1998 [5], the heat wave in Eastern China in 2013 [6],
the extreme snowfall anomaly over the northeast Tibetan plateau in early winter, 2018 [7],
and the extreme rainstorm event on 20 July 2021 in Zhengzhou [8]. Furthermore, severe,
and extreme drought events have occurred frequently in China, causing huge social and
economic losses [9]. Therefore, evaluating the ability of precipitation and temperature
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simulation and drought prediction is of great significance for sustainable development in
China [10-12].

The Coupled Model Intercomparison Project (CMIP) was published by the World
Climate Research Program (WCRP) to promote global circulation model (GCM) data
sharing and comparison [13-16]. Compared with CMIP phase 5 (CMIP5), CMIP phase
6 (CMIP6) is the new start year for the new GCM and future scenarios (CMIP6 in 2015 and
CMIPS5 in 2006), and incorporates a new scenario for concentration, emission, and LUCC
(Land Use/Cover Change) [17]. Compared with CMIP5, CMIP6 can reveal past, present,
and future climate changes that are caused by natural, unforced changes [16]. Previous
studies have confirmed that the CMIP5 multi-model ensemble (MME, mean precipitation,
and temperature from 27 CMIP6 climate models) can simulate the spatial patterns of
precipitation and temperature [18,19]. In addition, the CMIP6 framework design develops
the Representative Concentration Pathways (RCP) into Shared Socio-Economic Pathways
(SSP), which are very suitable for investigating future climatic variation across China and
forecasting drought.

In China, many researchers have also paid close attention to the assessment of me-
teorological drought, especially at regional and basin scales. A series of earlier studies
found that the arid zone from southwest to northeast China will continue to show a dry-
ness trend under the RCP4.5 (i.e., scenario in which the total radiation forcing is stable at
4.5 W/m? after 2100) [20]. It is expected that the future drought in the Pearl River Basin
(PRB) (2016-2100) will be more serious than the historical drought (1960-2015) [21]. The
drought frequency (DF) and intensity (DI) in most regions of China will increase signifi-
cantly, and China will face a more serious drought crisis when the total radiation forcing
reaches 4.5 W/m? and 8.5 W/m? after 2100, especially in northwest China [22]. Most parts
of China are expected to suffer more serious droughts with a longer drought duration
(DD) from 2021 t02100 under the RCP4.5 [23]. In previous studies, CMIP5 climate models
were mostly used for drought forecasting; however, CMIP6 climate models have rarely
been used for drought forecasting across China. Although some previous studies have
used CMIP6 climate models to forecast drought across China, only four climate models
were selected and the climate simulation capabilities of CMIP6 climate models were not
evaluated [24], which increased the uncertainty of the drought forecast. Since great spatial
differences in droughts exist across China, selecting 27 CMIP6 climate models to calculate
MME has important practical significance for drought forecasting.

The general increase in drought events has drawn the utmost attention worldwide.
Numerous studies have emphasized the evolution of drought characteristics under dif-
ferent RCP scenarios, whereas negligible effort has been paid to exploring the evolution
of drought characteristics under different SSP scenarios. This study aims to evaluate the
simulation ability of the precipitation and temperature simulation capability (including
spatial and temporal characteristics) of the upgraded GCM outputs from CMIP6, and to
clarify the future drought evolution under different SSP scenarios. This study focuses on
quantitative evaluation changes in anticipated drought characteristics across China con-
sidering the influential effects of different SSP scenarios. Specifically, the following issues
are focused on: (1) assessing the precipitation and temperature simulation capability of
27 CMIP6 climate models and MME using a Taylor diagram; (2) investigating the historical
drought characteristics (DF, DD, DI) and trends (1961-2014) across China; (3) projecting
and evaluating future drought from 2015 to 2099 under different SSP scenarios; and (4)
analyzing the differences in drought characteristics and trends between the historical and
future periods. The results of this study can be used as an important reference for the
development of drought warning systems, drought risk assessments, and agricultural
regional planning across China.
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2. Materials and Methods
2.1. Study Area

This study was conducted in China (18-54° N, 73-135° E) (Figure 1). The region
contains a large land area of approximately 9.6 million km? and a population of >1.4 billion.
To reveal the differences in drought spatial changes in nine basin sub-regions, we divided
the study area into nine sub-regions based on the standard of the Chinese Academy of
Sciences: Songliao River Basin (SLRB), Hai River Basin (HARB), Huai River Basin (HURB),
Yellow River Basin (YRB), Inland River Basin (IRB), Yangtze River Basin (YZRB), PRB,
Southeast River Basin (SERB), and Southwest River Basin (SWRB).
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Figure 1. Meteorological stations, topographical features, and locations of the nine basin sub-regions,
i.e., the Songliao River Basin (SLRB), Hai River Basin (HARB), Huai River Basin (HURB), Yellow
River Basin (YRB), Inland River Basin (IRB), Yangtze River Basin (YZRB), Pearl River Basin (PRB),
Southeast River Basin (SERB), and Southwest River Basin (SWRB). Data were from the Resource and
Environment Data Center, Chinese Academy of Sciences.

2.2. Materials

In this study, the observed data from meteorological stations and simulated data of
the upgraded GCM outputs from CMIP6 were used. The historical monthly observations,
including temperature and precipitation, used in this paper are available via http:/ /www.
nmic.cn/ (accessed on 3 January 2022), and provide long-term and reliable information on
the precipitation and temperature status across China with a 0.5° resolution from 1961 to
2014. This dataset was used to assess the applicability of 27 CMIP6 climate models and
their averages (MME) across China.

Monthly gridded precipitation and temperature data (Table 1) of 27 CMIP6 climate
models for historical periods (1850-2014) and future periods (2015-2100) were obtained
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from the Earth System Grid Association (https://esgf-node.llnl.gov/search/cmip6/ (ac-
cessed on 3 January 2022)). Here, the SSP is a combination of the Representative Concen-
tration Pathways (RCP) and alternative pathways of socioeconomic development [16,17].
The selected SSP are considered as combinations of low societal vulnerability with a
low emission level (S5P1-2.6), medium societal vulnerability with a medium emission
range (SSP2-4.5), relatively high societal vulnerability with a medium-high forcing range
(5SP3-7.0), and higher emissions that impose high mitigation but low adaptation chal-
lenges (SSP5-8.5) [25]. By considering the difference in resolution between the models
and referring to previous studies, a bilinear interpolation was used to convert the CMIP6
model datasets to a 0.5° resolution [26,27]. The monthly simulations of historical periods
(1961-2014) and future periods (2015-2099) from CMIP6 climate models were selected for
the follow-up study.

Table 1. Coupled Model Intercomparison Project (CMIP6) models adopted in this study.

No Model Institution Country Resolution
1 ACCESS-CM2 CSIRO-BOM Australia 1.25° x 1.88°
2 ACCESS-ESM1-5 CSIRO-BOM Australia 1.25° x 1.88°
3 AWI-CM-1-1-MR AWI USA 0.94° x 0.94°
4 BCC-CSM2-MR BBC China 1.10° x 1.10°
5 CAMS-CSM1-0 CAMS China 1.10° x 1.10°
6 CanESM5 CCCma Canada 2.81° x 2.81°
7 CanESM5-CanOE CCCma Canada 2.81° x 2.81°
8 CESM2 NCAR USA 1.25° x 0.94°
9 CESM2-WACCM NCAR USA 1.25° x 0.94°
10 CMCC-CM2-SR5 CMCC Italian 1.25° x 0.94°
11 CMCC-ESM2 CMCC Italian 1.25° x 0.94°
12 CNRM-ESM2-1 CNRM-CERFACS France 1.40° x 1.40°
13 EC-Earth3 EC-Earth Consortium Europe 0.35° x 0.35°
14 EC-Earth3-Veg EC-Earth Consortium Europe 0.35° x 0.35°
15 FGOALS-f3-L CAS China 1.25° x 1.00°
16 GFDL-ESM4 NOAA-GFDL USA 1.25° x 1.00°
17 NTM-ESM ™ Italian 1.88° x 1.90°
18 INM-CM4-8 INM Russia 2.00° x 1.50°
19 INM-CM5-0 INM Russia 2.00° x 1.50°
20 IPSL-CM6A-LR IPSL France 2.50° x 1.27°
21 MIROC6 JAMSTEC Japan 1.40° x 1.40°
22 MIROC-ES2L JAMSTEC Japan 2.81° x 2.81°
23 MPI-ESM1-2-HR MPI-M Germany 0.94° x 0.94°
24 MRI-ESM2-0 MRI Japan 1.13° x 1.13°
25 NorESM2-MM NCC Norway 2.50° x 1.89°
26 TaiESM1 CCliCs China 1.25° x 0.94°
27 UKESM1-0-LL MOHC Britain 1.88° x 1.25°
2.3. Methods
2.3.1. SPEI

Previous studies have confirmed that a single numerical value calculated by multi-
ple atmospheric variables is more valuable than the original value for the quantitative
evaluation of the drought level [28]. The Standardized Precipitation Evapotranspiration
Index (SPEI) was proposed by Vicente Serrano et al. [28] based on the advantages and
limitations of the Standardized Precipitation Index (SPI) [29] and the Palmer Drought
Severity Index (PDSI) [30]. SPEI is designed to consider both precipitation and temperature,
and it also considers the impacts of potential evapotranspiration on drought (which PDSI
pays attention to) and the multi-time scale characteristics of SPI. It is one of the most widely
used indicators in the monitoring and quantitative description of meteorological drought,
and SPEI has been successfully applied and been proved to investigate the spatio-temporal
pattern of drought across China [9,31-34]. First, Vicente Serrano et al. [30] calculated the
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potential evapotranspiration (PET) via the Thornthwaite [35] method. Secondly, the dif-
ference sequences between monthly precipitation and PET were obtained. Finally, D was
fitted by loglogistic distribution. SPEI can be calculated on different time scales, which
represent the water surplus and deficit of the first N months [36]. The specific calculation
process of SPEI is provided elsewhere [29]. The smaller the SPEI value, the more arid and
water-deficient the region [29]. Conversely, the larger the value, the wetter the region [37].
Categories of the drought based on the SPEI are shown in Table 2 [38].

Table 2. Categories of the drought based on the SPEL

Categories SPEI Values

Normal —0.5 < SPEI
Slight dry —1.00 < SPEI < —0.50
Moderate dry —1.50 < SPEI < —1.00
Severe dry —2.00 < SPEI < —1.50

Extreme dry SPEI < —2.00

2.3.2. Drought Characterization

The 1-month SPEI is usually used to reflect meteorological drought. Changes in soil
moisture are better reflected with a 3-month SPEI, and the 6-24-month SPEI reflects the
long-term variation of the run-off, groundwater, and freshwater storage [39]. In this paper,
we applied the 3-month timescale SPEI to depict the relative short-term variations in the
surface soil moisture content and the seasonal differences in drought, which matched
China’s agricultural production.

After calculating the 3-month timescale SPEI (SPEI03), drought characteristics can be
derived from the run theory, which is a method of analyzing time series [40]. The traditional
run theory ignores the fact that severe drought events may be blended with a few non
drought phenomena, causing one “serious drought event” to be divided into several
“small drought events”, which weakens the impact of the actual drought [41]. Hence, a
three-threshold run theory proposed by He et al. [11] was applied to identify the drought
characteristics. Drought events were analyzed through four drought characteristics. They
are defined below: DD is the persistent time of a drought event, calculated as the timespan
between the initiation time and the termination time of a drought event [31]; number (N) is
the number of droughts experienced every year, DI is the absolute value of the accumulated
sum of all SPEI values in a drought event; and drought frequency (DF) is the proportion of
drought months in the total months [42].

Three thresholds were set as 0, —0.5, and —1, respectively. The identification process
of the drought events was as follows (Figure 2):

Step 1. When the SPEI was <—0.5, we first preliminarily judged that a drought
occurred in that month. In the shaded part of Figure 2, it can be seen that there were
10 months of drought.

Step 2. Then, for the drought event that lasted for 1 month, when the SPEI was >—1,
we considered that no drought occurred in that month and excluded it, e.g., the blue shaded
portion in Figure 2.

Step 3. Finally, for the case that the interval between two adjacent drought events was
1 month, when the SPEI of that month was <0, the two drought events were combined
into one drought event, the DI was the absolute value of SPEI cumulative associated with
drought events, and the DD was the sum of the durations of the two drought events + 1,
e.g., the first drought event in Figure 2. Otherwise, it was recognized as two independent
drought events, e.g., the third and fourth drought events in Figure 2.
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Figure 2. Identification of the drought events using the three-threshold run theory. DD = drought
duration, DI = drought intensity, ND = Non drought events meeting Step 1. SPEI—Standardized
Precipitation Evapotranspiration Index.

2.3.3. Simulation Assessment

The MME is the mean of the precipitation and temperature from 27 CMIP6 climate
models and has been applied universally in the simulation and forecast of future climatic
variation, because it is able to offset the deviation of a single model to a certain extent [19].
Meanwhile, previous studies have confirmed that the application of CMIP5 MME has
produced more outstanding simulations than a single model [19,43].

Standardized Taylor diagrams were applied to evaluate the applicability of CMIP6
models by comparing the differences with the observations from meteorological stations
using the correlation coefficient (R), standard deviation (SD), and root mean square error
(RMSE) between the simulations (0s) and observations (o,) [43,44].

R=- i 1)
\/_21 (05 = 05)" (00 — ‘70)2
i=
%,);(‘75—‘75)2
SD = % )
% ) (170*‘70)
i=1
n—1
2
%Z (Uo Us)
RSME = J_=! 3)
n 2
%): (‘70*‘70)
i=1
n—1

In Equations (1)-(3), the SD and RMSE of the observations and simulations are divided
by the standard deviation of the observations, so that SD = 1 and RMSE = 0 of observations.
The purpose was to eliminate the physical quantity unit of each model. The larger the R, the
higher the correlation between the simulations and the observations. On the contrary, the
larger the RSME, the greater the deviation between the simulations and the observations.
However, the closer the SD of each model was to 1, the closer it was to the observations. It
is worth noting that SD and RMSE values provided in this study were standardized results.
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2.3.4. Mutation Test for Historical SPEI

We applied the Mann-Kendall mutation test to identify whether there were mutations
in the historical SPEI from 1961 to 2014 and to determine the time of the mutations. Mann-
Kendall is a nonparametric method [45] which constructs a positive sequence (UF) and
an inverse sequence (UB) using Equation (4) and judges the change trend and mutation
according to the curve of positive and inverse sequence statistics.

[Sk — E(Sk)]

UF, =
Var(Sk)

4)

In Equation (4), the rank sequence Sk is the cumulative number of values at time i
greater than the number of values at time j. UF; = 0. E(Sy) and Var(Sy) are the mean and
variance of the Sx. When xq, Xy, ... , X, are independent of each other and have the same
continuous distribution, they can be calculated by Equations (5) and (6):

n—1)

E(Sy) = nin-1)

] ©)

n(n—1)(2n+5)
7 (6)
Repeat the above process in the reverse order of time series (xn, xn—1, ..., x1) and
make UBy = -UF, (k=n,n —1,...,1, UB; = 0). In the current study, the statistical
sequence UFy was an analysis result of the historical SPEI from 1961 to 2014, and UBy was
that from 2014 to 1961. When UFy or UBy > 0, the sequence shows an upward trend. When
UFk or UBk < 0, the sequence shows a downward trend. When UF, or UBy exceeded the
0.05 confidence interval, it indicates that the upward or downward trend is significant. The
range beyond the 0.05 confidence interval is determined as the time where the mutation
occurs. If UFk and UBg curves intersect and the intersection is between the 0.05 confidence
interval, the time corresponding to the intersection is the start time of the mutation.

Var(Sy) =

2.3.5. Trend Analysis and Significance Test

Sen’s trend analysis is a robust non-parametric statistical method for detecting trends
and is widely used for meteorological, hydrological, and vegetation data [46]. A key
advantage of this slope method is that it does not need to follow a certain distribution and
is calculated using Equation (7) [46].

SPEIL; — SPEI;

Trendgpg; = Median< =i

)Vj > 11961 (2015) <i <j <2014 (2099) (7)

The Mann-Kendall significance test, which has been found to enable a robust quan-
tification of trends in hydro-meteorological series [47,48], was employed. Further details
regarding the Mann-Kendall significance are provided in Daufresne et al. [49]. Sen’s trend
analysis was used to understand the SPEI changes; however, it was not possible to deter-
mine whether the SPEI change was significant. Therefore, areas with significant changes in
SPEI were identified by the Mann-Kendall significance test. The statistics were expressed
by Z values. The SPEI change trend passed the significance test when |Z| > 1.96.

3. Results
3.1. Assessment of CMIP6 Climate Models

Firstly, we calculated the R, RMSE, and SD of 27 CMIP6 climate models and their
averages (MME) pixel-wise, and constructed Taylor diagrams, which are shown in Figure 3.
There was a large difference in the precipitation simulation performance between all
climate models, but a small difference in the temperature simulation. The majority of the
models reflected the spatial distribution of the observations, with R ranging from 0.3 to
0.6 (0.96-0.97) for precipitation (temperature), and with the SD of simulations similar to
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the observations in temperature. However, the historical MME values were closer to the
observations than the simulations of the 27 CMIP6 climate models, with R for precipitation
(temperature) of 0.71 (0.98) (p < 0.01). The SD and RMSE of the MME were also closer to
the observations than that of the 27 CMIP6 climate models. These results demonstrate that
the MME had a strong representativeness in the simulation of monthly temperature and
precipitation in the historical period across China.

0 01 o3 (a) 0 01 gy (®) + ACCESS-CM2 A FGOALS-3-L
- 0.3 - 0.3 O ACCESS-ESM1-5 V GFDL-ESM4
15 04 °',@ 15 0.4 ©f,. X AWLCM-1--MR % IITM-ESM
05 %op A O BCC-CSM2-MR ~ # INM-CM4-8
0.6 /"o 06 /o O CAMS-CSM1-0 INM-CMS5-0
o & o) ?a A CanESM5 IPSL-CMBA-LR
o 07 °t°, 0.7 °@, V CanESM5-CanOE MIROCE
5 & ‘Q ’3(" 5 ’ #. | % cEsm2 MIROC-ES2L
T 1 . 08 7 2 1 0.8 “1‘ ® CESM2-WACCM MPI-ESM1-2LR
> & &% 2 5 2,| + CMCC-CM2-SR5 MRI-ESM2-0
(=] 3 O CMCC-ESM2 NorESM2-MM
B 0.9 ° 0.9 | X CNRMESM2-1 TalESM1
° 3 O EC-Earth3 UKESM1-0-LL
] \ 5 | ¢ EC-Earth3-veg MME
?05 0.85 505 1 0.95
&
R 0.99 & &2 # 0.99
S
& P> .
0 1 0 1

1 1
Actual precipitation Actual temperature

Figure 3. Standardized Taylor diagrams of: (a) precipitation and (b) temperature. Correlation
coefficients (R) between monthly simulations and observations across China were calculated using
Equation (1). The standard deviation (SD) between monthly simulations and observations across
China was calculated using Equation (2). The root mean square error (RMSE) between monthly
simulations and observations across China was calculated using Equation (3). The R, SD, and RMSE
are the mean of all pixels across China. The R is plotted in blue, the SD is plotted in black, and the
RMSE is plotted in green.

Taylor diagrams can only evaluate the overall regional simulation capability of pre-
cipitation and temperature. Therefore, we also selected four climate models with better
simulation capabilities to evaluate the spatial R and RMSE of the simulations and observa-
tions according to the results of the Taylor diagrams. Figure 4 shows the spatial R and RMSE
between the monthly observations and simulations from 1961 to 2014. The R between the
precipitation of the four climate models and the observations was low in the northwestern
IRB, followed by those in most of the southern YZRB. However, compared with the CMIP6
climate models, the R value between the MME-simulated precipitation and the observed
precipitation increased, especially in most regions south of the YZRB, and R increased to
> 0.6. Meanwhile, R was >0.8 in southwest and northeast China (Figure 4(al-a4)). The
temperatures of the four climate models were highly correlated with the monthly obser-
vations across China. However, compared with the four climate models, the R of the
MME-simulated temperature and observed temperature increased, and the R of MME
showed an increasing trend from the south to the north (Figure 4(b1-b4)).

The spatial distribution of precipitation between the four climate models and the obser-
vations exhibited few differences in northeast and southwest China, with RMSE values < 1.
However, there were greater differences for the observations in northwest China, with
RMSE values > 2.5. Compared with the CMIP6 climate models, the RMSE of precipitation
simulated by MME was significantly lower, whereby only the RMSE of precipitation in the
northwest edge of China was >2.5 (Figure 4(cl-c4)). The spatial distribution for tempera-
ture between the four climate models and the observations exhibited greater differences in
southwest China, with RMSE values > 1 (Figure 4(d1-d4)). In general, the precipitation and
temperature simulated by MME had good applicability across China and could be used to
evaluate the historical and future drought characteristics under different SSP scenarios.



Remote Sens. 2022, 14, 1097

90f23

(a) Spatial correlation of observed and simulated precipitation

(b) Spatial correlation of observed and simulated temperature
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(d) Spatial distribution of RMSE of observed and simulated temperature
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Figure 4. Correlation coefficients between the observed and simulated (a) precipitation and
(b) temperature, and (c,d) root mean square error between the simulations and observations in
1961-2014. The correlation coefficients (R) between monthly simulations and observations across
China were calculated using Equation (1). The root mean square error (RMSE) between monthly
simulations and observations across China were calculated using Equation (3).

3.2. Assessment of Historical Droughts
3.2.1. Historical Drought Characteristics across China

We first utilized Mann-Kendall tests to perform a mutation test on SPEI03 calculated by
MME. Then, the UF curve rapidly decreased from 1983 and passed the 0.05 confidence level
in 2000, which confirmed that drought was aggravated across China. The intersection of UF
and UB that occurred in the confidence level indicated a mutation, and we distinguished
1991 as the starting time of the mutation according to the location of the intersection, which
divided the historical period into two stages (Figure 5a). Figure 5b—d show the differences
between the changes in the DF, DD, and DI between 1961-1990 and 1991-2014. It can be
seen from Figure 5b that drought were common in droughts across China. In particular,
larger increasing magnitudes of the DF were identified in the YZRB, and changes in DD
and DI followed similar spatial patterns (Figure 5¢,d). It is worth noting that the DF, DI, and
DD increased in northwest IRB and YZRB. From 1961 t02014 (Figure 5e—g), the pixel means
of the DF, DD, and DI across China were 8.5 times/10a, 4.4 months/time, and 4.9/time,
respectively, indicating that drought events occurred frequently, continued for a long time,
and had high DI across China. In addition, northwest IRB was prone to seasonal drought
with long DD and high DI, that southwest and northeast China were prone to seasonal
drought with high DF and low DI, and areas near the midstream and downstream of the
YZRB were prone to seasonal drought with long DD and low DL
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Figure 5. (a) Mutation test results of annual mean SPEI0O3 sequences. The UB, UF, and the
0.05 confidence level (U = £1.96, p < 0.05) were plotted. The annual mean number of droughts,
mean DD, and mean DI were calculated using SPEIO3 for different periods. (b—d) show the spa-
tial patterns of differences in the drought number, DD, and DI, respectively, from 1961-1994 and
1995-2014. (e—g) show the spatial patterns of the DF, DD, and DI from 1961-2014.

Figure 6a—c show the differences in the changes in the frequency of moderate, severe,
and extreme drought between 1961-1990 and 1991-2014. It can be seen from Figure 6a—c
that the spatial patterns of frequency of moderate, severe, and extreme drought caused
by mutation were basically the same. Larger increasing magnitudes in the frequency of
moderate, severe, and extreme drought were found in northwest IRB, midstream and down-
stream of the YZRB, PRB, and SERB, and most notably extreme drought in south China.
Figure 6d—f show the total DF of different categories across China from 1961-2014, where
it is evident that spatial differences existed in total DF of different categories. Moderate
drought across China was concentrated between 8 and 13%, where the DF in northwest IRB,
midstream and downstream of the YZRB was generally >10%, indicating that moderate
drought events occurred frequently in these areas (Figure 6d). The frequency of moderate
drought in the YZRB was higher than that in other basins, indicating that although there
was sufficient rainfall in the YZRB, short-term rainfall deficiency was more likely to cause
moderate drought. A higher frequency of severe drought was found in the IRB. It is worth
noting that higher frequencies of extreme drought were observed in the upstream of the
YZRB, the upstream of the YRB, southwest China, and southeast China, where the frequen-
cies of extreme drought were >2%. The uneven distribution of DF across China was mainly
affected by the uneven spatial distribution of temperature and precipitation.
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Figure 6. Spatial patterns of differences in the frequency of moderate (a), severe (b), and extreme
drought (c) between 1961-1990 and 1991-2014. Spatial distributions of total DF of moderate (d),
severe (e), and extreme drought (f) from 1961-2014. The frequency of moderate drought is the ratio
between the total months when —1.5 < SPEI03 < —1 and the total length of the sequences. The
frequency of severe drought is the ratio between the total months when —2 < SPEI03 < —1.5 and
total length of the sequences. The frequency of extreme drought is the ratio between the total months
when SPEI03 < —2 and the total length of the sequences.

3.2.2. Historical Drought Trends across China

To investigate the evolutionary rules of drought, Sen’s trend analysis and the Mann—
Kendall method was applied to understand the trend of historical droughts in four seasons
from 1961-2014. The spatial patterns of the drought trend are shown in Figure 7, in which
the significance level for the Sen’s trend is indicated by triangular symbols. The SPEI03
shows the obvious spatial differences in spring, decreasing in 67.90% of the pixels with
significant decreases in 30.48% of the area, mainly in midstream and downstream areas of
the YZRB, PRB, and the SERB (Figure 7a). Obvious wetting for spring was found mainly in
southwest IRB and northern SLRB. Different from spring, the SPEI03 violently changed
in the summer and autumn, and the regions with significant changes account for 70.64%
and 82.13% of the area, respectively, indicating that the drought trend was aggravated in
these two seasons (Figure 7b,c). Obvious wetting for winter was found mainly in northern
SLRB and south IRB, whereas there remained a significant drought trend in south China.
Surprisingly, SPEIO3 decreased significantly in south China during all seasons.
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Figure 7. Spatial patterns of the SPEI03-based drought trend in (a) spring, (b) summer, (c) autumn,
and (d) winter across China during 1961-2014, calculated using Equation (7). Gray dots indicate
significance at a 99% confidence level using the Mann-Kendall method. Spring was from March-May,
summer was from June-August, autumn was from September-November, and winter was from
December—February of the following year.

3.3. Future Drought under the Investigated SSP Scenarios
3.3.1. Future Changes in Drought Characteristics across China

Figure 8 shows the drought characteristics calculated by SPEI03 across China for the
different SSP scenarios. For comparisons among the SSP scenarios from 20152099, a lower
DEF, a longer drought DD, and a more serious DI across China correspond to the higher
emission scenarios. Surprisingly, the drought DD in the PRB, SERB, and northwest IRB
continue for >6 months/time under the SSP5-8.5 scenario, indicating that these areas are
prone to continuous seasonal drought under the high emission scenarios. In addition,
comparing the drought characteristics of the different SSP scenarios, the DD and DI under
high emission levels are much greater than those under low emission levels.

Figure 9 shows the spatial pattern of differences in the drought characteristics across
China between the future period (2015-2099) and historical period (1961-2014) under
all scenarios. A higher DF will occur in the future periods for all scenarios in the SLRB,
SWRB, and midstream and upstream of the YZRB. Interestingly, with the enhancement
of radiative forcings, IRB, PRB, HURB, SERB, and downstream of the YZRB will suffer
from drought events with a longer DD and a greater DI compared with the historical
periods. In most regions of China, the DD and DI will increase under the SSP3-7.0 and SSP5-
8.5; however, different situations will be found in the midstream of the YZRB. Although
there is consistency in the spatial patterns (Figure 9), the anticipated changes in drought
characteristics will be more significant in the IRB, PRB, SERB, and HURB. The regional
mean DF across China was estimated to be approximately 8.5, 9.1, 8.9, 8.5, and 7.9 times/10a
for the historical period and the four scenarios, respectively. The regional mean DDs across
China were estimated to be approximately 4.4, 4.2, 4.3, 4.6, and 4.9 months/time for the
historical period and the four scenarios, respectively. The regional mean drought intensities
for all of China were estimated to be approximately 4.9, 4.5, 4.7, 5.2, and 5.8/time for the
historical period and the four scenarios, respectively. It can be seen that compared with
the historical period, under the low and medium emission scenarios, China will suffer
more frequent drought events, and the DD and DI will be weakened, whereas China will
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suffer a longer DD and more serious drought events under the medium-high and higher
emission scenarios.

Number Duration Intensity

SSP1-2.6

SSP2-4.5

SSP3-7.0

SSP5-8.5

0 500 1,000 km
Number (times/10a) Duration (month/times) Intensity (/time)
<6 8 10 >12 <3 5 7 9 >11 <4 6 8 >10

Figure 8. Comparison of the spatial pattern of DF (a,d,g,j), (b,e,h,k) DD, and (c,f,i,1) DI across China
under the (a—c) SSP1-2.6, (d-f) SSP2-4.5, (g—i) SSP3-7.0, and (j-1) SSP5-8.5 scenarios for the future
period (2015-2099).
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Figure 9. Spatial patterns of differences in DF (a,d,g,j), (b,e,h k) DD, and (c,f,i,1) DI across China
between the future period (2015-2099) and the historical period (1961-2014) under the (a—c) SSP1-2.6,
(d—f) SSP2-4.5, (g—i) SSP3-7.0, and (j—1) SSP5-8.5 scenarios.

The differences of DF in different grades across China under the four scenarios are
shown in Figure 10. Under the SSP5-8.5 scenarios, the total DF (i.e., the sum of the
frequencies of moderate, severe, and extreme drought), which is >17%, was higher. For
comparison among the SSP scenarios from 2015-2099, a higher extreme DF corresponded to
the higher emission scenarios in the southeast of China, southwest of IRB, YRB, and HURB,
and the extreme DF reached >2% whereas the opposite results were found in the northwest
IRB, with a frequency of <2%. A higher severe DF occurred in the northwest IRB in the
higher emission scenario. These results show that the DF across China under SSP5-8.5 was
higher than that in other scenarios, especially for extreme and severe droughts.

The differences in the changes of DF in the different grades across China between
the future period (2015-2099) and historical period (1961-2014) under all scenarios are
shown in Figure 11. The frequency of extreme drought in the midstream of the YZRB
and IRB decreases. The regional averaged frequencies of total drought (i.e., the sum of
the frequencies of moderate, severe, and extreme drought) across China were estimated
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to be approximately 17.4, 15.8, 16.4, 16.7, and 17.4% for the historical period and the four
scenarios, respectively, which are lower than those from the historical period. Hence, it is
expected that the number of droughts in future across China will be less than in historical
periods, while the frequency of extreme drought in future is expected to increase in most
sub-regions compared with the future period.

Moderate-tot Severe-tot Extreme-tot

SSP1-2.6

SSP2-4.5

SSP3-7.0

SSP5-8.5

0 500 1,000 km
/ | I

Frequency (%)

| I [ I B

<2 6 10 >14

Figure 10. Comparison of the spatial distribution in the total frequency of (a,d,g,j) moderate
drought, (b,e,h k), severe drought, and (c,f,i,1) extreme drought across China under the (a—c) SSP1-2.6,
(d—f) SSP2-4.5, (g-i) SSP3-7.0, and (j-1) SSP5-8.5 scenarios for the future period (2015-2099). The
frequency of moderate drought is the ratio between the total months when —1.5 < SPEI03 < —1
and the total length of the time series. The frequency of severe drought is the ratio between the
total months when —2 < SPEI03 < —1.5 and the total length of the time series. The frequency of
extreme drought is the ratio between the total months when SPEI0O3 < —2 and the total length of the
time series.



Remote Sens. 2022, 14, 1097

16 of 23

SSP1.2-6

Moderate-diff Severe-diff Extreme-diff

SSP2.4-5

SSP3.7-0

SSP5.8-5

g .
O 1

Frequency (%)

<4

Figure 11. Comparison of the spatial pattern of the difference in the total frequency of
(a,d,g,j) moderate drought, (b,e,h k) severe drought, and (c,f,i]l) extreme drought across China
under the (a—c) SSP1-2.6, (d—f) SSP2-4.5, (g—i) SSP3-7.0, and (j-1) SSP5-8.5 scenarios for the future
period (2015-2099). The frequency of moderate drought is the ratio between the total months when
—1.5 < SPEIO3 < —1 and the total length of the sequences. The frequency of severe drought is the
ratio between the total months when —2 < SPEI03 < —1.5 and the total length of the sequences. The
frequency of extreme drought is the ratio between the total months when SPEI03 < —2 and the total
length of the sequences.

3.3.2. Trend of Future Droughts across China

Figure 12 shows the spatial distribution of seasonal variation during 2015-2099 under
all scenarios. It is evident that there is a decline in the future SPEI in spring, summer,
and autumn for the majority of northern China under all the scenarios, indicating an
intensification of drought in northern China over the future period. Under the SSP1-2.6,
the spring, summer, and autumn droughts in southern China have an obvious mitigation
trend, indicating that the trend of waterlogging in the south and drought in the north of
China will further expand. For other scenarios, the change in the trend of SPEI shows
a similar spatial pattern. From north to south in spring, there is a staggered pattern of
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Spring

drying, wetting, and drying. In summer and autumn, most regions of China show a trend
of drought, and only southwest China exhibits a wetness trend. In winter, there is a trend
of wetting in northern China and drought in southern China. Different emission scenarios
have a great impact on the drought change trend of four seasons across China, and the
more obvious aridification across China corresponds to the higher emission scenarios. The
SPEI’s range of change in the higher emission scenario is significantly greater than that in
the lower emission scenarios, indicating that extremely climatic events are more likely to
appear in the higher emission scenarios. The aridity of northern China is more serious than
that of southern China, the aridity of the IRB is more serious than that of other regions, and
the aridity of western plateau regions is more serious than that of the eastern plain regions,
while there is a trend of wetting in the marginal areas of southwest China.
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Figure 12. Spatial patterns of the SPEI03-based drought trend in (ae,i,m) spring, (bf,gn) sum-
mer, (c¢,g,k,0) autumn, and (d,h,1,p) winter across China under the (a—c) SSP1-2.6, (d—f) SSP2-4.5,
(g-i) SSP3-7.0, and (j-1) SSP5-8.5 scenarios for the future period (2015-2099). The SPEI03-based
drought trend was calculated using Equation (7) across China. Gray dots indicate significance at
a 99% confidence level using the Mann—-Kendall method. Among them, the division of seasons is
consistent with Figure 7.

Compared with the historical period (Figure 13), it is expected that the drought trend
in summer and autumn will be consistent with the historical periods across China under the
medium-high and higher emission scenarios. In spring, wetting trend is a trend that will
occur in the YZRB and HRB under most scenarios. Under most scenarios, a more serious
drought trend in summer is expected to occur in HARB and HURB, and the drought trend is
expected to increase by 2.9-5.7 times and 1.1-4.2 times, respectively. It is worth noting that
the drought trend of most sub-regions is weaker than that in historical periods in autumn.
However, the drought trend remains serious. In winter, a weaker drought trend is expected
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than that in spring and winter.
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Figure 13. SPEI03-based drought trends in (a) spring, (b) summer, (c) autumn, and (d) winter in nine
sub-regions. Sen’s trend values were obtained by calculating the mean value of all pixels in nine
basin sub-regions.

4. Discussion
4.1. Uncertainty Analysis of the Simulation Capability of CMIP6

Studying future climate change across China is of particular importance. The present
study assessed the precipitation and temperature simulation capability of CMIP6, and
the drought conditions over China in different SSP scenarios both in the past and future.
The MME can offset the deviation of a single model to some degree and is widely used in
simulating and predicting future climate change [24,50]. The MME is more representative
of observations than simulations of single-model CMIP6, which is consistent with previous
CMIP5 research results. Li et al. [43] discussed the precipitation and temperature simulation
capability of CMIP5 and MME and found that historical simulations of MME were more
representative of observed precipitation and temperature than the single climate model.
However, on this basis, we also discussed the spatial correlation and RMSE between the
monthly observed data and the simulated data from 1961 to 2014. We found that compared
with other regions across China, the RMSE of the single-model CMIP6 and MME was larger
for precipitation in southwest China, and the RMSE of the temperature in the western
China was larger. This conclusion corresponds to a previous study, which exhibited that
the spatial distribution of the relative deviation of temperature and precipitation for CMIP5
MME was similar to our study [51], indicating that the regional applicability of precipitation
and temperature in CMIP5 and CMIP6 was relatively consistent.

4.2. Evolution of Future Drought Characteristics

Previous studies have, through the CMIP6, indicated severe drought conditions in
central and southern China, and mitigated drought conditions in northeastern and western
China [52,53]. However, Naumann et al. [54] have found that the drought in arid regions is
expected to increase rapidly. Su et al. [25] have also clarified that, relative to the reference
period, drought events will be more frequent and severe with longer durations in the
Northwest River Basin, which is consistent with our study. Furthermore, under the higher
emission scenarios, the severe and extreme droughts in frequency will increase, which
corresponds with the conclusion of a previous study [52,55]. Different from previous
related studies, the extreme DF in southeast China, southwest of IRB, YRB and HURB is
higher, while the extreme DF in the northwest IRB is lower.

Furthermore, we also found seasonal differences in future drought trends: China will
alternate between dry and wet from north to south in spring, while the SPEI in summer and
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autumn showed that the drought trend across China will increase, and HARB and HURB
are expected to experience more severe drought in summer, increasing by 2.9-5.7 times
and 1.1-4.2 times relative to the historical periods. Chen et al. [56], Chen et al. [57], Han
et al. [23], and Song [58] reached the same conclusion. Our results showed that under
the different SSP scenarios, there will be a downward trend in the drought in southwest
China. Under the low emission scenario, drought in south China exhibited a slowing
trend. Han et al. [23] found that most areas of China, especially north China, the Tibetan
Plateau, and southwest China, will suffer more serious drought in the future, which differs
from the results of the present study. It is likely that these discrepancies are caused by
using different climatic models. Compared to the CMIP5 models, CMIP6 has a better
resolution, dynamic framework, and parameterization scheme [59,60]. In addition to
methodological differences, all models and their climate predictions have uncertainties,
especially in precipitation predictions. However, Zhu et al. [61] studied extreme climate
changes in the three major river basins in China and found that under the low emission
scenario, continuous drought (CDD) in southern China will show a downward trend, and
the CDD will be more obvious under the higher emission scenarios. Under these four
scenarios, the southwest region has the strongest humidity, which is similar to the SPEI
results in summer and autumn in the present study. This implies that in the context of the
higher emission scenarios, the precipitation distribution in southwest and northeast China
will be more uneven in the future.

Under the higher emission scenarios, it is expected that drought in most parts of China
(especially the IRB) will be more serious than in the historical period, i.e., the DD will
be longer, and the DI will be greater. This may pose a threat to China’s food security. It
is worth noting that in the future, the humidification of southwestern China is expected
to be particularly serious compared with historical periods. Moreover, the frequency
of geological disasters in southwest China is relatively high, which may lead to a more
frequent occurrence of geological disasters in this region in the future. Therefore, the
research results showed that in the context of global warming, the realization of the “dual-
carbon” goal and sustainable development in the future is important for China’s food
security and socio-economic development.

4.3. Limitation and Future Research

The present study used the latest CMIP6 model, and on the basis of precipitation and
temperature simulated by the MME, calculated the SPEI predictions of future drought
under different SSP scenarios. However, SPEI ignores the response of plants to climate
change, which may lead to over predictions of drought, mainly because the rising atmo-
spheric CO, also improves stomatal conductance and plant water use and reduces actual
evapotranspiration (ET). The increase in PET does not implicate the increase in ET and
plant water stress [62,63]. In order to reduce the uncertainty in future drought monitoring,
drought indicators should consider the response of plant transpiration to CO, change,
including a direct consideration of ET and soil moisture [63].

Furthermore, the forecast has some uncertainties for regions with more complex
topography and those in the southwest. Further research into this aspect is needed to
improve the accuracy of regional drought predictions. Although the model has uncertainty
in the precipitation and temperature simulations, most studies have confirmed the reliability
of the characteristics and trends observed by MME [64,65]. Due to differences in the spatial
resolution of the 27 CMIP6 models that were selected, the resampling of each model to
0.5° x 0.5° may have overestimated or underestimated the drought impact. Therefore,
future studies should focus on the use of statistical downscaling, dynamic downscaling,
and bias correction methods. However, the statistical downscaling, dynamic downscaling,
and bias correction methods require a higher operating memory and are suitable for basin-
scale studies in order to more reasonably predict global warming conditions. In the context
of global warming, the results of our study provide information that is relevant to future
drought risks, water shortages, and water allocation across China.
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5. Conclusions

In this study, the precipitation and temperature simulation capability of CMIP6 was
evaluated using gridded precipitation and temperature data generated from meteorological
stations. We confirmed that the MME was more representative of observations across
China than the single climate model. The SPEI values of historical periods and different
SSP scenarios were calculated by MME, and the spatiotemporal characteristics of drought
across China were analyzed from various perspectives. The key conclusions are as follows:

(1) Interms of historical periods, northwest IRB has been prone to seasonal drought with
long DD and high DI, southwest and northeast China have been prone to seasonal
drought of high frequency and low DI, and areas near the midstream and downstream
of the YZRB have been prone to seasonal drought of long DD and low DI. The DE,
DD, and DI in the northwest IRB and YZRB increased significantly after 1991, and the
drought trend in China was more serious in summer and autumn.

(2) In terms of the future period, a lower DF, longer DD, and more serious DI across
China correspond to the higher emission scenarios. The PRB, SERB, and northwest
IRB are more prone to sustained seasonal drought. DF across China under the SSP5-8.5
scenario will be more frequent than that in other scenarios, especially southwest of
the IRB, YRB, and HURB, with extreme DF > 2%. The range of change in SPEI in
the higher emission scenarios is significantly greater than that in the lower emission
scenarios. Aridity of northern China is more serious than that of southern China, that
of the IRB is more serious than that of other regions, that of western plateau regions
are more serious than that of eastern plain regions, and the wetting of southwest
marginal regions of China is more serious.

(3) Compared with the historical period, under the low and medium emission scenarios,
China will suffer more frequent drought events, and the DD and DI will be weakened,
whereas China will suffer longer DD and more serious drought events under the
medium-high and higher emission scenarios, especially in the IRB, PRB, HURB,
SERB, and downstream of the YZRB. For all scenarios, there will be greater DF in
the future in the SLRB, SWRB, and midstream and upstream of the YZRB. Although
the DF in most of China is prone to decreasing, the frequency of extreme droughts
is expected to increase under the high emission scenarios. It is worth noting that
compared with historical periods, in most scenarios, HARB and HURB are expected
to experience a more serious drought trend in summer, with increases of 2.9-5.7 and
1.1-4.2, respectively.
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